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The efficiency of high-resolution pixel detectors for hard X-rays is nowadays one
of the major criteria which drives the feasibility of imaging experiments and
in general the performance of an experimental station for synchrotron-based
microtomography and radiography. Here the luminescent screen used for the
indirect detection is focused on in order to increase the detective quantum
efficiency: a novel scintillator based on doped Lu,SiOs (LSO), epitaxially grown
as thin film via the liquid phase epitaxy technique. It is shown that, by using
adapted growth and doping parameters as well as a dedicated substrate, the
scintillation behaviour of a LSO-based thin crystal together with the high
stopping power of the material allows for high-performance indirect X-ray
detection. In detail, the conversion efficiency, the radioluminescence spectra,
the optical absorption spectra under UV/visible-light and the afterglow are
investigated. A set-up to study the effect of the thin-film scintillator’s
temperature on its conversion efficiency is described as well. It delivers
knowledge which is important when working with higher photon flux densities
and the corresponding high heat load on the material. Additionally, X-ray
imaging systems based on different diffraction-limited visible-light optics and
CCD cameras using among others LSO-based thin film are compared. Finally,
the performance of the LSO thin film is illustrated by imaging a honey bee leg,
demonstrating the value of efficient high-resolution computed tomography for
life sciences.

Keywords: LSO:Th; luminescence; synchrotron instrumentation; scintillator; X-ray
phase contrast; microtomography; spatial resolution; detective quantum efficiency;
X-ray detection; radiography; X-rays.

1. Introduction

During the 1980s one of the major questions to be answered
for synchrotron-based micro-imaging was which kind of
detector system would reach for high spatial resolutions below
submicrometer (see, for example, Spiller, 1980; Flannery et al.,
1987; Spanne & Rivers, 1987; Kinney et al., 1989; Bonse et al.,
1989; Graeff & Engelke, 1991). During the 1990s it became
clear that indirect pixel detectors provided the optimum
solution. Here, the luminescence image of a scintillator screen
is coupled to a digital camera via diffraction-limited visible-
light optics (Hartmann et al., 1975). This approach allowed for
building robust and efficient detectors consisting of compo-
nents which were already commercially available (see, for

example, Koch, 1994; Bonse & Busch, 1996; Lee et al., 1997).
By the end of that decade spatial resolutions below submic-
rometer were established as standard by introducing thin
single-crystal film scintillators for the indirect detection (Koch
et al., 1998, 1999). Using these high-resolution indirect pixel
detectors allowed for numerous applications in diverse fields
such as life science, materials research or archaeology (for a
detailed review, see, for example, Stock, 1999, 2008; Baruchel
et al., 2002, 2006 or Banhart, 2008). Furthermore, novel
contrast schemes like X-ray inline phase contrast, rocking-
curve imaging, topotomography, diffraction enhanced imaging
or holotomography could be exploited (Cloetens et al., 1996,
1999; Snigirev et al, 1995; Nugent et al., 1996; Ludwig et al.,
2001; Libbert et al., 2000; Chapman et al., 1997). High-reso-
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lution micro-imaging stations are operating nowadays at many
synchrotron light sources in the world (Stampanoni et al.,
2007; Wang et al., 2001; Weitkamp et al., 1999; Uesugi et al.,
2004; Beckmann et al., 2004; Rack et al., 2008; Michiel et al.,
2005; Rack, Weitkamp et al., 2009). This development is well
documented in the SPIE conference series Developments in
X-ray Tomography I-VII and the corresponding proceedings.

Recently, the spatial resolution has reached the nanometer
range by combining indirect X-ray detectors with different
X-ray optics (Ortega et al., 2007; Bleuet et al., 2009; Schroer et
al., 2002; Modregger et al., 2007; Stampanoni et al., 2005;
Reznikova et al., 2007; Rack et al., 2008; Feser et al., 2008).
Here, as the higher resolutions are reached by the X-ray
optics, the demand for scintillator screens with higher effi-
ciency is increasing in order to make optimal use of the
available photon flux density or to reduce the dose to the
samples. Higher efficiency is also required when using indirect
detectors for synchrotron-based high-speed imaging (De
Michiel et al., 2005; Wang et al., 2008; Rack, Garcia-Moreno et
al., 2009).

Our approach to increase the detective quantum efficiency
(DQE) of high-resolution indirect pixel detectors is the use of
optimized luminescent screens. A dense scintillator material,
available as thin film with high optical quality, high stopping
power and an emission spectrum matching the sensitivity of
the camera used, can increase the overall DQE by up to one
order of magnitude compared with commercially available
systems (Koch et al., 1998, 1999; Martin & Koch, 2006).

Within a project of the Sixth Framework Programme (FP6)
of the European Commission (Scin™X, STRP 033 427) we
developed such a new thin-film scintillator for high-resolution
X-ray imaging (Martin et al., 2009; Dupré et al., 2009; ScinTax";
Cecilia et al., 2010). Here, our research is based on Lu,SiOs
(LSO) layers grown on adapted substrates. Because of their
high effective Z number, these scintillators improve signifi-
cantly the efficiency of X-ray imaging detectors currently used
in synchrotron facilities. The bulk scintillator material also
presents interesting features for non-destructive testing
applications. The major improvement obtained by using a
thin LSO-based scintillator is the higher X-ray absorption
compared with commonly used thin-film scintillators, such
as Ce-doped Y;Als0;, (YAG:Ce), Eu-doped Lu;Al;Oq,
(LAG:Eu) or Eu-doped Gd;GasO,, (GGG:Eu) (Martin et al.,
2005; Martin & Koch, 2006; Koch, Cloetens et al, 1999).
Another advantage is that the specific substrate developed in
the framework of the Scin™X project presents no parasitic
luminescence under X-ray excitation (Cecilia et al., 2009). This
is rarely the case for substrates used today for scintillators in
synchrotron X-ray imaging (Martin et al., 2006). Finally, the
light emission of the LSO active layer was optimized by
varying the dopant material and its concentration. The results
are a high light yield (comparable with that of bulk YAG:Ce)
as well as an emission wavelength adapted to match the
quantum efficiencies of most CCD cameras.

Y ScinTax — Novel ceramic thin scintillator for high-resolution X-ray imaging
(http://www.scintax.eu/) (last visit 2010).

LSO-based thin scintillator layers doped with different
lanthanide ions were grown using liquid phase epitaxy (LPE)
(Martin et al., 2009) at the French Atomic Energy Commission
(CEA). Their scintillating characteristics were then studied at
the European Synchrotron Radiation Facility (ESRF) and at
the Angstrémquelle Karlsruhe (ANKA): conversion effi-
ciency, afterglow, UV/visible-light absorption and emission
[measurements on the X-ray absorption efficiency have
already been published by Martin et al. (2009)]. In this article
special emphasis is given to temperature effects on the
conversion efficiency, as these can be detrimental with
increasing X-ray photon flux and the corresponding heat load,
i.e. when using white-beam synchrotron radiation. The
developed LSO thin-film scintillators were also combined with
different detection systems (CCD sensors and high-resolution
optics). The efficiency of these systems was evaluated as a
function of the X-ray energy and compared with the same
systems using a GGG:Eu thin-film scintillator. Finally, an
example of LSO application is provided consisting of X-ray
microtomography of a fine-structured biological sample.

2. Hard X-ray micro-imaging

The first indirect detection systems were introduced in the
middle of the 1970s for live topography (Hartmann et al.,
1975). The concept is based on combining scintillator screens
with diffraction-limited visible-light objectives (see Fig. 1).
The scintillator converts the X-ray image into a visible-light
image that is magnified through an objective onto a camera
(nowadays commonly with a CCD- or CMOS-based sensor).
A specific object plane within the scintillator is focused via the
optics onto the sensor of the camera (cf., for example, Bonse
& Busch, 1996; Koch et al., 1998; Graafsma & Martin, 2008).

The camera type to be chosen depends on the application.
Synchrotron-based microtomography typically requires high-
dynamic-range CCDs with moderate read-out speed of several
frames per second [a CCD camera explicitly developed for
synchrotron-based applications is the FReLoN (Labiche et al.,

Cooled CCD
[ T
- <— Eyepiece

Single crystal film on substrate

.4— Tube lens

<4— Mirror

Microscope objective

Figure 1
Principle of an indirect high-resolution X-ray imaging system with folded
optics, widely used in synchrotron-based hard X-ray imaging.
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2007)]. For fast imaging using white Table 1

synchrotron radiation, frame transfer

Properties of SCF materials frequently used at the ESRF.

CCDs or CMOS cameras offer much YAG:Ce LAG:Eu LAG:Tb GGG:Eu
higher read-out speed but commonl

,g p R y Conversion efficiency (% of bulk YAG:Ce)  60% 30% 50% 90%
with a reduced dynamic range (De p (g cm™) 45 6.6 6.6 71
Michiel et al., 2005; Rack, Garcia- Zes 32 63 63 53

. fo_ Maximum emission wavelength (nm) 550 550, 750 350, 700 550, 750
Moreno et al., 2009; Garcia-Moreno et Afterglow 20 ms after 0.1 s exposure 0.1% 1% 0.7% 0.1%
al., 2008). Afterglow 100 ms after 0.1 s exposure 0.06% 0.03% 0.1% 0.001%
Luminescence of substrate Yes (YAG)  Yes (YAG)  Yes (YAG) Slight (GGG)

2.1. The quest for the ideal thin-film
scintillator

The ideal inorganic thin-film scintillator (Derenzo et al.,
2003; Weber, 2002; Koch et al., 1998) to be used for micro-
imaging applications should combine the following properties:
high density, high effective Z-number; high light output; low
afterglow; high optical quality; non-toxic, chemically stable
under ambient conditions and easy to machine; emission
spectrum well suited to visible-light detectors; layer thickness
<20 pm; adaptable for the LPE growth technique.

Table 1 lists single crystal film (SCF) scintillating materials
frequently used at the ESRF. Initially, YAG:Ce was applied as
it was widely commercially available. In order to improve the
stopping power, especially below the yttrium edge of 17 keV,
LAG-based crystals grown by LPE were developed in colla-
boration between the ESRF and the CEA (Koch et al., 1999).
Next, GGG:Eu was introduced, showing a slightly better
stopping power than LAG-based crystals, a higher light yield
and a lower afterglow (Martin et al., 2005).

Seen in this chronological manner, a detailed study of LSO-
based SCFs is the consequent next step, as suggested by Koch
et al. (1998). It allows one to further improve light yield,
stopping power and optical match of the emission spectrum
with the CCD quantum efficiency. Furthermore, the devel-
opment of LSO-based SCFs in the framework of a FP6
program allows for transferring the technology to an industrial
partner, hence making the material available for a broader
community [http://www.scintax.eu/ (last visit 2010)].

2.2. Spatial resolution

According to the theorem of Abbe, the maximum resolu-
tion R achievable with an indirect X-ray pixel detector is
determined by the numerical aperture (NA) of the front
objective and the scintillator’s wavelength of maximum
emission. The diffraction limit is given by the relationship
[Rayleigh criterion (Born & Wolf, 1999)]

R = 0.661/NA. 1)

The effective pixel size of the camera sensor has also to be
adapted to the sought resolution [Shannon’s sampling
theorem (Shannon & Weaver, 1963)].

The NA drives the spatial resolution of the detector and
determines the depth of focus (Born & Wolf, 1999). For an
indirect detector the luminescence screen has to be as thick as
the depth of focus to maximize the efficiency without dete-
riorating the resolution. Degradation of the image can occur
owing to diffraction and spherical aberrations arising from the

total thickness of the screen. Parallax by misalignment, i.e. an
angle between X-rays and optical axis, may also degrade the
image quality. Investigations on the achievable resolution by
means of numerical simulations can be found in the literature
(Koch et al., 1998; Stampanoni et al., 2002).

The screen’s substrate may also degrade the resolution,
through undesired intrinsic scintillation components. As an
example, the intrinsic scintillation of an undoped YAG
substrate can reach in the worst case up to 20% of the total
scintillation yield (Martin & Koch, 2006). When thin layers of
YAG:Ce or LAG:Eu (e.g. 5 pm) deposited onto this substrate
are used at high X-ray energies (>20 keV), the luminescence
of the YAG substrate becomes significant (e.g. at 15 keV, only
25% of incident X-ray photons are absorbed by a 5 um-thick
LAG:Eu screen). LAG:Eu and YAG:Ce layers grown by LPE
on undoped YAG substrates are therefore not an ideal solu-
tion for high-spatial-resolution imaging at these energies,
unless specific techniques are used to block the parasitic light
(e.g. glass filters placed in the optical beam path of the
detector).

The spatial resolution is also degraded by other X-ray
interactions taking place in the screen: elastic scattering
(Rayleigh), inelastic scattering (Compton) and photoelectric
absorption. The contribution of these processes were studied
in detail by Martin & Koch (2006) for LAG, YAG and GGG
scintillators.

3. LSO-based thin-film scintillator

LSO thin films were produced by the LPE technique (Ferrand
et al., 1999) at the CEA-Leti (Grenoble, France). The solute
materials (Lu,Os, Si0,) were dissolved in a PbO/B,0Oj3 solvent
at high temperatures (>1273 K). The dopants were chosen
among the lanthanide ions and therefore the oxide forms of
these dopants were added in the melt in concentrations
varying between 1% and 20% atomic weight (Martin et al.,
2009). The atomic weight ratio of SiO,/Lu,O5 was chosen so as
to crystallize the LSO phase in the range of temperatures
considered here. For each dopant concentration the conver-
sion efficiency of the layers was measured. The dopant
concentration was determined in order to optimize the
conversion efficiency and keep a good lattice match between
the substrate and the epitaxial layer. After growth, the
conversion efficiency of the epitaxial layer could be further
enhanced by 20-30% by thermal annealing of the layers at
1373 K for 30 h in air.
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The largest area obtainable for a LSO:Tb crystal is limited
by the dimensions of the crucible used for LPE. For example,
at the ESRF wafers of 1inch-diameter (25.4 mm) can be
employed as substrate. Thickness inhomogeneities at the edge
of the substrate where the wafer is fixed during LPE prevent
exploiting the full area of the crystal. Hence, commonly four
active areas of approximately 8 mm x 8 mm can be obtained
from a 1 inch wafer. The corresponding optical quality and
uniformity of the crystal’s surface has reached a level of
perfection so that it has basically no or only negligible influ-
ence on the imaging performance of the detector. In fact,
currently indirect detectors using scintillating single crystals
are more affected by external impurities like dust particles
sticking on the surface of the crystal, which leads to bright
spots in the images.

3.1. Conversion efficiency

The conversion efficiency 7,,, describes the ability of the
scintillator material to convert X-rays into UV/visible-light
photons. In our case it is measured in the laboratory with a
copper anode X-ray tube run at 20 kV and 45 mA. A 25 pm
Cu X-ray absorption filter was used to select the monochro-
matic 8 keV emission line of the copper anode.

An X-ray imaging system based on a PCO SVGA Sensicam
CCD camera and microscope optics (4x objective, NA = 0.16,
2x eyepiece) was used to acquire images of the luminescence
screen. The average value ADU of the flat-field (dark-
corrected) image intensity values (ADU) were calculated.
This average value was corrected for both the absorption
A(8 keV) of the layer and the CCD quantum efficiency (QE):

ADU
Ty = AR o AR @
QE x A(8keV)
The above value was normalized with respect to the conver-
sion efficiency of a bulk YAG:Ce sample used as a reference
(the light output of the YAG:Ce was taken to be 35 photons
keV ™' as specified by the supplier (Crytur?).

Several dopants were investigated. From the lanthanide
ions, only Eu and Tb could be used successfully to grow thin
films of good optical quality. The Ce dopant was rejected
because it did not provide a good lattice match; the Tm and
Sm ions were rejected owing to the low conversion efficiency
of the resulting layers. Table 2 shows the effect of the dopant
(-combination) on the conversion efficiency after the films
were optimized (with respect to growth parameters) and
thermally annealed. Tb was found to be the most efficient
dopant for the LSO lattice grown as a thin film [for the
concentrations allowing for a good lattice match between the
substrate and the layer (Martin et al., 2009)]. In this case the
absolute efficiency of the scintillator can raise up to
45 photons keV~'. Co-dopants such as Gd, Ge and Ce were
found to further improve the conversion efficiency of LSO:Tb
thin films. The maximum conversion efficiency measured for a
LSO:Tb,Ce sample was 52 photons keV ™"

2 Crytur web site (http:/www.crytur.cz/) (last visit 2010).

Table 2
Conversion efficiency of the thin screens developed within the Scin™*
project.

The efficiency is normalized with respect to the conversion efficiency of bulk
YAG:Ce.

Maximum conversion efficiency

Scintillator (relative to YAG:Ce), Nmax
Lu,SiOs:Eu,Gd,Ge,Y 30
Lu,SiOs:Tb 130
Lu,SiOs:Tb,Eu 70
Lu,SiOs:Tb,Eu,Tm 40
Lu,SiOs:Tb,Eu,Tm,Ce 40
Lu,SiOs:Tb,Ce 150
Lu,SiOs:Tb,Gd 140
Lu,SiOs5:Tb,Ge 130
Lu,SiOs:Tb,Pr 22
Lu,SiOs5:Tb,Sm 15
Lu,SiOs:Tb,Cr 130

Our investigations showed that the conversion efficiency of
Tb-doped LSO thin crystal films can rise by several percent
after long exposures to X-rays. This effect is probably related
to competing effects between prompt recombination and
trapping (Cecilia et al., 2009).

3.2. Spectral emission

The emission spectra were measured under X-ray irradia-
tion (laboratory and synchrotron light sources) with a
Hamamatsu R4632 photomultiplier tube coupled to an Oriel
monochromator. The grating (77233 from Oriel) used has a
1200 line-pairs mm ™' groove density and is blazed at 500 nm,
which gives a primary wavelength range of 350 nm to 1200 nm.
The system was controlled by a LabView program®. The
scanning step size was 1 nm and the resolution of the system is
5 nm. The spectra were corrected for the grating wavelength
response and the photomultiplier quantum efficiency.

3.2.1. Substrate. During the project, two different substrate
materials were developed at the CEA-Leti in Grenoble
(France). In the following section we call them ‘Scin™*
substrate 1’ and ‘Scin™ substrate 2’. Tests were carried out
during the development of the substrates with a laboratory
X-ray tube (Cu, W and Mo anode) at the ESRF. Further tests
at the ANKA synchrotron light source were carried out under
intense white-beam radiation with energies in the range from
8keV to 60keV and flux densities of up to 10'? photons
s ' mm™

From Fig. 2, the substrate called ‘Scin™ substrate 2’ was
finally chosen for the epitaxy of LSO:Tb thin films, owing to its
total absence of luminescence (Fig. 2). Further details on this
substrate are given in the corresponding patent application
(Dupré et al., 2009).

3.2.2. LSO-based thin film. LSO:Tb SCF grown by LPE
with Tb concentrations above 8% in the melt showed four
strong emission lines under X-ray excitation (Fig. 3). These
four lines correspond to the Tb** electronic transitions *D, —
F, (x=6,5,4,3). For Tb concentrations in the melt below 8%,
additional lines (blue emission in the region 350-470 nm)

3 National Instruments web site (http://www.ni.com/) (last visit 2010).
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Figure 2

Comparison of the luminescence of different substrates (YAG, GGG,
Scin™X) under 40 kV, 40 mA X-ray irradiation using a Mo anode. Note:
the vertical axis is plotted on a logarithmic scale.

appeared in the spectrum, corresponding to the electronic
transitions °D; — 'F,, as shown in Fig. 4. These results are
similar to those found by Cooke (2005) for bulk LSO:Tb
crystals grown from the melt using the optical float-zone
method, although Cooke’s doping concentrations were much
lower. Co-doping of LSO:Tb layers with Ce** ions improves
the scintillation efficiency: the Ce®* ion adds a contribution
peaked at 420 nm (Fig. 5) in the emission spectrum without
quenching the emission due to Tb. This corresponds to the
well known transition from the 5d excited state to *F ground
state of the Ce™* ion. As outlined in §3.1, the conversion yield
is increased (compared with LSO:Tb).

The transmission of the substrate in the range [300 nm;
800 nm], to be shown later within this article in detail, is close
to 90% (cf. Figs. 4 and 5). We point out that there is no overlap
between the LSO:Tb emission and the substrate absorption.

Emission spectra of LSO:Eu,Gd thin films show the tran-
sitions °Dy — F, (J=1,2,3,4) from the Eu®* ions (Cooke,

emission LSO:Tb
transmission substrate

1.0

0.94

0.8—.
0.7—-
0.6—.
0.5—-

0.4+

Intensity (a.u.)

0.34

0.2+

0.14

0.0 T T T Y T v T v T ¥ 1

300 400 500 600 700 800
Wavelength (nm)

Figure 3

Emission spectrum of LSO:Tb (15% Tb in the melt) with peak emission

at 550 nm and the transmission of the substrate in the wavelength range

from 250 nm to 800 nm.

1.0

3 o8-

8

> 5% [Tb)/[TR]

g 0.6 8% [Tb)/[TR]

k=

(]

=

k&

[5]

14

L T L T L T L T L T = T b 1
300 350 400 450 500 550 600 650
Wavelength (nm)
Figure 4

Emission spectrum of LSO:Tb for 5% and 8% concentration of Tb in
the melt.

2005), as well as an emission peak at 320 nm owing to the Gd**
ions (Fig. 6). As discussed in §3.1, the emission of LSO:Eu,Gd
is poor compared with that of LSO:Tb,Ce.

3.2.3. UV/visible-light absorption. The set-up applied for
the investigations of visible-light absorption used a Xenon
lamp (emission range from 200 nm to 2400 nm) placed in an
APEX illuminator (Newport). The lamp was coupled to a
Cornerstone C260 monochromator with a 1200 lines mm ™'
grating blazed at 350 nm. After the monochromator output,
the beam was split into two beams: the reflected beam was
focused with a set of lenses onto a 918D-UV detector
(Newport) as reference beam; the transmitted beam was
focused on the sample under investigation via a set of lenses
and its intensity measured with a 918D-UV detector
(Newport). The system was controlled by a LabView program.

The linear attenuation coefficient (cm™') is calculated as
follows,

emission LSO:Tb,Ce
—— transmission SCIN™ substrate

1.0+
i

5
s
>
2051
c
8
=

0.0 T Y T T T 2 T ¥ T

300 400 500 600 700
Wavelength (nm)

Figure 5

Emission spectrum of LSO:Tb,Ce with peak emission at 550 nm and
transmission curve of the substrate in the wavelength range from 250 nm
to 800 nm. Note the additional luminescence band peaking at 420 nm,
owing to Ce*" co-doping.
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Figure 6

Emission spectrum of LSO:Eu,Gd with peak emission at 610 nm. The
quantum efficiency curves of three CCD cameras (PCO Sensicam SVGA,
FReLoN 2k and Dalsa 1M60) are plotted in the same graph. LSO:Eu,Gd
emission is best adapted for front-illuminated cameras such as the
FReLoN 2k or Dalsa 1M60.

n = (1/x)log(Ly/1), ®)

where x is the thickness of the crystal, [, is the intensity of the
incident beam and [ is the intensity of the transmitted beam
through the sample. Substrates prepared from different crystal
ingots were tested concerning UV/visible-light absorption.
They all showed absorption below 2 cm™" in the visible range
300 nm to 700 nm, where LSO:Tb has its wavelengths of
maximum emission. The substrate absorption coefficient
spectrum presents an absorption band peaked at 255 nm
which spreads between 200 nm and 280 nm. Hence, there is no
re-absorption in the substrate of light emitted by the LSO:Tb
layer (cf. Fig. 7).

Compared with the substrate alone, the absorption spectra
of thick layers (overall absorption of the substrate plus the two

25 -
—— SCIN™ Substrate
——LSO:Tb 108um on SCIN™ substrate
20 4 —— LSO:Tb 88um on SCIN™ substrate
K3
S 154
(0]
o
=
(]
£
S 104
Q
<
54
0 ¥ T ¥ T v T ¥ T v T T 1
200 300 400 500 600 700 800
Wavelength (nm)
Figure 7

Absorption spectra of the substrate alone (blue curve); 88 pm-thick
LSO:Tb layer on substrate (red); 108 um-thick LSO:Tb layer on substrate
(orange).

layers at each side of the substrate) show a broadening of the
absorption band. Furthermore, a shift of the peak to 261 nm,
and the creation of a shoulder between 280 and 290 nm can be
observed. This shoulder could be due to a Pb* incorporation
into the layer, with the lead coming from the solvent used for
the LPE growth (Martin et al., 2009). For thin layers (<20 pm),
the shoulder is not visible and the spectrum is similar to that of
the substrate alone.

3.2.4. Afterglow. Afterglow is delayed luminescence from
the scintillator occurring after the irradiation has stopped.
This phenomenon is especially detrimental for fast X-ray
imaging applications. The afterglow depends strongly on the
exposure time and to a lesser extent on the X-ray photon flux
density.

We measured the afterglow in the laboratory following a
10 s exposure to X-rays (copper anode, 35 kV, 10 mA, X-ray
flux density ~10° photons mm 2 s '). Measurements were
performed using a Philips XP2020Q photomultiplier (PMT), a
SR445 preamplifier and a SR400 gated photon counter (8 ms
gating), both from Stanford Instruments. The thin crystal films
were coupled to the PMT using an optical grease.

Following this exposure to X-rays, LSO:Tb thin films which
were not thermally annealed were found to be compatible
with operation over a 15-bit dynamic range in 100 ms (Fig. 8).
The thermal annealing of the LSO:Tb samples improves their
conversion efficiency by as much as 30% but it also introduces
more afterglow. Owing to this effect, one can only exploit 11-
bits in 100 ms and 13-bits in 1000 ms by using the annealed
scintillator. The afterglow is also increased by Ge co-doping
(12% in the melt). LSO:Tb,Ge can only resolve 10-bits in
100 ms and 12-bits in 1000 ms. Co-doping with Gd, with Ce or
Pr did not introduce additional afterglow. LSO:Eu SCFs show
both a higher afterglow and a slow component (similar to the
afterglow characteristics observed for LAG:Eu) compatible
with only 9-bits in 100 ms and 10-bits in 1000 ms. Other
parameters than thermal annealing and dopants (growth
speed, growth temperature) do not play an important role
concerning the afterglow of the LSO thin films in our inves-
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E LSO:Eu (3% Eu)
] LSO:Tb (15% Tb)
0.1 ——LSO:Tb,Ce (20% Tb 7% Ce)
E ——LSO:Tb,Ge (15% Tb 12% Ge)
1 LSO:Tb,Pr (15% Tb 6% Pr)
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Figure 8

Influence of the dopant combination on the afterglow of the LSO thin
films. Note the increase of the afterglow for annealed LSO:Tb crystals.
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Table 3

Dynamic range exploitable by common thin-film scintillators used in
synchrotron radiation facilities, following 10 s exposure to X-rays (Cu
anode, 35 kV, 10 mA).

The afterglow is registered 100 ms and 1000 ms after the exposure to X-rays.

Dynamic range Dynamic range

SCF (100 ms) (1000 ms)
YAG:Ce 8 bit 9 bit
LAG:Eu (annealed) 9 bit 10 bit
GGG:Eu (annealed) 12 bit 14 bit

tigations. Table 3 shows the dynamic range that can be
exploited typically by common SCFs at the ESRFE.

In synchrotron full-field X-ray micro-imaging, exposure
times rarely exceed 10s. However, the X-ray photon flux
densities at synchrotron beamlines are several orders of
magnitudes higher than those used with laboratory X-ray-
tubes.

3.2.5. Temperature effects. The temperature of the thin-
film scintillators can rise under the intense white radiation
provided by synchrotron light sources (heat loads of up to
10 W mm™?). The conversion efficiency of the SCF may
change with temperature in a non-linear manner and also with
dependency on the total irradiation time. High-speed tomo-
graphy under white-beam synchrotron radiation requires that
the conversion efficiency remains stable under high dose and
high heat load.

In order to study the influence of temperature on the
conversion efficiency, a Linkam* system was applied. This
consists of a temperature-controlled HFS91 sample stage, a
TMS94 PID controller which regulates the power supplied to a
heating resistor, a LNP controller for the circulation of liquid
nitrogen and a dewar. A thermocouple was placed in contact
with the sample in order to register its temperature. The stage
is designed for temperatures in the range 93 K to 473 K.

The light output from the crystal was recorded in trans-
mission geometry using a PMT. A thermocouple measured the
temperature of the PMT entrance window and was used to
ensure that the PMT was kept at room temperature (RT). This
was to avoid drifts of its response with respect to temperature.
The X-rays were collimated by a set of slits (opening 1 mm x
1 mm) on the center of the 1-inch crystal. The light emitted by
the scintillator was then focused onto the PMT cathode using
two lenses each of focal length 75 mm. The current from the
PMT was measured by an electrometer and the analog voltage
output of this fed into an analog input of the NI-DAQ 6052E
acquisition card (National Instruments, last visit 2010). The
current was recorded once the crystal temperature was stable,
and results presented here were normalized with respect to the
conversion efficiency at RT. The uncertainty on the conversion
efficiency is 3% in the worst case (this was evaluated
experimentally by measuring the temperature response of a
reference crystal every day over several weeks). For the
measurements, we used an X-ray generator equipped with a

4 Linkam web site (http://www.linkam.co.uk/) (last visit 2010).
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Figure 9

Influence of the temperature between RT and 453 K on the conversion
efficiency of LSO:Tb SCF, LYSO:Ce bulk, LAG:Sc,Tb SCF, GGG:Eu SCF
and CsI(TI) bulk.

copper anode operated at 20 kV and 45 mA, with no absorp-
tion filter.

Results show that the conversion efficiency from LSO:Tb
decreases by almost 20% from RT to 473 K (Fig. 9). Its
conversion efficiency is almost constant from RT to 323 K, in
contrast to LAG:Sc,Eu which shows a 10% decrease over the
same temperature interval.

The dependence of the conversion efficiency on the
temperature did not change by varying the growth parameters
or thickness of the films. The only exception was the co-doping
with cerium, which changed slightly the shape of the
temperature response (Fig. 10).

The decrease in the conversion of LSO:Tb with tempera-
ture was also investigated via its emission spectrum (Fig. 11)
by placing a monochromator between the optics and the
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Figure 10

Influence of the co-dopant on the conversion efficiency’s response to
temperature. Note the different curve shape when Ce’* is used as a co-
dopant. The three curves for LSO:Tb,Ce (1), (2) and (3) correspond to
three different LSO:Tb thin films, all co-doped with Ce™*.
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Figure 11
Emission spectrum of LSO:Tb as a function of temperature (323 K,
373 K, 423 K and 453 K).

photomultiplier. By integrating the area under the emission
spectrum over the wavelength range (light yield), we found a
18.5% decrease of the conversion efficiency between RT and
453 K, which is in agreement with our previous estimation of a
20% decrease (Fig. 10).

The conversion efficiency of LSO:Tb thin films was found to
increase with temperatures below 273 K. At 173K the
conversion efficiency was 50% higher than at RT (Fig. 12).

4. Performance

An indirect X-ray imaging system comprises several compo-
nents. Our system includes a thin-film scintillator, visible-light
optics (microscope objective, mirror and eyepiece) and a CCD
detector. The components must be adapted with respect to
each other in order to maximize the overall performance of
the detection system.

Normalised intensity (a.u.)
N

-*Ir.I-.,-,.‘-\..
g N
0.9 LS .
.‘I
0.8 T T T T T T
173 223 273 323 373 423 473
Temperature (K)
Figure 12

LSO:Tb SCF conversion efficiency (normalized with respect to the
conversion efficiency at RT) as a function of the temperature.

Table 4
Spectral matching factor for different combinations of CCD cameras
and SCFs.

FReLoN 2k Sensicam SVGA SensicamQE
SCF (ESRF) (PCO) (PCO)
YAG:Ce 0.269 0.262 0.450
GGG:Eu 0.332 0.192 0.317
LAG:Eu 0.327 0.192 0.332
LSO:Tb 0.234 0.295 0.496
LSO:Eu,Gd 0.300 0.229 0.407

4.1. Spectral matching factor

A crucial parameter of an indirect X-ray imaging system
based on a scintillating screen is the optical match between the
scintillation spectrum and the CCD quantum efficiency. This
parameter can be quantified through the spectral matching
factor (SMF), which is defined by the ratio

oM — 4 QEG) () d2 @

szcim()") da

QE(A) is the quantum efficiency of the CCD camera at the
wavelength A and S, (X) is the relative efficiency of the
scintillator at the wavelength A normalized with respect to the
maximum intensity of the spectrum. Based on this definition,
the SMF is a figure of merit which quantifies the compatibility
of the scintillator with a given CCD camera.

Table 4 shows the SMF obtained for different combinations
of scintillators with CCD cameras. The emission spectra of the
scintillators were obtained under exposition to X-rays from a
tungsten anode. The quantum efficiencies of the two CCD
cameras under study are plotted in Fig. 13, as well as the
emission spectra of LSO:Tb and GGG:Eu thin films. The
measured spectra are convoluted with the quantum efficiency
of the different CCD cameras.

We found that the GGG:Eu emission spectrum is the best
adapted for use with a FReLoN 2k 14-bit camera (equipped

LSO:Tb GGG:Eu
60 — iy \ 110
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Figure 13

Quantum efficiency of a PCO SensicamQE CCD camera (with interline
transfer chip) and the FReLoN 2k (with front-illuminated e2v chip). The
emission spectra of LSO:Tb (dark green) and GGG:Eu (orange) are
displayed on the same plot to highlight the compatibility with both
cameras.
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with a front-illuminated TH7899M e2v chip, former Atmel).
On the contrary, LSO:Tb is the best choice with a PCO
SensicamQE camera (equipped with a ICX285AL Sony
interline transfer sensor). In a more general way, we can say
that the LSO:Tb can be optimally coupled to interline or back-
illuminated CCD cameras, for which the quantum efficiency
peak is in the blue region of the visible spectrum (400-
550 nm). Back-illuminated CCDs show almost ideal spectral
response (a higher overall QE which expands to the near-UV
region); this is because the visible photons impinge directly on
the sensitive Si layer of the chip. Interline CCD chip tech-
nology typically shows a peak in the spectral response
between 400 nm and 500 nm and low quantum efficiency
beyond 600 nm. On the other hand, GGG:Eu is compatible
with front-illuminated CCD cameras, for which the quantum
efficiency peaks in the red region (600-800 nm) of the visible
spectrum. In a front-illuminated CCD, photons enter the Si
substrate of the chip through poly Si electrodes, which absorb
or reflect a significant fraction of the incident short-wave-
length photons. As a result, the quantum efficiency of front-
illuminated CCD chips is low below 400 nm and generally
peaks between 600 nm and 800 nm.

4.2. Light collection efficiency

In a high-resolution X-ray imaging system, the optics
frequently consist of a microscope objective and possibly an
additional eyepiece plus mirror to realise a folded optical
beam path. This optical system is placed between the SCF and
the CCD camera (see Fig. 1).

The collection efficiency 7. of the optics depends upon
the numerical aperture of the microscope objective and
the refractive index n(A.y,) of the SCF at the emission wave-

length Aep:
I NA T
Neott = Z |: :| . (5)

n()\‘em)

Therefore, to optimize the light collection efficiency, the NA
should be high and the SCF’s refractive index should be as low
as possible.

The refractive index of the LSO:Tb SCF was measured by
the prism coupling method (m-lines) (Onodera et al., 1983) at
the Claude Bernard University in Lyon. The results are shown
in Table 5 together with the refractive index of representative
SCFs at their wavelengths of maximum emission. A point to
be stressed is that the values of the refractive index of the
SCIN™X substrate (1.83) and the LSO:Tb layers (1.82) were
found to be very close, indicating that the light transmission at
the layer/substrate interface is maximized. In addition, the
refractive index of the SCIN™ substrate is significantly
smaller than the GGG substrate resulting in a better collection
efficiency of the optics (14% gain).

4.3. Detector efficiency

The LSO:Tb X-ray efficiency dependence on the photon
energy was measured between 8keV and 60keV at the
beamline BMO5 of the ESRF (Ziegler et al., 2004), for two

Table 5
Comparison of the maximum emission wavelength and refractive index
of SCFs.

Maximum emission Refractive
SCF wavelength A (nm) index n(A)
Y;Al50;,:Ce 550 1.83
Gd;GasO,:Eu 710 1.96%
Lu3Al;045:Eu 710 1.85
Lu,SiOs:Tb Scin™ 550 1.82

+ 1.96 is the refractive index of undoped GGG, found in the literature (Khartsev &
Grishin, 2005).

different X-ray imaging systems. One system is based on
the SensicamQE (ICX285AL Sony) interline transfer CCD
camera and the other is based on the FReLoN 2k (TH7899 e2v
sensor) front-illuminated CCD. Both systems were coupled to
an optics consisting of a 4x objective (NA = 0.16) from
Olympus. In Fig. 14 the LSO:Tb efficiency values are reported
normalized to those of the GGG:Eu performance. The latter is
currently the state-of-the-art thin-film scintillator for high-
resolution hard X-ray imaging with indirect detection schemes
used at the ESRFE. Both the GGG:Eu and LSO:Tb SCFs used
for the measurements had the same thickness of 5 pm. Results
show that the LSO:Tb combined with the PCO SensicamQE
has the best performance up to 55 keV. However, when using a
FReLoN 2k, the performance is better than GGG:Eu up to
only 20 keV. This is in contradiction to the theoretical stopping
power of the LSO material and could be related to light yield
non-proportionality which is already known for LSO:Ce
scintillators (Dorenbos, 2002).

4.4. Line spread function

The achievable spatial resolution of different detector—
scintillator combinations was evaluated at an X-ray energy of
24 keV at the Topo-Tomo beamline of the ANKA synchrotron

e=gie= &(LSO:Tb)/E(GGG:Eu) with SensicamQE CCD
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Figure 14

Ratio of the efficiency obtained with a LSO:Tb SCF over the efficiency
obtained with a GGG:Eu SCEF, for two imaging systems based on different
CCD cameras: FReLoN 2k (front-illuminated e2v chip), blue curve, and
PCO SensicamQE (interline transfer chip), black curve.
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Line spread function at 24 keV comparing the LSO:Tb SCF on its
substrate and a LAG:Eu SCF grown on a YAG substrate. The LAG:Eu
was used with a visible-light filter to reduce the emission from the
substrate. Note, however, the large tail of the line spread function owing
to the remaining emission from the substrate.

in Karlsruhe. A 10x Olympus objective with NA = 0.4 was
used. A 2.5x eyepiece was added to project the visible-light
image onto a PCO4000 CCD camera. The pixel size of the
camera is 9 pm giving a nominal input pixel size of 0.36 pm.
The spatial resolution limit given by the optics is in this case
0.83 pm. The line spread function (LSF) was measured with a
cleaved GaAs edge. The edge was imaged with a slight angle
with respect to the vertical axis and the slanted edge plugin
from ImageJ was used to perform the LSF calculation from
the image. Fig. 15 gives a comparison of the LSFs from a
LSO:Tb SCF on its substrate and a LAG:Eu SCF on its YAG
substrate. The YAG substrate is known to emit intrinsic
scintillation light. We used a FGL495 filter (Thorlabs) to cut
this parasitic emission below 500 nm. However, the remaining
scintillation from the substrate induces a tail on the LSF. This
effect becomes worse as the X-ray energy is increased. The
FWHM of the LSF for the LSO:Tb SCF is 3 pixels (corre-
sponding to 1.1 pm) and the full width (intensity divided by
10) is 10 pixels (corresponding to 3.6 um). The benefit of the
substrate developed during the Scin™ project is demon-
strated here by the decreasing of the tail in the LSF. The
spatial resolution can be further enhanced by using a thinner
crystal (FWHM = 0.94 um with a 5 pum-thick crystal) in order
to fit with the depth of focus of the objective (here 3 um), but
at the expense of efficiency.

5. Application

As an example of an application we have chosen a biological
specimen. Biological samples are frequently characterized
by weak X-ray absorption and consequently a high image
contrast is required in order to identify their smallest features.
Furthermore, for the specimen chosen, a detector with high
efficiency in combination with spatial micro-resolution was

required in order to reduce the dose which would otherwise
damage the organic sample.

The scientific interest is the study of evolutions in animal
anatomy which are often focused on the morphology of body
appendages. The leg of the honey bee (Apis mellifera) is such
an appendage of arthropods, a phylum with over two million
species, whose diversity is characterized by the number,
morphology and function of these jointed attachments called
appendages (Shubin et al., 1997). In the class of insects there
exists a great variation of legs. All insects like honey bees have
three pairs of legs. These legs can be variously modified
depending on their function like walking, running, jumping,
digging, grabbing, swimming, transporting or producing and
sensing vibrations (Kilpinen & Storm, 1997; Sandeman et al.,
1996). Basically each leg has six segments (Cook, 1888). The
coxa connects the leg to the thorax. Distal to the coxa are the
segments: trochanter, femur, tibia and tarsus. Furthermore,
such segments in the hind legs perform specific functions like
the pollen brush on the inner surface of the first tarsal
segment, the pollen packer in the joint between the tibia and
the first tarsal segment, and the pollen basket (corbicula) on
the outer surface of the fibia. With notches in the first tarsal
segments of the prothoracic legs the honey bee can clean its
antennae (Winston, 1991).

5.1. X-ray imaging system

Experiments were carried out at the beamline ID22 of
the ESRF. The high-resolution X-ray imaging system used
comprises a 10 pm-thick LSO:Tb single-crystal film grown on
a SCIN™X gsubstrate (8 mm x 8mm, 160 um thick), a
FReLoN CCD camera (e2v chip TH7899M) and a diffraction-
limited visible-light microscope manufactured by the French
company OptiquePeter. The latter was equipped with a 10x
Olympus objective (NA = 0.4) and a 2x magnification
eyepiece. The pixel size of the FReLoN’s CCD chip is 14 pm.
The effective pixel size of the detector was therefore ~0.7 pum,
giving a spatial resolution limit of R > 1.4 um, according to
Shannon’s theorem. The spatial resolution at the given energy
was verified with a test pattern (Xradia, model X500-200-30)
[see inset of Fig. 16; the resolution limit of the optics was
0.9 pm]. For further details about the micro-imaging station of
the ID22 beamline the reader is referred to the literature
(Weitkamp et al., 1999).

5.2. Microtomography

For the high-resolution tomography scan an X-ray energy of
8 keV was selected with a double-crystal monochromator and
a mirror. No additional X-ray filters were used. The sample-to-
detector distance was 11 mm. 1500 projection images were
acquired by rotating the sample stepwise over 180°. In addi-
tion, 21 dark- and 42 flat-field images were acquired for
intensity normalization purposes. With an exposure time of
0.3 s the total acquisition lasted 8 min. The three-dimensional
image of the honey bee leg was reconstructed by using the
filtered back-projection algorithm via the ESRF software
package PyHST (Mirone et al., 2010).
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Rendering of a volume image acquired by synchrotron microtomography. It shows a section of the tarsus of a honey bee (apis mellifera), which is a
prominent distinguishing feature in insect science. As an insect the honey bee has an exoskeleton (external skeleton). The muscles are attached to the
inside of the skeleton. Therefore it is of advantage to perform the anatomical studies without sectioning in order to save the native structure. Here,
microtomography applied in a true non-destructive manner is a powerful tool. The inset shows parts of an X-ray test pattern: horizontal and vertical line
pairs (size given in micrometers) in order to demonstrate the spatial resolution reached.

Considering the light output of the 10 um scintillator
(40 photons keV™') and its absorption at 8 keV (59%), the
number of visible-light photons created at 8 keV per incident
X-ray photon approaches 190. Those 190 photons per X-ray
photon are then emitted through the optics towards the
detector. The collection efficiency of the optics in our case is
0.96% (cf. §4.2 for the calculation), which means that only 1.8
visible-light photons per X-ray will reach the CCD chip.
Taking into account the 23.4% spectral matching factor of the
CCD camera, and if we consider that the transmission through
the optics is 100% (approximation), we calculate that 0.43
electron-hole pairs per 8 keV X-ray photon will be created in
the CCD. This means 1.2 x 10° photons s~ are registered in
one pixel, assuming a photon flux density of ~10"" photons
mm s and a pixel surface of 0.313 um”. As the pixel well
depth is 300000 electrons, the acquisition time to saturate the
CCD camera is 0.25s, which is close to the experimental
exposure time mentioned above.

Fig. 16 shows the rendering of a part of the foot (tarsus) with
claws located at its end. Between the claws a flexible pad, the
arolium, is situated, which enables the bee to adhere to
smooth surfaces (Federle et al, 2001; Gorb, 2008). These
structural and biophysical insights of insect legs facilitate

bionic applications (Delcomyn et al., 1996; Vella, 2008). The
tomographic approach opens new possibilities of morpho-
metric characterization (Nickel et al., 2008). Further possibi-
lities of synchrotron-radiation-based microtomography for life
sciences applications are discussed in the literature (Betz et
al., 2007).

6. Conclusion

LSO epitaxial layers were successfully grown for the first time
on suitably adapted substrates by liquid phase epitaxy. The
innovative substrates developed within the Scin™ project
are, unlike common substrates such as YAG or GGG, free
from intrinsic luminescence. This improves the resolution of
the thin films, especially for film thicknesses below 20 pm and
at high energies above 20 keV for which only a small fraction
of the X-rays are absorbed in the thin films.

Only Eu**, Tm>" and Tb>" could be tested as single dopants
in the LSO lattice. For other dopants (e.g. Ce®", Pr’*) the
lattice mismatch between the substrate used and the epitaxial
film was too high or the segregation coefficient was too low,
resulting in the growth of layers with poor optical quality. Tb>*
is the most efficient dopant in the LSO lattice for thin films
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and its emission at 550 nm is well matched to most CCD
cameras. With front-illuminated cameras such as the FReLoN
2k (e2v chip TH7899M), the GGG:Eu SCF which has its
emission spectrum in the red region is still the best compro-
mise for X-ray energies below 63 keV. The LSO:Tb single-
crystal films present higher conversion efficiency and better
X-ray absorption efficiency than the YAG:Ce, LAG:Eu,
LAG:Tb or GGG:Eu thin films that were developed in the
past. If LSO:Tb, which has its emission spectrum in the green
region, is used in combination with interline transfer or back-
illuminated CCDs (like the PCO Sensicam studied in this
paper), it will further improve the overall efficiency of current
X-ray micro-imaging systems. Ce>" can be used as a co-dopant
to further improve the conversion efficiency without
increasing the afterglow. Moreover, the LSO:Tb thin film will
suit perfectly the new generations of CCD cameras developed
at the ESRF which are based on back-illuminated sensors.
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