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ABSTRACT. Indirect X-ray detectors are of outstanding importanaehigh resolution imaging,
especially at synchrotron light sources: while consistimgstly of components which are widely
commercially available, they allow for a broad range of a&ations in terms of the X-ray energy
employed, radiation dose to the detector, data acquisititeyand spatial resolving power. Fre-
guently, an indirect detector consists of a thin-film singigstal scintillator and a high-resolution
visible light microscope as well as a camera. In this artiglaovel modular-based indirect design
is introduced, which offers several advantages: it can betad for different cameras, i.e. different
sensor sizes, and can be trimmed to work either with (quasipchromatic illumination and the
correspondingly lower absorbed dose or with intense whagnbirradiation. In addition, it allows
for a motorized quick exchange between different magni6ioat/ spatial resolutions. Developed
within the European project SCIRX, it is now commercially available. The characteristicshuf t
detector in its different configurations (i.e. for low dogefar high dose irradiation) as measured
within the SCINX project will be outlined. Together with selected applioas from materials
research, non-destructive evaluation and life sciena®suhderline the potential of this design to
make high resolution X-ray imaging widely available.

KEYWORDS. X-ray detectors; Detector design and construction teldyies and materials; In-
spection with x-rays
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1 Introduction

The use of indirect detection for X-ray imaging applicaioeaches back to the middle of the
1970s when the first systems were constructed in order tonperive-topography 12]: a phos-
phor screen converts the X-rays into visible light, visiladgat optics then project this luminescence
image onto a camera. High resolution hard X-ray imaginggugidirect detection schemes is a
technique which was established at synchrotron light ssuduring the 19904]. In combi-
nation with thin-film crystal scintillators, indirect deters can reach a spatial resolving power
close to the diffraction limit of the visible light emitted/lihe screenZ1]. The intense photon
flux density at synchrotron light sources, in combinatiothvindirect X-ray detectors with high
spatial resolution and high sensitivity, allows hard X-raicroimaging to be performed. When
employed with tomography techniques, the imaging becotmetdimensional4]. Countless
applications from such diverse scientific fields as materiesearch, biomedical imaging, paleon-
tology, cultural heritage or life sciences underline thghhvalue of synchrotron-based microimag-
ing [2, 36, 42, 51, 52]. For laboratory-based X-ray sources indirect detectoesaing used more
and more, e.g. in non-destructive evaluatitg, 48].



Figure 1. Differentincarnations of indirect detector microscofmdard X-ray microimaging by the French
company Optique Peter (Lentilly). From left to right: therydirst system, installed at the ESRF beam-
line ID22, a modified version with a long nose for short sargeeector distances (TopoTomo beamline at
ANKA, Germany), the modular design in its high-dose confagion (beamline ID19, ESRF), a modular
system in low-dose configuration (beamline 2-BM of the AdsathPhoton Source, U.S.A.) and a low-dose
system with single eyepiece (beamline P06 of PETRA IlI, Geaty). See also figuresand3.

The first commercially manufactured indirect high resantimaging detector for synchrotron
applications appeared at the end of the 1998% During the past ten years, various modified ver-
sions and further developments have been installed at sytnch imaging stations, e.g. at the Eu-
ropean Synchrotron Radiation Facility in France (e. g.ntlgees ID19, ID22(NI)/NINA, 6, 46]),
the tomcat beamline at the Swiss Light Sourdé][ at the BAMine at BESSY-II B4] and the
TopoTomo beamline at ANKAJ7] as well as at the P06 station at PETRA B9 (Germany), the
Shanghai Light Source (China), the Diamond Light Sourc&(LAnd the Australian Light Source,
cf. figurel. Due to this success, a dedicated work package was incluitleith & Sixth Framework
Program of the European Commission project called SEfNaiming to develop a modular in-
direct detection design which makes optimal use of a noveé{b&sed (LpSiOs) scintillating
material also developed within the project, &, §, 18, 25].

Within this article, the modular design of the microscopésrdifferent configurations as de-
veloped by the French company Optique Peter during S€iNvill be introduced. Examples for
theoretically achievable parameters will be given basechimnoscope objectives and cameras cur-
rently in use for synchrotron imaging, such as the FReLoN @@mera, type R[22]. The high
versatility of the system will be further illustrated by cheteristics of selected configurations mea-
sured at different imaging stations, ranging from extrgniéjh flux and high energy radiation to
the moderate flux of a bending magnet beamline. In additielected applications from materials
research, non-destructive evaluation and life sciencé®&/shown.

2 Technical description

The microscope design developed follows a modular apprdaehit can easily be modified to
work with less aggressive illumination, such as monochtasynchrotron radiation of moder-
ate energy. Alternatively, high dose illumination such al/ghromatic synchrotron hard X-ray



Figure 2. Main components of the modular indirect detector: a) th@mon support with tube lens and
(optional) eyepiece box (b) with four positions. (Alterivaty, the detector can operate without an eyepiece,
or with a single permanent eyepiece installed, neither a€lwis shown in the sketch). (a) can be combined
with the low-dose head (c) or the high-dose head (d). The (@$eshows a sketch of the frontal view of the
low-dose head (left) as well as a photo of the head withoutifleior mount (right), giving a view into the
revolver-mount with three microscope objectives. Furttetails and the optical beam paths are depicted in
figure3.

radiation, or radiation with a higher energy range of up teesal 100 keV or both is applicable
as well, see figure® and3 [30]. In order to allow for a high level of compatibility, a commo
camera support represents the backbone of the microscopecdmmodates a tube lens, an op-
tional eyepiece (either a single one or a set of eyepieceséorual selection in order to trim
the magnification for large sensor cameras), a motorizece@mmotation, a camera mount and a
flexible interface system. A so-called low-dose head or &-digse head can be mounted to this
common support. A wide range of cameras can be combined étbdtector. F-mount, C-mount
and specific mounts (e.g. for the FReLoN camera developédiise at the European Synchrotron
Radiation Facility (ESRF)) are supported. Microscope gatich as the camera head (rotation)
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Figure 3. The indirect detector microscope in two standard configoma. Left: low-dose configuration
with eyepiece box, the optical beam path is sketched belaghtRhigh-dose configuration with eyepiece
box. The main difference between the two settings: for tlgdfose configuration, no optics are placed
behind the scintillator, so no optics are exposed to thetliream.

and the objective head (focus motor as well as choice of tleostope objective) are frequently
motorized. Adapter plates are available according to tleeifip needs of the customer, in order to
facilitate easy installation in a given experimental comfedion.



Table 1. Example parameters of the microscope in low-dose confiiguracombined with cameras widely
used in synchrotron imaging.

Olympus objective: magnification x4 10x  20x  40x
Eyepiece: magnification 25 2.5x 25x 2.5x
Total magnification 18 25x 50x 100x
Numerical aperture (NA) 0.16 0.40 0.75 0.95
Working distance [mm] 13.0 31 0.6 0.1
Rayleigh resolution limit [um] 2.2 0.9 0.5 0.4
pco0.4000 CCD camera,

4008 x 2672 pixels, 9.0 um pixel size

Hor. objective field [mm] 3.6 1.4 072 0.36
Vert. objective field [mm] 2.4 1.0 048 0.24
Hor. effective pixel size [um] 0.9 0.4 0.18 0.09
Vert. effective pixel size [um] 0.9 04 0.18 0.09
pco.2000 CCD camera,

2048 x 2048 pixels, 7.4 um pixel size

Hor. objective field [mm] 1.5 0.6 0.3 0.15
Vert. objective field [mm] 15 0.6 0.3 0.11
Hor. effective pixel size [um] 0.74 0.33 0.15 0.075
Vert. effective pixel size [um] 0.74 033 0.15 0.075
FReLoN CCD camera,

type X, 2048 x 2048 pixels, 14.0 um pixel size

Hor. objective field [mm] 2.9 1.3 0.6 0.29
Vert. objective field [mm] 2.9 1.3 0.6 0.29
Hor. effective pixel size [um] 1.4 0.6 0.28 0.14
Vert. effective pixel size [um] 1.4 0.6 0.28 0.14

2.1 Low-dose configuration

The configuration suitable for low-dose applications anerapng with outstandingly high spatial
resolution follows the concepts introduced by Bonse andcBU4]: a visible light microscope
objective placed directly behind the scintillator capsutfee emitted luminescence light. A classical
visible light microscope design with tube lens is then degtbto project the scintillation image
onto the sensor of a camera (cf. figuBeleft). Besides the common support, the configuration
consists of a head that can accommodate up to three diff@mierdscope objectives from Olympus.
This can be exchanged situ via a revolver-like arrangement (cf. figuBeinset (e); the common
parameters are listed in taklg. The objective-revolver is fixed on a motorized platforrattban

be translated in order to focus the ensemble, i.e. to movedinllator screen in the focal plane
of the objective in use. The scintillator is mounted on a deigid support which is placed as a cap
atop the objective-carrier. It protects the fragile sirgiestal thin-film scintillator and also enables
the screens to be exchanged in an easy, reliable manner. rArniirclined at 453 with respect



to the X-ray beam, is placed downstream of the objectivelvev. It reflects the light emitted by
the scintillator onto the tube lens placed above (foldetitrangle geometry of the optical beam
path). The optional eyepiece (either a single one or an exygable set of eyepieces) is placed
between the tube lens and the camera. Itis used to adapt théfioation: by combining selected
objectives and eyepieces, a wide range of magnificationgdesaible (tablel). As a rule of
thumb, large format cameras, i.e. chips with 2042048 pixels (pixel size of at least 9 um) are
combined with an eyepiece, small format cameras are noguErgly, the configuration with an
objective placed directly behind the scintillator wouldused with moderate dose, i.e. the radiation
transmitted by the scintillator does not cause irreveesil@image to the visible light optics nor does
backscattered or fluorescence radiation deteriorate tit@abkpesolution.

2.2 High-dose configuration

The concept used for high dose applications follows clogedyoriginal ideas for indirect detection
as introduced by Hartmann et alZ] (developed further by Koch et al2Q] in order to be com-
patible with high energy applications): long-working diste objectives placed outside the direct
beam are deployed to capture the luminescence light froradimdillator. The microscope head is
designed to operate in a configuration that can stand higb-itadiation, it includes a scintillator
support, a single long-working distance objective, agamirmor and a motorized focus (figu
right). The system is designed to withstand high flux X-ragdiation and the corresponding heat
load, and/or high energy irradiation up to several 100 kewttliermore, in order to achieve high
spatial resolution at these high X-ray energies it is remlito have as less as possible scattering
objects downstream of the scintillator. Working under sagtreme conditions is beneficial for
reaching high image acquisition ratés B8]. To achieve the required radiation hardness, the mi-
croscope objective does not directly face the X-ray bearikaithe low-dose head. Instead, the
mirror is placed at 45with respect to the X-ray beam and reflects the light emittedhle scin-
tillator directly onto the microscope objective, making amgle of 90 between the optical axis
of the microscope and the X-ray beam. The objectives chosefreguently supplied by Mitu-
toyo (Japan): infinity-corrected and therefore can be useambijunction with a tube lens, which
acts as a secondary lens to form the image. As for the low-dgetg, an optional eyepiece set
is placed after the tube lens in order to select the overditalpmagnification. Again, by com-
bining different objectives with an eyepiece a wide rangenaignifications can be chosen (see
table2).

In applications where the lateral extension (i.e. away ftombeam axis) of the detector in
one direction is a decisive parameter (e.g. in radiograpltly &n inclined specimen plane or in
synchrotron laminographyl B]), this design can have further advantages. It elimindte®bjective
lens body / barrel from the X-ray optical axis and hence redube space needed perpendicular
to the X-ray optical axis. The mirror, on the other hand, camplaced conveniently in such a way
that the available numerical aperture is just covered tefleated towards the objective lens. This
means that there are almost no protruding parts (apart frenmirror edge) like the lens barrel
or the lenses themselves towards the flat specimen. A dgsagifisally adapted to these inclined
geometries including laminographic imaging is presentefigure4.



Table 2. Example parameters of the microscope in high-dose coumfiigur; combined with cameras widely
used in synchrotron imaging.

Mitutoyo objective: magnification 2 5x 5x 10x 10x  10x
Eyepiece 2.5 2.5x 3.3x 25x  3.3x  4x
Total magnificatioh 45x 11.25«< 14.85< 22.5x 29.7x 36x
Numerical aperture (NA) 0.055 0.14 0.14 0.28 0.28 0,28
Working distance [mm] 34 34 34 33 33 33
Resolution limit [um] 5.55 2.18 2.18 1.09 1.09 1.09

pco0.4000 CCD camera,
4008 x 2672 pixels, 9.0 um pixel size

Hor. objective field [mm] 8.0 3.2 2.4 1.6 1.2 1.0
Vert. objective field [mm] 5.3 2.1 1.3 1.1 0.8 0.6
Hor. effective pixel size [um] 2 0.8 0.6 0.4 0.3 0.25
Vert. effective pixel size [um] 2 0.8 0.6 0.4 0.3 0.25

pco.2000 CCD camera,
2048 x 2048 pixels, 7.4 um pixel size

Hor. objective field [mm] 3.3 1.3 1.0 0.7 0.5 0.4
Vert. objective field [mm] 1.3 1.3 1.0 0.7 0.5 0.4
Hor. effective pixel size [um] 1.6 0.6 0.5 0.3 0.25 02
Vert. effective pixel size [um] 1.6 0.6 0.5 0.3 0.25 02
FReLoN CCD camera, typek2

2048 x 2048 pixels, 14.0 um pixel size

Hor. objective field [mm] 6.4 2.5 1.9 1.3 0.9 0.8
Vert. objective field [mm] 6.4 2.5 1.9 1.3 0.9 0.8
Hor. effective pixel size [um] 3.1 1.24 0.94 0.62 0.47 0,39
Vert. effective pixel size [um] 3.1 1.24 0.94 0.62 0.47 0{39

3 Performance

The microscope configurations described in the previousosewere tested under the realistic
conditions of monochromatic as well as white beam syncbinotadiation using beamlines Topo-
Tomo (ANKA light source, Germany), 2-BM (Advanced PhotoruBe (APS), U.S.A.) as well
as BMO5 and ID15a (ESRF, Francd) P, 19]. These beamlines have dissimilar characteristices,
which allowed the optics to be commissioned under quiteedfit configurations of X-ray energy
spectra and photon flux densities.

The TopoTomo bending magnet beamline can work either ineAdg@am or in monochromatic
mode. The available white beam energy spectrum ranges éettv® keV and 40 keV with an

1The tube lens used is designed for Olympus objectives ni@inbination with Mitutoyo objectives the total mag-
nification is not the product of the nominal magnifications.
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Figure 4. Left: optical beampath of the indirect detector microseapits high-dose rate configuration
adapted to flat specimens and inclined geometries, rigletctiiresponding modified section of the high-
dose head, cf. figur2(d).

integrated photon flux at the sample position of approxiigaté'® photons/s (5 mmx 10 mm
beam size). A monochromatic beam ranging between 6 keV ah@V@s provided by a double-
multilayer monochromator (two coatings available: W/Si/BC) with an energy resolution of
approximately 1.5% and a photon flux density of around B0'° photons/s/mrh(between 10 keV
and 20 keV) B7].

The X-ray spectrum and flux at the insertion device beamli&5h are much harder and
more intense than the TopoTomo beam. The asymmetric migitipiggler provides a white beam
energy spectrum between 44 keV and 500 keV with an X-ray phitie density of approximately
10'® photons/mri/s when a 25 mm-thick silicon absorption filter is usédds).

The bending magnet beamline BM05 was used with a doubld@atrgdicon monochroma-
tor [53]. The results allow for comparing the performance of therogcope in its low-dose con-
figuration with very narrow energy bandwidth AE/E ~ 10~* (BM05) compared to the broad
bandwidth illumination (TopoTomo).

Finally, the bending magnet beamline 2-BM was used with ébemultilayer monochro-
mator (1.5% energy resolutiond#4]. The resulting flux density of 1.5 10'? photons/s/mrh (at
15 keV X-ray energy) represents a configuration somewheveees the extreme cases of ID15a
(white beam mode) and TopoTomo (multilayer monochrom&dip5 (crystal monochromator).

In the following sections, the details of the performeddesiil be described. For a better
overview, the results obtained at ANKA, the APS and at the ESR well as the low-dose and
high-dose configuration are treated in separate paragraplesaim of the following sections is not
to give a systematic overview about available configuratioithe detector design and their perfor-
mances: they are rather depicting the versatility of thégaeas it can be trimmed for applications



under very dissimilar working conditions.

3.1 Low-dose configuration: contrast and spatial resolutio
3.1.1 Beamline BM05 (ESRF)

The microscope in its low-dose configuration was charazgdrat the ESRF imaging, optics and
metrology bending-magnet beamline BMO5 in Grenoble, Fedb8]. The ESRF light source was
operated during the experiments in 16-bunch filling mode, 16 highly populated and equally
spaced electron bunches were circulating in the storagg rirhe electron beam intensity was
90 mA at maximum. The microscope was coupled to a CCD cam@®@ &G, Kelheim, Germany,
type SensicamQE3R]) and tested under irradiation with monochromatic syntioro X-rays of
18 keV photon energy (Si(111) crystal monochromator, pryraad secondary slits of the beamline
were set to a 2 mnx 2 mm opening). The SensicamQE is a 12bit interline-tranSfeD camera
with 1376 x 1040 pixels (6.75 um pixel size) and low readout noise (#as). The camera operates
with a maximum of 65% quantum efficiency at 500 nm wavelengthia therefore well suited for
capturing light from scintillators emitting in the greeresgral range such as the Th-doped &iDs
(LSO:Th) developed within SCIN* and Ce-doped ¥AlsO1, (YAG:Ce) [8, 24].

For the low-dose microscope configuration the influence @sthgle crystal film thickness on
the spatial resolution of the detector was investigateteréint LSO:Tb single crystal films with
thicknesses ranging from 2.5 um to 100 um (all deposited onimed 150 um thick substrates)
and microscope objectives with different numerical apedu(0.16, 0.4 and 0.75, respectively)
were combined (2.5 eyepiece installed). The focal position was tuned manw@ailtythe exposure
times were adapted to the different X-ray stopping powetb®thin film scintillators. The spatial
resolution was determined by imaging an Xradia test paftgpe Xradia X500-200-30) fixed on a
dedicated holder at a distance of 5 mm from the scintilladetéctor entrance window). The holder
was placed on a motorized stage allowing the target and tieetde to be aligned, as well as the
different tilts to be corrected.

For each optical configuration and scintillator thicknehs, spatial resolution was measured
via the grid of the Xradia X500-200-30 test patted®]| cf. figure 11: 10 dark images, 10 flat
images and 10 images of the target were recorded. In ordeipfrass unwanted artifacts due to
image noise, a mean over the 10 images was performed for thefldd and the images with the
object before applying standard bright field and dark fieldemion §7].

The contrast was calculated from the grid of the Xradia tatiepn using the formula

Imax— Imi
Contrast= &N (3.1)
Imax =+ Imin

where hax is the bright part of the grid anghi, is the dark part of the grid.

In theory, three main parameters will influence the spatablution limit of the detector: i)
the effective pixel size, ii) the Rayleigh criterion detéming the spatial resolution limit due to the
visible light optics and iii) the scintillator thickness wh should be adapted to the depth of field
(DOF) of the microscope. As the thickness of the layer isedhrthe best contrast achievable will
be mainly limited for this study by the Rayleigh criteriontmot by the sampling: in accordance
with Shannon’s theorem, twice the effective input pixeksizas chosen to be much smaller than
the Rayleigh criterion of the optics. For an NA = 0.16 (0.67 gffective pixel size, 28 um depth of
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Figure 5. Influence of the thickness of the single crystal scintilidtim on the contrast achievable in the
image with a 4« (NA =0.16) microscope objective (18 keV photon energy atiéht graphs represent results
obtained by using differently sized features in the Xradi pattern).

field, 2.2 um Rayleigh resolution limit), the achievable tast increases with decreasing thickness
of the active layer until approximately the DOF is reached d&picted in figuré: for thinner
active layers the best contrast slightly degrades. A sinbiédnavior is depicted for an NA = 0.4
(0.28 um effective pixel size, 5 um depth of field, 0.9 um Rigylgesolution limit, cf. figures):
the contrast improves until the DOF is reached and thentbfighgrades. For NA =0.75 (0.14 pum
effective pixel size, 1 um depth of field, 0.5 um Rayleigh heon limit, cf. figure 7) the contrast
improves with decreasing thickness but no active layer witfickness below the DOF was tested.
One can note that the best contrast achieved is relativaly lo fact the thickness of the
target’s gold structures is 3 um, i.e. at 18 keV, only appraately 68% of the X-rays are stopped.
This effect artificially decreases the contrast. Indeed,ntteasurements do not depict the spatial
resolution limit of the system but rather underline the iafloe of the scintillator thickness on the
system response. Additionally, one can observe an inci&fatbe contrast for all measurements
as the active layer thickness approaches the DOF of the seigpe objective. Strictly speaking,
according to the Abbe theorem for visible light microscohg tontrast should remain constant
once the layer thickness drops below the DOF. Especiallygirdi5 a degradation of the contrast
is notable. This effect can be ascribed to the fact that fantr layers, the interaction of the X-rays
with the substrate of the single-crystal thin film scintiflabecomes more dominant, i.e. scattering
or emission of characteristic X-rays broaden the systewiistispread function.

3.1.2 Beamline TopoTomo (ANKA)

In order to verify our findings as well as to underline the dalits of the detector design to operate
under different experimental conditions, tests were alsded out at the TopoTomo beamline of
the ANKA light source (Germany). The influence of the thickmef the scintillator thin film
on the spatial resolution achievable was studied by measihe modulation transfer function
(MTF) [6]. The microscope was coupled to an interline transfer CQbara (PCO AG, Kelheim,
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Figure 7. Influence of the thickness of the single crystal scintilidtim on the contrast achievable in the
image with a 2& (NA = 0.75) microscope objective (18 keV photon energy,ati#ht graphs represent
results obtained by using differently sized features inXredia test pattern).

Germany, type pco.400@32]) with a 10x objective (NA = 0.40) and a 25 eyepiece, resulting in
an effective pixel size of 0.4 um. The chip of the pco.4000raies with 4000 2672 pixels, each
with a physical pixel size of 9 um. The camera uses 14bit aligdtion, and the peak quantum
efficiency is located at around 500 nm (50%), again well guitethe emission of the LSO:Th
scintillator. The camera’s technical specifications claifall-well capacity of 60 000 electrons per
pixel and electron read-out noise of 12 e-rms (slowest neiafdo highest dynamic range) leading
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Figure 8. MTF curve at 12 keV X-ray energy measured with LSO:Tbh-basdtillating thin films of
different active layer thicknesses.

to a dynamic range of 5000:1 gray levels.

A double-multilayer monochromator was used to select theyyXenergy from the emitted
broad spectrum of the bending magnet source. The MTF waslatdd at energies of 12 keV and
24 keV from a line spread function (LSF) acquired throughdimg a cleaved GaAs edge (500 um
thick). The LSF calculation is based on the slanted edgeadeth which the edge itself is slightly
tilted (5 — 10 degrees) with respect to the pixel array of the detectbe Software code “Slanted
Edge MTF” available as ImageJ plugin was deploy2d.[ Basically, the LSF is the derivative of
the edge-response of the optical system. The MTF is thernalotdrom the LSF via the (discrete)
Fourier transform. The width of the LSF is usually expresagthe Full-Width-at-Half-Maximum
(FWHM). It is the width of the LSF at 50% of the maximum value.

The optimal contrast is achieved when the active layer ttrésk approaches the depth of focus
of the microscope objective2]l]. In our configuration, the spatial resolution of the systism
diffraction limited to 0.82 um (Rayleigh criterion), ancetdlepth of focus is approximately 7 pm.
At 12 keV and for a layer thickness of between 5 pm and 10 umfulhevidth-half-maximum
(FWHM) of the LSF is found to be 0.85 um. The MTF drops below 28f& frequency which
corresponds to a spatial structure of 0.85 um size / 580 Ipfchrfigure8, MTF values higher than
1 are artifacts related to imperfect flat-field correctiohthe background). The derived results are
in excellent agreement with the theoretical resolutionitlwh0.82 pum.

At 24 keV and for a layer thickness of between 5 um and 10 umiWelM(LSF) is found
to be 1.0 um. Here, 20% of the MTF corresponds to a spatiadtstelof 1.0 pm size / 500 Ip/mm
(see figure). The MTF is slightly degraded compared to that at 12 keV.

The characteristics derived underline that also at symidmdight sources with comparable
moderate photon flux density, high spatial resolution carebehed in case appropriate detection

—12 —



1,0

——LSO:Tb 5um

0.8 ——LSO:Tb 10um

E ——LSO:Tb 24um
0,6 \ ~\ ——LSO:Tb 74um
0,2

0,0

MTF

Va

e

) T T 1
0 200 400 600 800 1000
spatial frequency (Ip/mm)

Figure 9. MTF curve at 24 keV X-ray energy measured with LSO:Tbh-bas@dtillating thin films of
different active layer thicknesses.

systems are used. Furthermore, these results depict thaddéign of the spatial resolution of
an indirect detector when switching to higher X-ray enesgigue to the higher penetration depth
of X-ray photons in the scintillator screen (incl. substyaphysical phenomena such as Compton
scattering, fluorescence and potential parasitic lumareseincrease, causing a degradation of the
spatial resolution.

3.1.3 Beamline 2-BM (APS)

In order to test the low-dose configuration with a (quasif)oehromatic photon flux density sig-
nificantly higher than TopoTomo (operated with a multilayewnochromator) / BM05 (operated
with a crystal monochromator), experiments were carrigcatao at the 2-BM imaging station of
the APS B4]. When operated with a multilayer monochromotor the phdtox density available
at 2-BM is approximately two orders of magnitude higher thiat at the TopoTomo beamline.

The microscope in its low-dose configuration was used tagetith an interline transfer CCD
camera (Photometrics, U.S.A., type Coolsnap B3] with a 20x objective (NA = 0.75) and a
2.5x eyepiece, resulting in an effective pixel size of 0.15 pne @kso figurel). The dimensions
of the sensor are 2048 2048 pixels with a physical pixel size of 7.4 um. The data sbéthe
camera claims a full-well capacity per pixel of 30 000 elect resulting in a dynamic range of
3000:1 gray-levels.

In order to convert the X-ray photons into visible light a 6imtk Th-doped GgGasO12
(GGG:Tb) thin crystal film scintillator on top of an undoped>G-substrate was deployed. An
X-ray photon energy of 15.4 keV was used to acquire images @fi-house fabricated X-ray test
pattern consisting of horizontal and vertical line struetu(500 nm gold deposited on a 300 nm
silicon nitride membrane). The test pattern was placed &tartte of 5 mm upstream of the scin-
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Figure 10. Top: image of a test pattern (gold, 0.5 um line width) aceghiwith 0.15 um pixel size at 2-BM
(APS) using the low-dose configuration with ax2@bjective (NA = 0.75), a 2.5 eyepiece and a 6 pm-
thick GGG:Tb scintillator (on a GGG substrate). Bottom: rementative profile plot perpendicular to the
line structure: a true spatial resolution below the 1 pmitlisxdemonstrated.

tillator. The structure width as shown in figut®is 0.5 um, i.e. representing a 1.0 um periodicity.
A representative line profile plot shown as well allows onedtimate the contrast modulation to
of the order of 50%. One can conclude that an outstandingily sipatial resolution clearly below

1.0 um has been reached.

3.2 High-dose configuration: spatial resolution and radiaibon hardness

3.2.1 Beamline TopoTomo (ANKA)

For testing the high-dose configuration, TopoTomo was dediia white beam mode, i.e. the bend-
ing magnet spectrum was filtered with 1 mm of silicon only. Tésulting broad spectrum has its
maximum around 20 keV with a bandwidNt/E of approximately 75%. The optical performances
of the microscope were investigated by coupling it to a pe@d4camera (see previous section for
more technical details on the camera).

To investigate the quality of the X-ray detector, a 12 um LB®Dscintillator was integrated
into the imaging system. Images of the Xradia test patter@0XZ00-30 were acquired with to-
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Figure 11. Top: line structure of the Xradia test pattern, acquiredinite beam mode (effective pixel size
equal to 0.25 um, total magnification equal to3éhe size of features is listed in micrometres). The cut-off
frequency is marked, corresponding to a smallest distsiwalile feature between 0.6 um and 0.7 um, i.e. a
spatial resolution between 1.2 um (415 Ip/mm) and 1.4 um (3&5Bm). Bottom: overview image of the
complete test pattern (acquired with 1.8 um effective peiat).

tal magnification equal to 36. The effective pixel size corresponding to such magnificetiis
0.25 pum (cf. table).

The numerical aperture of the &Qobjective used is 0.28 which defines the resolution limit to
1.2 um, according to the Rayleigh criterion. As depicteddaorfie1l, the smallest feature of the test
pattern that can be resolved corresponds to half a periogelbet0.6 um and 0.7 um, the achieved
spatial resolution ranges between 1.2 um (415 Ip/mm) angih.4355 Ip/mm) §]. The detector
operates in the high-dose configuration with moderate Xpraton energies at a spatial resolution
close to the diffraction limit of the visible light optics edg.
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3.2.2 Beamline ID15a (ESRF)

The microscope configured for high-dose irradiation wasrogssioned under the intense flux and
hard wavelengths available at the ESRF beamline ID15a wdreasymmetric multipole wiggler
provides a white beam spectrum between 44 keV and 500 keV.aithef the experiment was
to study the effect of the radiation damage on the detectstesy. However the spatial resolu-
tion was not investigated as no high resolution test paiteavailable for this hard wavelength
range. The spectrum was filtered with 25 mm of silicon and 5 ricopper. The beam dimen-
sions were equal to 1 mm 1 mm. To protect the CCD detector and the microscope from the
Compton scattered X-rays (dominant at photon energieseab@® keV) the detector was shielded
with 3 mm thick lead. During that experiment the microscopeswptically coupled with the
high resolution 14bit pco.4000 CCD camera (technical tetdithe camera can be found in sec-
tion 3.1.9.

The most prominent effect that was observed during the &d315a is the darkening of the
objective due to the scattered radiation. The correspgndéatrease of the effective count rate
under constant illumination was investigated by using arhZhick LSO:Tb scintillator deposited
on a 175 um YbSO substrate The count rate decrease was estitodte around 7.2%/hour. This
count rate decrease is a combination of the radiation dassaged to the scintillator, the substrate,
the microscope objective and the optics. (The Comptonesaadt contribution can be neglected at
energies lower than 100 keV but it gets significant as theggriacreases. For YAG, for example,
the Compton probability is equal to 1.2% at 30 keV and 85% atikkd/ [24].)

By positioning a 4 mm lead glass (30% lead concentration,rdff@active index) shielding
between the microscope mirror and the objective, the caatet decrease was reduced, down to
0.6%/hour. In order to verify the best position for the potitee lead glass, different optical config-
urations were investigated by changing the objective, tieomand the lead glass sites within the
system. For every arrangement, we acquired a visible ligage of a JIMA-RT-RC-0 pattern and
calculated its contrast according to equati8ri) shown in paragrapB.1.1

The four configurations were: (a) microscope without mir(by microscope with mirror, (c)
microscope with mirror plus lead glass before the mirromfiroscope with mirror plus lead glass
between mirror and objective. The calculated values of timérast were equal to (a) 0.48+/-0.3, (b)
0.50+/-0.3, (c) 0.33+/-0.3 and (d) 0.51+/-0.3. They denvasd the equivalence of configurations
(@), (b) and (d). By contrast, the configuration in which thad glass is located before the mirror
is not favorable. As the spatial resolution of an indirediedtor is determined by the scintillator
screen and the spatial resolving power of the visible ligistesm used to capture its image: one
can assume that the best given visible light optical condiiom will as well reach the best spatial
resolution in combination with X-rays and a given scintdla Furthermore, only configuration
(d) positions the lead glass where it does not interact wighX-rays and therefore, cannot act as
scatterer or fluorescence source. Hence, only this confignria well adapted for high-resolution
X-ray imaging.

The final version of the white beam microscope is usually gugd either with a 8 or 5x
magnifying objectives for achieving intermediate resolutvalues equal to 6.1 um and 2.4 um,
respectively. The optical data for those configurationdisted in table2.
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4 Applications

Hard X-ray microtomography is a popular analytical toolilde at synchrotron light sources
around the globe. This section outlines the potential ofvsatile detector design introduced
here for synchrotron-based microimaging by selected egiubns in such diverse fields as biology,
geology, non-destructive evaluation and materials rebeafhe examples give an impression of
the high level of flexibility reached with the modular detgatlesign described in this article.

4.1 High-contrast microtomography

Microtomography in combination with synchrotron radiatis frequently deployed where high
spatial resolution, high contrast or both are required. mexample application, studying the mi-
crostructure of a fibre reinforced C/SiC ceramic was cho3én0]. The sample is delicate as four
different material phases have to be distinguished: silicarbon, silicon carbide and pores/cracks.
Characteristics of these phases such as volume fractiospeulfic surface are required for opti-
mizing the processing of C/SiC ceramics where, e.g. craak®ccur which deteriorate the desired
performance of the material.

For the experiment, the microscope in the low-dose configuravas used. The scintillator
screen consisted of a single-crystal thin film of GGG:Eu (20thick) on top of an undoped GGG
substrate. The objective in use was:a ®.15 NA) combined with a 2.5 eyepiece. The ESRF
inhouse camera FReLoN (ty@2v) was used, leading to an effective pixel size of the deteaftor
1.1 um. The sample was illuminated by an X-ray photon beatm ainean energy around 18 keV
delivered by a single-harmonic undulator at the ESRF beeniD19 f6]. The sample-detector
distance was set to 9 mm and 1500 projection images weredestaluring the tomographic scan.

A tomographic slice of a C/SiC sample acquired with thesarpaters is depicted in figude?
(top). Three material phases have been marked, the foudbepl visible as cracks throughout
the sample. In order to verify the contrast achieved in thages (a mixture between classical
absorption contrast and in-line X-ray phase contrast) apeoable sample has been imaged by
scanning-electron microscopy, cf. figuk2 (bottom).

4.2 Rapidin situ microtomography

To characterizen situ dynamic structural parameters of rock samples during otednmnéaction,
fast data acquisition rates and X-ray imaging with microhaison are required. Because of the
multi-phase composition of a rock sample, furthermore highge contrast is needed. Here the
kinetics of calcite dissolution controlled by diffusioratrsport and the role of microstructure was
studied. Dissolution processes involve complex coupledhaeisms, strongly controlled by the
hydrodynamical and chemical variability of the system &sehles 23]. High spatial resolution
scale is necessary to investigate fine grain material andtéopret hydrodynamic modifications
on a large scale. The main focus is set on the multiscalahiistin, interconnection and continu-
ity of large primary or secondary pores which generally acg@od percolation pathways during
dissolution processe4]].

Experiments were carried out at ESRF beamline 1ID19. The-rgghlution X-ray imaging
system used comprised a FReLoN CCD camera and the microstidpdow-dose configuration.
The latter was equipped with a<40lympus objective and ax2eyepiece. In order to reach higher
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Figure 12. Top: tomographic slice showing a fibre-reinforced C/Si@aogc, acquired by means of high res-
olution synchrotron-based microtomography. The insetvsh®zoom-in with three material phases marked:
Si (1), SiC (2) and C (3). Cracks throughout the sample aibleias fine black lines as well. Bottom: image
of a comparable sample acquired by scanning-electron stopy. Except for the cracks, the same phases
as in the upper image have been marked.

data acquisition rates, the FReLoN camera was operatecisditalled FTM (Frame Transfer
Mode) mode and with a pixel binning mode combined with a RGddign Of Interest), giving
512 x 512 pixels per image. The effective pixel size of the deteatas 3.5 um, giving a spatial
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Figure 13. Time-resolved volume (4D) images acquired by synchrotnarotomography using beamline
ID19 (ESRF). Depicted is a calcite rock sample during acadtiack (tO: initial condition, t30: after 28 min

of attack and t70: after 66 min of attack). The white phaseasgnts the mineral calcite phase, the orange
one is the micro-porosity and the black one is the macrogityto

resolution limit of R> 7 um, according to Shannon’s theorem. For the high resoltdimography
scan an X-ray photon energy of 34 keV was selected by the lnegimsingle-bounce multilayer
monochromator (Ru/BC coating). Two undulator insertion devices were combirigte sample-
to-detector distance was 15 mm and 400 projection images aequired by rotating the sample
over 180. With an exposure time of 0.035 s per image the scan acquidiisted 17.8 s with a
total acquisition time of 57.1 s (including overheads, flaldfiand dark field images). The three-
dimensional images of the rock sample were reconstructedsing the filtered backprojection
algorithm via the ESRF software package PyH31][

A pure calcite core sample of 2 mm diameter and 3 mm length twmth different poros-
ity structures (macro- and micro-porosity) was studiedfigare 13, one can observe the three-
dimensional reconstruction of the rock sample at diffetenés during the acidic attack (tO: initial
stage, t30 = 28 min and t70 = 66 min). The macroporosity (irtk)lancreases from 9.6% to
34.7% after 66 min of the experiment whereas the microptyr¢isi orange) decreases from 42.3%
to 34.9% during the first 28 min and then increase up to 48.2&s &6 min of treatment. The
increase of the dissolution rate during the experiment Gamexplained by the development of
macro-pores which allow a better accessibility and petietraf the acidic fluid. This high speed
and high resolution tomography approach opens new pdtsibifor structural characterization
duringin situ reaction processes.

4.3 White beam microtomography

In this section a microtomography application deployingtezbeam illumination is described that
was accomplished at the TopoTomo beamline (ANKA) by usimghigh-dose configuration. The
aim of the experiment was to reconstruct the morphology ofeawV (Trigonopterou} through
phase sensitive X-ray imaging.

For the experiment the beamline was operated in white beadem®he emitted radiation
was filtered with a silicon wafer of 1 mm thickness; the rasgltenergy spectrum had its peak
around 20 keV with a bandwidth of approximately 75%. The tgraphy scan was performed
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Figure 14. Volume rendering of a tomographic data set showing theriedi@n weevilrigonopterus nasu-
tus (acquired with white beam tomography at the ANKA beamlinpdftomo).

with a high speed CMOS camera (Photron Japan, type SA-1)savhighest achievable data rate
is equal to 5400 images/s in full frame mode. The scintitlaised is a Ce-doped kAlsO12
(LUAG:Ce) crystal with thickness equal to 300 um. The priggcimages were acquired with a
total magnification of 3.6 (Mitutoyo objective 2/NA = 0.055 and eyepiecexd. The effective
pixel size was equal to 5.6 um and the propagation distarteesba sample and detector was set to
30 cm. A complete tomography scan (1500 projections) wasded in 30 s by setting the detector
frame rate to 50 images/s. To reconstruct the phase mapd@tite tomographic reconstructions,
the ANKAphase phase-retrieval tool was used, that can bkedpgespite illuminating the sample
with polychromatic synchrotron ligh8fL, 47].

Due to their often hard and stiff exoskeletons, many insaeslifficult to examine by classical
morphological methods. Although scanning electron mimopyg provides high resolution, internal
structures remain hidden. Light- and transmission elacinicroscopy require slicing the sam-
ples, a process drastically altering their condition. Mweg, insect cuticle is particularly difficult
to slice and tends to fracture in the process. As synchrdiesed hard X-ray microtomography
allows non-destructive imaging of millimeter-sized oligedt became a powerful tool for entomol-
ogists. Virtual slices through the specimen allow takingaklat anatomical details. Additionally,
the resulting data can be used to create digital three-difoeal models very useful for morpho-
logical and anatomical researcd].[ The volume rendering of th&rigonopterusweevil is depicted
in figure 14 and the morphological details of the insect are reportedyuréil5. The quality of the
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Figure 15. Virtual slice through the volume shown in figutéd.

image is excellent, despite the use of polychromatic remtiatThe description of the weevil hip
joint as a biological screw-and-nut system based on sytrmrdX-ray microtomography data of
thick-shelledTrigonopterusweevils demonstrates the potential of the technique foméxag the
functional morphology of small biological specimens whementional methods are not an op-
tion [17]. The use of polychromatic hard radiation in combinatiothwihase-retrieval techniques
allows acquisition of highly sensitive images of delicaaenples in short scan times. As the objects
are almost transparent at the wavelengths in use, redustitre dose to the sample is achieved
as well.

4.4 White beam microlaminography

A promising application of the high dose configuration exfstr synchrotron-radiation computed
laminography (SRCL). This 3D imaging techniquEs] allows regions of interest on large, flat
specimens to be investigated non-destructively. SRCL hgsally been developed for inspec-
tion of microsystem and microelectronic devicéd][but has recently also found very interesting
applications in materials science, paleontology, lifesces and cultural heritage studies. It can be
understood as a generalisation of CT where the rotationsixislined at an angle smaller than®90
with respect to the beam directiohd]. With the specimen approximately aligned perpendicular
to the rotation axis, the projected specimen thickness lansl the (integral) transmission to the
2D detector remains approximately constant during a scéiis dnsures reliable projection data
in the acquisition process and often results in 3D imagels le#s artifacts than for limited-angle
CT [50].
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Figure 16. Cross section of a flip-chip bonded device reconstrucieah fsynchrotron-radiation computed
laminography (SRCL) data using the high-dose configuratfdine microscope. The interface of the 300 um
thick bump bonds (white) towards the Cu metallisation ligligt gray) on the printed circuit board is shown.
The microstructure of the metallisation as well as smaltisdiess than 5 um diameter) at the bump bonds
can be discerned.

Depending on the beamline lay-out, synchrotron radiatemmtoe partially coherent. Absorp-
tion imaging therefore requires one to minimise the distabetween the 2D detector and the
specimen which remains challenging for the SRCL data aitiquisgeometry. Also for optimised
laminographic phase-contrast imagirip] it is sometimes necessary to have small propagation
distances between the sample and the detector, especiaflpdtial resolutions around 1 pm. The
design proposed in figuré allows one to better accommodate for these necessities sinmne
direction with respect to the X-ray optical axis the detectn be designed rather compact.

Figure16 shows an example of a flip-chip bonded device where lamimpdicgphase-contrast
imaging at a single rather low propagation distance of aioé® mm was employed. The ex-
periment was carried out at the ESRF beamline 1D19 in whéigaip mode with the peak of the
energy distribution (absorbed by the scintillator) abo0&®&V. Using an ESRF FReLoNkZam-
era and 1& total magnification (1& Mitutoyo objective and & eyepiece) an effective pixel size
of 0.8 um was chosen. Due to the high energy spectrum emplay@&G:Eu scintillator of 30 pm
thickness on a substrate was selected. The cross-sectiicelat the interface between bump
bonds and metallisation on the printed circuit board wasnesttucted from 2000 projection ra-
diographs (exposure time 0.6 s each). A slight edge enharttesffect due to phase contrast is
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visible around the different materials. The microstruetaf the Cu metal lines is clearly visible
and voids are found in the bump bonds at the interface. Wehsgestich 3D images give insight
into the (visually not accessible) interconnects whichigaportant information for improving the
interconnection technology and fine-tuning of productianameters. Furthermore, the behaviour
of the interconnects under different loading conditiong.(eemperature and / or electrical current)
can be observedip].

5 Summary

The modular indirect detector design developed within t8&\8"* project has been introduced
in this article and typical application cases describeslloiv-dose configuration has been proven
to reach outstanding spatial resolution in X-ray imagingfui&her gain in resolving power can
be achieved when the detector is operated together with ifgagnX-ray optics R6]. The high-
dose configuration has been successfully used under thesentadiation of a bending magnet
source and a wiggler insertion device. Frequently, botHigarations are operated with protective
lead glass between the scintillator and the front lens ofntiroscope objective. Nevertheless,
darkening of the objective is typically still prominent efonger use but can be cured with UV
illumination.

Several aspects have not been considered in the articleebdtta be mentioned: the accuracy
of the mechanics as well as the surface quality of scindilais limited. It is therefore recom-
mended always to operate high-resolution indirect deteatdth scintillator mounts which allow
for tilt compensation. When equipped with a thin free-stagdcintillator and a thin mirror, the
high-dose head allows one to to operate to a certain extens@mitransparent manner. A second
detector downstream of the high-dose system can then beaaseell, e.g. for collecting diffraction
signals.

The indirect design is available to the X-ray imaging comityunit is the aim and hope of
the authors that X-ray synchrotron imaging will benefit fréilme improvements brought by the
high-resolution X-ray detector developed within the SEWproject.
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