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Chapter 1

Introduction

1.1 Scope of the thesis

In 1985 the german scientist W. C. Rontgen discovered X-rays and showed their po-
tential as a tool to investigate matter. Due to the development of X-ray sources, ex-
perimental techniques and detectors, X-ray imaging today has been improved to the
point that structures down to the nanoscale can be resolved. Firstly, the availability
of modern X-ray generators and synchrotron sources improved the quality of the X-ray
beam in terms of flux, coherence and divergence. Secondly, many new experimental

techniques have been developed. For example, X-ray imaging can exploit today not

evolved from photographic films to modern semiconductor detectors, which allow fast
recording of many digital images.

As a consequence of the requirements coming from many different X-ray applications,
several kinds of detectors have been developed. At synchrotrons, the state-of-the-art
detectors for high-resolution imaging (i.e. below 2 um) are indirect detectors using a
single crystal thin film scintillator, microscope optics and a pixelated semiconductor
camera. Such detectors and single crystal thin film scintillators are the subject of this
thesis. The aim was the study of the performance of indirect detectors and the de-
velopment of new scintillators, in an attempt to improve the detectors’ performance,
especially at high energy (20-100 keV).

A general introduction summarizing advantages and limitations of different kinds of

X-ray detectors and scintillators is presented in chapter one.
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1.2 Detectors for synchrotron imaging applications

Afterwards, this thesis is divided into two main subjects. The first part (chapters 2 and
3) describes a model to calculate the spatial resolution of indirect detectors.

The second part is focused on materials development. Aluminum perovskite and lutetium
oxide have been developed as single crystal thin films using liquid phase epitaxy. The
description of the optimization of the crystal growth process, material characterization

and imaging performances is presented in chapters 4, 5 and 6.

1.2 Detectors for synchrotron imaging applications

X-ray imaging techniques are powerful tools to investigate 3D structures without using
destructive analysis. Currently X-ray imaging techniques can resolve details down to
the nanometer scale and allow the investigation of structures with variable absorptions
through the combination of absorption and phase contrast. An example is shown in
figure 1.1, details can be found in (1). Fossil flowers were imaged using a combination
of phase contrast X-ray imaging techniques, with a resolution in the range from 50
nm to 0.75 gm. The breakthrough shown in these results is the 3D investigation of
individual pollen grains and their nanometer structures. To achieve this, it was needed
to increase the X-ray energy to reduce the sample absorption which is detrimental for
the phase contrast. The energy was increased up to 29.5 keV, to reduce the sample’s
absorption, which is detrimental for the phase contrast.

Applications as the one shown in figure 1.1, require a detector with spatial resolution
down to the micrometer or sub-micrometer scale. Moreover, the detector must be
efficient at X-ray energies above 20 keV, since these high-energies are often selected to
increase the X-ray penetration in the object. Two dimensional (pixelized) detectors are
today preferred for many X-ray applications, not only imaging but also crystallography,
absorption or scattering experiments. Not only are these state-of-the-art detectors in
demand at large experimental facilities as synchrotrons or X-ray free-electron lasers,
but they are also often preferred for experiments using X-ray laboratory sources and
widely used for medical or security applications.

Depending on the mechanism of detection, X-ray area detectors can be classified into two
groups. Direct detectors using semiconductors, which convert X-ray photons directly
into an electronic signal, and indirect detectors which first convert the X-ray photons

into photons of lower energy which are detected subsequently. The detection mode
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1.2 Detectors for synchrotron imaging applications

20 um

k.

pm

Figure 1.1: Multi-scale 3D X-ray imaging of fossil flowers. (a) X-ray synchrotron micro-
tomography showing the spatial organization of the inflorescence. Gray, sediment; purple,
inflorescence receptacle and perianth units; orange, pollen sacs; green, staminal filaments.
Data recorded at the ESRF beamline BM05, 25 keV. (b, ¢, d) X-ray nano-tomography
of (b) a pollen sac, (c¢) virtual dissection of a pollen grain (d) sub-micrometer structures
inside a pollen grain. Data recorded at the ESRF beamline ID22-NT (today ID16A-NI),
29.5 keV. For more details see (1).

is an other type of classification for detectors. There are two types, photon-counting
or integrating detectors. In photon-counting detectors, the pulse generated from an
individual X-ray photon is immediately processed and eventually counted. The pulse
can give information on the arrival time of the single photon as well as its energy.
Integrating detectors accumulate the created charge over a set exposure time and the
total signal is read at its completion. The information is the charge generated by the
total amount of photons detected during the exposure time.

It is worth to mention that the use of point spectroscopy detectors often remains the best
choice when high energy-resolution is required, as is for instance the case of elemental
imaging using X-ray fluorescence, where the spatial resolution is obtained by scanning

the X-ray beam across the sample.
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1.2 Detectors for synchrotron imaging applications

1.2.1 Indirect 2D detectors

The detectors based on indirect detection can be schematically divided into three ele-
ments which can be chosen to optimize the detector for a specific task.

The first element is the converter screen, called the scintillator. Many converter screens,
produced using different materials and technologies, are available today. For exam-
ple for X-ray imaging, single crystalline film (SCF) scintillators are normally preferred
as converter screens when micrometer or sub-micrometer resolution is required (2, 3),
micro-structured crystalline scintillators are selected to improve efficiency at high X-ray
energies and powder or ceramic phosphors are often the most viable solution when a
large field of view is required.

The second element is an optical guide or projection system which couples the converter
screen with the imaging camera. This part can be made using lenses or optical fiber
bundles. The latter are normally more efficient, but resolution below a few micrometers
can only be obtained using microscope optics (4, 5).

The last element is the imaging camera. Two main technologies are available, CCD
(Charge-Coupled Devices), as well as their derivative as EMCCD (Electron Multiplying
CCD), and CMOS (Complementary Metal Oxide Semiconductor) sensors. In a CCD
camera, each pixel is associated to a potential well, where the electrons are accumulated.
At the end of the exposure the charge of each pixel is transferred from well to well in a
sequence and finally amplified and converted into a digital signal. In a CMOS camera,
additional electronics process the signal at each pixel. The reading can be done line
by line without stopping the acquisition (rolling shutter mode) allowing higher frame
rates as compared to a CCD. However, the additional electronics also limit the smallest
achievable pixel size. Currently many different imaging cameras have been developed,
and both CCD and CMOS detector types are mature and reliable technologies.

A drawback of 2D indirect detectors is their noise, due to the camera but also due to
the additional step in the detection chain. The maximum attainable dynamic range is
limited on one side by the noise and on the other side by the full-well capacity. However,
the only viable way to reach sub-micrometer scale resolution is through the use of indi-
rect detectors which as an added benefit can be used efficiently at very high energies, if

a proper converter screen is selected, and in high synchrotron fluxes. Moreover, indirect

detectors are cheaper than pixelized direct detectors (especially if compared to detec-
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1.2 Detectors for synchrotron imaging applications

tors based on high-Z semiconductor materials as CdTe) and their configuration is more

flexible, meaning they can be adapted to a broader range of experimental conditions.

1.2.2 Direct 2D detectors

Direct X-ray detectors convert X-rays directly in electronic charge. Two technologies
have been developed for direct X-ray detection: hybrid pixel array detectors ad mono-
lithic detectors.

Hybrid pixel array detectors (HPADs) are made of two layers. A pixelized sensor layer,
where the X-rays are absorbed and converted into electron-hole pairs, and a second
layer responsible for the signal processing. Each pixel in the first layer is micro-soldered
to a chip in the second one through a so-called “bump”. The advantage of hybrid pixels
is the possibility to separately optimize the two layers. To enhance the absorption at
high X-ray energies, CdTe or GaAs can be selected for the sensor layer while silicon
can still be used for the electronic circuits. The drawback is the delicate and expensive
operation of interconnection of the two layers, which also limits the smallest obtainable
pixel size.

Most of HPADs work only in photon-counting mode which means that each time a
photon is detected, the signal is immediately processed, compared with a threshold
and counted or rejected. This mode allows noise-free performance and energy discrim-
ination, but the main limitation is the maximum X-ray flux that these detectors can
manage (10° — 10% ph/mm?/s). If the flux is higher, an easy feat at synchrotron sources,
the arrival time between two photons is lower than the detector’s dead time and the
two photons get counted as one. Today some HPADs working in integration mode are
under development, as for example the MOENCH detector (6).

Monolithic detectors (MDs) have both the absorbing sensor and the readout circuits
on the same chip. The advanced circuits needed for the readout chip are currently
only made using silicon which immediately limits the application of MDs to applica-

tions using relatively low X-ray energies as the absorbing sensor, also made of silicon,

small as 20 x 20 um? can be fabricated, which is smaller than the limit today attain-
able for commercial HPADs, as for instance the MAXIPIX HPAD which has pixels of
55 x 55 um? (7)). However, HPADs with smaller pixel size are under development: the
MOENCH prototype has pixels of 25 x 25 um?. Two kinds of monolithic detectors have

15



1.2 Detectors for synchrotron imaging applications

been developed and are currently investigated: passive-pixel MDs, that can be seen
as direct-detection CCDs, and active-pixel MDs, which correspond to direct detection
CMOS chips (8).

1.2.3 Some 2D detectors at the ESRF

Compared to laboratory sources, the X-ray fluxes at modern synchrotrons are much
higher. This can be seen in figure 1.2, where the brilliance of laboratory sources is
compared with others. While the brilliance of X-ray laboratory sources is well below
10'° ph/s/mrad?/0.1%bw, for most modern synchrotrons, it can reach values above

10%! ph/s/mrad?/0.1%bw, which is more than 10 orders of magnitude higher. The
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Figure 1.2: Brilliance of different X-ray sources (9).

photon flux available at the sample position depends on the X-ray energy and beam-
line configuration, but fluxes above 10? ph/s/mm? (typically 102 — 1013 ph/s/mm?) are
easily attained. Due to the required dead time in HPADs the maximum photon flux
is approximately 10* — 10% photons per pixel per second, which for a 100 x 100 pm?
pixel corresponds to a maximum photon flux of 10% ph/mm?/s. Consequently HPADs

can only be used for applications where the X-ray beam does not imping directly on
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1.2 Detectors for synchrotron imaging applications

the detector as is the case with diffraction or inelastic scattering experiments. However,
even in this case, the flux is often too high and still needs to be attenuated, as for
example close to some intense Bragg reflection peaks.

The ESRF as well as several other synchrotrons (see figure 1.3) can deliver high-energy
X-ray photons, far above 20 keV. Such high energies are needed to increase the pen-
etration of X-ray photons into matter and allow the investigation of thick and highly
absorbing samples. Unfortunately, due to their higher penetration length, high-energy

photons are also more challenging to detect. Since silicon sensors are not sufficiently

with high-Z sensors (e.g. CdTe, CdZnTe and GaAs).
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Figure 1.3: X-ray energy spectra of different synchrotrons and free electron lasers (10).

HPADs are the state-of-the-art detectors for crystallography and inelastic scattering
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1.2 Detectors for synchrotron imaging applications

experiments. The newest HPAD is the EIGER detector developed at PSI and commer-
cialized by DECTRIS (11). This detector was recently installed at two ESRF beamlines,
ID30 and ID13 where it can only be used for low energy experiments since it is cur-
rently only available with a silicon sensor layer. For these beamlines this is however not
problematic. The ID30 beamline is dedicated to structural biology applications where
crystals made of macromolecules are investigated using X-ray diffraction. Since the ab-
sorption of biological samples is low, the experiments are performed at X-ray energies
below 20 keV. In fact, the EIGER detector is mounted in a setup for X-ray diffraction
working at a fixed energy of 12.8 keV. Approximately the same energy (13 keV) is used
at beamline ID13 which delivers a small focal spot used for diffraction and small angle
X-ray scattering (SAXS).

A different HPAD system is the MAXIPIX detector, which was developed at the ESRF,
based on the Medipix chip (7). MAXIPIX detectors are widely used at the ESRF, for
example at the beamlines ID01 for nano-diffraction and 1D03 for surface diffraction.
Both beamlines are optimized to work below 25 keV, therefore, the MAXIPIX detector
with silicon sensor is still acceptable in term of efficiency.

However, the same experiments can be performed at higher energies, for example at
ID31, where a monochromatic X-ray beam up to 140 keV can be delivered. Such high-
energies are used for material investigations where high-penetration is required, for ex-
ample in the study of deeply buried interfaces. Due to the interest from medical imaging
and homeland security much progress in high-Z sensors made of CdTe, Cd(Zn)Te and
GaAs has been seen in the last years. Although the homogeneity, the quality and the
radiation hardness of these high-Z materials is not yet as good as silicon, some HPADs
based on these materials have already been developed. For example, some HPADs used
at the ESRF are available with a CdTe sensor layer, e.g. the MAXIPIX (12, 13), the
Dectris Pilatus (ID31) and the Pixirad (BM05) detectors. An alternative for the sensor
layer is GaAs which is being used in the LAMBDA detector (14).

In X-ray absorption and phase contrast imaging experiments part of the direct X-ray
beam impinges on the detector, leading to X-ray fluxes that are too high to be managed
for the photon counting mode and can even damage the detector. As there are more
advantages, imaging experiments often prefer indirect detection techniques over HPAD
technology. Several advantages are listed below. Firstly, the radiation damage of the

camera can be avoided by modifying the detector design. Secondly, in integration mode
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1.2 Detectors for synchrotron imaging applications

higher fluxes can be managed by adjusting the integration time. Thirdly, the indirect
detectors are more flexible than direct detectors as the visible image emitted by the
converter screen can be magnified to obtain smaller pixels or demagnified for a larger
field of view. And lastly, indirect detectors are normally cheaper than HPADs. Typical
prices for 4 megapixel commercial products are in the order of 100 k€ for indirect 2D
detectors, 600 k€ for HPADs with Si sensor and 1 M€ for the ones with CdTe sensor.
A few examples of beamlines at the ESRF which use indirect detector technology are

ID19, ID17 and ID16.

indirect detection and they can be configured to optimize the performance depending
on the demands of the experiment. Different converter screens, optics and cameras
are available and the scientists can quickly change the detector configuration (15). For
sub-micrometer spatial resolution, single crystal thin film scintillators are combined
with high numerical aperture microscope optics and pixelized cameras, for example the
FreLon camera (16). Thicker scintillators doped with Ce are preferred to improve the
efficiency at high X-ray energies or for time-resolved experiments.

ID17 is a beamline for biomedical and paleontology applications. The peculiarity of
imaging experiments performed on this beamline is the large field of view (up to 15
cm), while the resolution is normally limited to few hundreds of micrometers. In this
case, configurations using powder phosphors (Gadox) and fiber optic coupling have been
implemented (17).

ID16 is a beamline dedicated to nano-imaging and nano-analysis and is specialized in
X-ray techniques to investigate materials down to the nano-scale. Varying detectors
are used depending on the experiment. For absorption and phase contrast imaging,
the detector is based on indirect detection with a configuration similar to ID19. For
pthychography, a technique based on X-ray diffraction, a MAXIPIX detector is used in
combination with a Frelon camera in indirect mode. The central part is detected by

the indirect detector and the ring by the MAXIPIX.

1.2.4 Spectroscopy detectors

X-ray imaging synchrotron techniques for elemental mapping, e.g. X-ray fluorescence
(XRF) imaging, mainly use point detectors which are sensitive to the X-ray energy. The

spatial resolution is obtained by focusing the X-ray beam down to the nanometer scale
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1.3 Detector characterization for high-resolution X-ray imaging

and moving the sample across the beam.

A first example at the ESRF is the nano-XRF setup at the beamline ID16B, which
can exploits X-ray energies up to 70 keV (18). The element discrimination is based on
energy dispersive (ED) detectors: silicon drift detectors (SDDs) are used up to 25 keV,
while at higher energies, they are replaced by Germanium based detectors.

A second example is the micro-XRF setup at the beamline ID21 (19). The detection
system includes a wavelength dispersive (WD) spectrometer. The fluorescence X-ray
photons are guided with polycapillary optics on a monochromator and are detected using
a gas-flow proportional counter. Compared to energy dispersive SDDs,; which have an
energy resolution limited to hundreds of eV, the WD spectrometer enhance the energy
resolution to tens of eV. Additionally, they are more efficient in the low X-ray energy

range (1-10 keV), allowing a more precise and unequivocal elemental identification.

1.3 Detector characterization for high-resolution X-ray imag-
ing

Many parameters need to be taken into account in the evaluation of a detector. Because
of this, the optimization of one parameter often comes at the expense of an other. The
design of a detector is thus a compromise. A first example is the compromise between
spatial resolution and efficiency. High-resolution requires thin film scintillators, leading
to weak absorption. Additionally, the acquisition speed will be reduced due to the time
needed to integrate the signal. A second example is the camera’s frame rate (speed)
which can be improved at the price of the dynamic range and the number of pixels.
Hybrid pixels detectors outperform indirect detectors in terms of sensitivity and low
noise, but the flux which can be detected is lower. Consequently, the experiments
to be performed need to be carefully evaluated in order to understand which detector
parameters have to be optimized for a successful experiment. In addition it is important
to keep the cost of the detector manageable. HPADs are much more expensive than
indirect detectors, which are for this reason often the preferred choice in many fields. A
brief introduction of some important detector parameters is presented in the following

sections.
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1.3 Detector characterization for high-resolution X-ray imaging

1.3.1 Detective quantum efficiency

Every detector used to record a signal inherently introduces an uncertainty in the mea-
surement. One of the most widely accepted parameters to quantify this uncertainty is
the detective quantum efficiency (DQE). The DQE value ranges from 0 for a detector
which does not detect any signal, to 1 for an ideal detector which perfectly localizes
the full energy of every incident X-ray photon. In reality a DQE equal to 1 can not be
obtained, since any statistical process, background noise or loss of events involved in
the detection process lowers the DQE value. Moreover, a compromise has to be made
between the DQE and other properties as the readout speed and the dynamic range.

The DQE is defined as the square of the output signal-to-noise ratio divided by the

input signal-to-noise ratio:

DQE = (So/00)*/(Si/01)* , (1.1)

where S, /; and o, ; are the average value and the standard deviation of the output/input

signal. If the input signal is described by a Poisson distribution, equation 1.1 becomes

DQE=1/(NiR),  R=(00/S0)?, (1.2)

where Nj is the number of incident X-ray photons and R is the relative variance of the
output signal.

In the detection process the signal generated from the detected X-ray photon propa-
gates trough the different elements of the detector, resulting in a signal at the output.
Therefore, it is necessary to include the elements and processes involved if one wants
to calculate the DQE. From the gain (or efficiency), statistical distribution and noise of
each process involved, the relative variance of the entire system (R) is given by

Ry Ro Rn

R=Ro+ — + ot —1—,
e memr T I m,

(1.3)

where m,, is the number of incident X-ray photons, R, is its relative variance, m; and R4
are respectively the gain and relative variance of each of the processes involved in the
detection cascade (20). Tt is clear that for an increasing number of involved processes

in the detection, the DQE will reduce.
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1.3 Detector characterization for high-resolution X-ray imaging

and configurations used for different applications. Following the approach reported in
(20) and (21) we can estimate the DQE evaluated at low frequencies for indirect high-
spatial resolution X-ray detectors. A cascade of processes is involved in the detection,

each one with a statistical distribution:

e X-ray absorption in the scintillator mg = Nj 9abs Rog = m

e Scintillator light emission m; =Ly R, = Ui + Rq
e Light transmission through the optics my =T} Ry = T% -1

e Camera quantum efficiency ms = NQE Rs = nq%

e Camera noise R4 = r;\zlff .

N;j is the incident photon flux, n,1s and 7y are the scintillator absorption efficiency and
light yield. Rg depends on the scintillator, it is approximately 0 for a transparent single-
crystal and is higher for a powder phosphor because of the scattered and re-absorbed
light which broadens the statistical distribution. Trapping of light due to total internal
reflection is included in the evaluation of nry. Tj is the transmission of the optical path.
As first approximation, the transmission of the optics can be assumed equal to its upper
limit which is given by the efficiency collection ne = 3(NA/n)%. nqg is the quantum
efficiency of the sensor at the emission wavelength of the scintillator, while n.g is the
camera noise. The absorption of the X-ray window before the scintillator is neglected.

Equation 1.3 can be re-written as:

1 1 1 1 1 1 1 2
R = [1++<—1>+ + Bt | (1.4)
Nabs Ni nLy MLy nuy T1 nqe noy Tinge Ny

The last term is negligible for high fluxes, which is often the case for synchrotron radi-
ation. Therefore, as reported in (4), the DQE for indirect X-ray detectors, configured

with a thin film scintillator and microscope optics, can be estimated as:

1+ 1/”QE:|1

DQE = Tabs |:1 +
Tlcol TILY

(1.5)
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1.3 Detector characterization for high-resolution X-ray imaging

1.3.2 Dynamic Range

The dynamic range (DR) of a detector is generally defined as the saturation level of the
detector divided by the noise level.

Imaging sensors in indirect detectors work in integration mode. The DR is limited by the
full-well capacity and the noise. In the case of the Frelon camera, a CCD widely used for
X-ray imaging at the ESRF, the noise is approximately 20 electrons/pixel /s and the full-
well capacity is 3 - 10 electrons/pixel /s, leading to a dynamic range of 15000 gray levels,
or 83.5 dB (16). The scientific CMOS pco.edge has a noise of 1.6 electrons/pixel/s and
a full-well capacity of 3 - 105 electrons/pixel /s, hence, the DR is 85.4 dB. However, the
dynamic range can be further reduced depending on the conditions for the experiment.
For example, fast imaging increases the noise, due to the increase of the camera readout
noise when used at high speed, and thus reduces the DR. Additionally, the dynamic
range for indirect detection is depending heavily on the uniformity of the scintillator and
its optical quality. For instance, in a region of the scintillator where the light emission
is significantly higher compared to the average, the exposure time needs to be reduced
to avoid saturation of the camera, leading to a reduction of the DR.

Since HPADs count every X-ray photon individually, they can be practically noise free
if the energy threshold is properly set and the saturation is only limited by the readout
dead time. The DR is, therefore, higher than for sensors working in integrating mode

and does not depend on the experimental conditions.

1.3.3 Spatial resolution and Modulation Transfer Function

The ideal pixelized detector response to a point-like object is a Dirac function. There-
fore, two separate objects are always discernible in the image. In a real detector the
response to a point-like object is a broader distribution, known as the Point Spread
Function (PSF). For two PSF to be discernible a minimum distance between the two
point-objects has to exist. This minimum distance defines the spatial resolution limit,
but there is a certain ambiguity in the degree of separation accepted as sufficient to
distinguish two separate PSFs.

The concept of contrast removes this ambiguity. Considering two objects with the same
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1.3 Detector characterization for high-resolution X-ray imaging

intensity, the contrast or modulation (M) is defined as

Invax — Inti
_ Max Min ’ (16)
IMax + IMin
where IM# i the maximum intensity and IM™ the minimum intensity measured in

between them (22). For example, when we say that a system has 1 um spatial resolution,
the value of the contrast for which the spatial resolution is defined and if the limit is
determined by the camera pixel size should be specified.

The Modulation Transfer Function (MTF) describes the spatial response of a system
completely since it includes both the concepts of resolution and contrast. It is defined
as the ratio between the modulation of the image M™?28¢ and the modulation of the

object MoPiect at different spatial frequencies v:

Mimage (1/)

MTF (W) = Spogeer(y) -

Evaluation of the MTF

Three methods to evaluate the MTF will be described.

A first way to determine the MTF is to calculate the contrast in the image of a periodic
grating made of X-ray absorbing and non-absorbing lines as displayed in figure 1.4.
Compared to the resolution of the detector, a high enough spatial frequency causes the
overlap of the intensity distributions of the images of different lines, thereby reducing
the contrast. The MTF is the curve describing the measured contrast as a function of
the spatial frequency of the periodic grating.

From a mathematical point of view, we can describe the MTF by first looking at the
irradiance distribution g(x,y) of an image obtained with an optical system, which is as

the convolution of the source distribution f(x,y) with the impulse response h(x,y):

g(x,y) = f(x,y) ® h(x,y) . (1.8)

The impulse response h(x,y) is the smallest image detail that the system can form.
When the source f(x,y) is an ideal point-source distribution, i.e. a two-dimensional

Dirac delta function, the impulse response corresponds to the PSF of the system:

g(x,y) = h(x,y) = PSF(x,y) . (1.9)
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Figure 1.4: A Periodic grating is a series of objects separated by a finite distance. Their
images are larger than the real object sizes due to the finite resolution of the detector.
The images start to overlap when the distance between two objects is close to the spatial

resolution limit, reducing the contrast.

Equations 1.8 describes the image formation in the spatial domain. Applying the Fourier
transform .% and using the convolution theorem, the convolution in the spatial domain

becomes a multiplication in the frequency domain:

Flgxy)] = Zli(xy) @ h(x,y)] , (1.10)

[G(&,n)] =F(&n) - H(En) . (1.11)

F(&,n), G(&,n) and H({,n) are the Fourier transforms of f(x,y), g(x,y) and h(x,y) re-
spectively.

[H(&,n)] is the optical transfer function (OTF), which is a complex function composed
by a real part, the modulation transfer function MTF = |H({, )| and a complex part,
the phase transfer function PTF = 0(&, n):

OTF = H(¢, n) = [H(E,n)| &), (1.12)
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Mathematically the MTF corresponds to the modulus of the Fourier transform of the
PSF, which is obtained applying the Fourier transform in equation 1.9:

MTF(¢,n) = | Z[PSF(x,y)]| - (1.13)

Since the width of a function is inversely proportional to the width of its Fourier trans-
form, a sharper PSF results in a broader MTF, which means that a larger range of
spatial frequencies can be imaged with high contrast. The ideal detector MTF is a flat
curve where the MTF is equal to 1 for every spatial frequency.

The second way to evaluate the MTF is hence from the Fourier transform of its PSF.
The PSF can be measured by acquiring the image of a point object, i.e. a point-object

with dimensions much smaller than the resolution of the system.

Alternatively, the MTF can be calculated from the Line Spread Function (LSF), ob-
tained from a line-object which has one dimension much smaller than the PSF of the
system while the other dimension is much bigger. The line-source is defined as a delta

function along x and a constant along y:
f(x,y) = d(x) C(y) - (1.14)

Following equation 1.8 and 1.9, the image g(x,y), i.e. the LSF, is a two dimensional

convolution of the PSF:

g(x,y) = LSF(x) = [§(x) C(y)] ® PSF(x,y) = /PSF(X, y)dy' . (1.15)

The LSF hence only depends on the variable x. From the one-dimensional Fourier

transform, we obtain the MTF:
MTF(&,0) = | Z[LSF(x)]] . (1.16)

Compared to the PSF, the limitation of the LSF is that it provides information about
the spatial resolution along only one direction, perpendicular to the length of the line-
object. If the spatial resolution does not vary with the direction, the PSF is equal to
the LSF, otherwise the LSF has to be measured in multiple directions.
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1.4 Scintillators for X-ray area detectors

Finally, a third way for the MTF evaluation is the slanted edge method (23, 24). The
Edge Spread Function (ESF) is acquired as the image of a knife edge object. The ESF

is described by a step function s along x and a constant along y:

f(x,y) =s(x) C(y) - (1.17)
Mathematically, we can obtain the LSF as:
LSF(x) = diESF(:c) , (1.18)
x

and therefore calculate the MTF. For more mathematical details, see (22).
The slanted edge method is widely used to characterize the response of imaging systems
to hard X-rays since the fabrication of high frequency gratings with sufficient absorption

is not trivial.

1.3.4 Frame rate

The detector’s frame rate is the frequency at which consecutive images can be taken.
It is defined as the inverse of the time needed to acquire the image and read the data,
leading to an expression in frames per second (fps) or Hertz. Considering commercial
products today the CMOS sensors can work at higher frame rate than HPADs, for the
same number of pixels and dynamic range. For example, the PCO.dimax CMOS camera
can record up to 7039 frames per second (1 Megapixel, 12-bit dynamic range), while
the EIGER HPAD for the same conditions is limited at few hundreds Hz. To be able to
exploit such a fast frame rate, a fast scintillator has to be selected. Because of the short
decay time of Ce-doped scintillators, these crystals are normally preferred over Eu- or
Th-doped ones if fast imaging is required. Additionally, the integration time needed to
acquire an image with enough signal has to be taken into account to evaluate the frame

rate. The integration time can be reduced using a thicker scintillator, but this comes

at the cost of a reduced spatial resolution.

1.4 Scintillators for X-ray area detectors

1.4.1 The physics of the scintillation process

The scintillation process in wide band gap materials can be divided into three steps:

conversion, transport and luminescence (figure 1.5).
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1.4 Scintillators for X-ray area detectors

Firstly, in the conversion step, the X-ray photon interacts with the crystal lattice and
transfers energy via the photoelectric effect and inelastic Compton scattering. This
energy transfer creates a hot primary electron and deep hole, which are subsequently
multiplied through a cascade of ionization processes (electron-electron inelastic scatter-
ing and Auger emission) which continues until their energy is too low to create further
excitations. When the energy is below the forbidden gap E; electrons and holes inter-
act with phonons. This stage is called thermalization. The overall process leads to low
energy electrons and holes located at the bottom of the conduction band and at the top

of the valence band.
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Figure 1.5: Scheme of the scintillation process in a wide band-gap material. The process

is divided in three step: conversion, transport and luminescence (25).

Secondly, the thermalized electrons and holes are transferred to the luminescence cen-
ters. During the transport, electron and holes migrates through the material and due
to the presence of defects, they may recombine through non radiative processes and be
trapped and detrapped, leading to a delayed luminescence (afterglow).

Finally, the emission center is excited by the capture of a hole and an electron and ideally
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1.4 Scintillators for X-ray area detectors

returns to the ground state through a radiative process (luminescence). Alternatively,

the emission center can return to the ground state through non-radiative processes.

1.4.2 Performance of the scintillators for X-ray area detectors

Some important parameters often considered in the scintillators characterization for

area detectors are:

e the X-ray absorption efficiency,
e the light yield (LY)

e the timing performance, defined by the decay time and the afterglow,

e the emission wavelength, which has to match the camera’s quantum efficiency,
e the linearity of the response with the X-ray energy and flux,

e the optical quality,

e the homogeneity of the response,

e the stability of the response,

e the properties of the substrate.

Figure 1.6 shows that the performance of the detector is affected by several scintillator
properties.

The overall efficiency of the detector and its DQE depend on the absorption efficiency,
the light yield, and the matching between scintillator emission spectra and the camera’s
quantum efficiency, as seen in equation 1.5.

The spatial resolution obtained using high-resolution detectors is ultimately limited by
the light diffraction through the detector’s optics and, therefore, depends on the emis-
sion wavelength of the scintillator. Additionally, the spatial resolution can be further
degraded by the spread of the energy deposited in the scintillator and by the diffusion
of light. As a consequence, the optical quality of the scintillator, and its stopping power
also play a role in the spatial resolution. The type of scintillator (powder, single crys-
tal, micro-structured) as well as the material have, therefore, a significant effect on the
spatial resolution.

The speed of the detector is limited by the speed of the conversion process in the scin-
tillator, i.e. the decay time. In addition, the speed of the detector is affected by the

afterglow of the scintillator since a new image can only be taken when the afterglow of
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Figure 1.6: Dependence of the detector performances on the scintillator properties.

the previous image is reduced below the noise levels.

The afterglow as well as the optical quality also limit the dynamic range, reducing the
number of exploitable signal levels of the camera sensor (see section 1.3.2).

Recently, the scintillator’s linearity and stability are becoming a concern in X-ray imag-
ing due to the demand of quantitative measurements. Therefore, a linear dependence of
the detector’s response on the X-ray photon flux and energy, as well as its stability after
long exposures are required. These performances obviously depend in the first place on
the linearity and stability of the scintillator. Variation of the light yield with the X-ray
energy (non-proportionality) or during the exposure (radiation damage and memory
effect) are therefore, becoming an important subject of research in the scintillators field
(26, 27).

As last example, in the case of thin film scintillators on a substrate, the substrate can
influence the performances of the scintillator. Firstly, the optical and crystalline quality
of the substrate affects the quality of the film and, therefore, its imaging and scintil-
lating properties. Secondly, any optical absorption of the photons from the film in the

substrate reduces the scintillator’s efficiency. Thirdly, light emission from the substrate
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reduces the image quality that can be obtained. Lastly, X-ray fluorescence in the sub-
strate degrades the spatial resolution. This final aspect is introduced in chapters 2 and

3.

1.4.3 Scintillators: materials and forms

The investigation of materials able to enhance the efficiency of X-ray detectors based
on photographic films started immediately after the discovery of X-rays in 1895. The
first optimized converter screens were made of CdWOy4 powder phosphors, which were

0 century. In the seventies more efficient oxy-

already available in the beginning of the 2
sulfide materials were discovered (28). In particular Th doped Gd204S, known as GOS
or Gadox or P43, stood out for its high stopping power and light yield (29, 30). Today,
different scintillator forms (single crystal, transparent ceramic, and structured scintil-
lators) and different materials which outperform Gadox powder phosphors in many
fields have been developed. However, Gadox screens are still widely used in medical
and security applications, mainly because they can be produced as large area sheets at
relatively low cost. Since powder screens are made of a grained phosphor mixed with
a binding agent, the emitted light spreads in every direction due to scattering at the
grain surfaces (see figure 1.7(a)). If the screen thickness increases, the spatial resolution

decreases since the light is scattered by more grains before exiting the screen. In fact,

the spatial resolution is approximately equal to the thickness of the scintillator (31).

X-ray X-ray
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Figure 1.7: Light is transmitted differently depending on the structure of the scintillator.
(a) In powder scintillators it is scattered at the grains boundaries, resulting in a spreading
of the light distribution and a degradation of the spatial resolution. Transparent ceramic
scintillators are affected by a similar phenomenon. (b) In single crystals, the light travels
up to the surface without being scattered. Only the fraction of light below the critical
angle can exit the scintillator. (c) Structured scintillators act as a light guide, enhancing
the light collection outside the scintillator (32).
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{a) Gadox powder Sum (b} LSO.Th SCF 48um

Figure 1.8: Comparison between the image of an X-radia resolution chart obtained using
a 5 pym Gadox powder scintillator and a thicker single crystal LSO:Th scintillator (38).

Single crystal scintillators have higher densities and, therefore, higher absorption ef-
ficiencies than powder phosphors, for which the filling factor is approximately 50%.
Additionally, since the light is not scattered inside the scintillator, compared to powder
phosphors a better spatial resolution and contrast can be obtained for the same film
thickness (figure 1.7). A comparison between an image obtained with a powder phos-
phor and a single crystal film is shown in figure 1.8.

A disadvantage of single crystal scintillators is their total internal reflection which low-
ers the fraction of light able to exit at the surface and thus reduces the light to be
collected. The light collection can be enhanced by surface treatments which increase
the roughness, but they as a consequence also degrade the resolution. The first materi-
als to be developed as single crystals were Nal: Tl and CsI: Tl in the late nineteen-forties
(33) after which many other materials followed. For example, to improve the absorption
efficiency, research focused on materials with high density and high-effective Z-number.
This resulted in, amongst others, Ce-doped LSO (Lu2SiOs), LYSO (LuyY1-_4SiO5) and
GSO(Gd2Si0s5) (34, 35). It is worth noting that many efforts have been made in the
development of the technologies to produce lutetium oxide (LuyOgs), one of the most
dense known phosphors (30). This material shows good luminescence properties when
doped with Eu or Th activators, but the growth of single crystal LusOs presents many
problems due to its high melting point, above 2400 °C. However, progresses has been
reported (36, 37).

Transparent ceramic scintillators are polycrystalline materials made of tight randomly
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oriented micro grains. Compared with their single crystal scintillator counterparts, the
density is almost as high, the cost is inferior and larger samples can be produced. Many
cubic materials can be prepared as transparent ceramic and they show good homogene-
ity, as it is reported for Ce or Nd-doped YAG (Y3Al5012) or LuyOs:Eu (39, 40). A
disadvantage of ceramic scintillators is the degradation of the spatial resolution due to
the scattering at the grain boundaries, as is also the case for the powder phosphors.
Grain boundaries may also contain excessive amounts of defects leading to traps and
thus afterglow.

The so-called structured scintillators are made of pillars (figure 1.7(c)) that act as a
light guide. Csl:T1 and Csl:Na for example, can be prepared with this structure. In the
case of medical applications, structured scintillators are coupled directly to the photo-
diode. Many pillars are coupled to the same pixel and the ultimate spatial resolution
limit is the photodiode pixel size. For high-resolution detectors, even if the camera’s
pixel size is reduced well below the light diffraction limit using microscope optics, the
diameter of the pillar is the detector’s ultimate spatial resolution limit. Nevertheless,
because of the optical waveguide properties, the resolution, remains constant for in-
creasing film thicknesses, while the absorption efficiency is higher. Additionally, light
collection from structured scintillators is more efficient compared to collection from
single crystals, because less light undergoes total internal reflection at the exit surface.
Today the minimum diameter of the pillars is a few micrometers, and hence they are not
suitable for sub-micrometer spatial resolution imaging. Films made of sub-micrometer
diameter LusOg pillars are currently under development, but they are not sufficiently
homogeneous yet (41). In figure 1.9, a comparison between an image obtained using a
sub-micron structured LusOgz:Eu film from RMD and a GGG single crystal film is re-
ported. In the inserts the flat field images are shown. In the case of the micro-structured
scintillator, some inhomogeneities result in bright spots, which saturate the sensor and
thus reduce the dynamic range of the detector. In addition, even if the exposure time is
chosen so that these bright spots are not saturated, they are not completely eliminated
through a flat-field correction.

A summary of the resolution limits for X-ray imaging using different kinds of screens
is reported in figure 1.10. Today, single crystals are still the only viable solution for
sub-micrometer spatial resolution X-ray area detectors. Their thickness must match the

depth of field of the microscope optics, otherwise the resolution is degraded. The use
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Figure 1.9: Comparison between the image of a grid pattern (detail size 0.9 pum) obtained
with (left) a sub-micrometer structured 6 pm thick LusOs:Eu scintillator and (right) a
single crystal 8 pm thick GGG:Eu scintillator. In the inserts the flat field images are

reported.
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Figure 1.10: Scintillator requirements for high-resolution detectors (32).

of structured scintillators is currently still limited for applications that do not require
resolutions below several micrometers. The main advantage of structured scintillators
is the light guide effect, which allows the use of a thicker screen without significantly
reducing the spatial resolution. For this reason structured scintillators are good candi-
dates for hard X-ray imaging.

Compared to single crystals, the use of powder phosphors and transparent ceramics
reduces the obtainable resolution due to the light scattering on the grain boundaries.
Sub-micrometer resolution can not be obtained with these technologies. The main ad-

vantages of powder phosphors are the low cost and the possibility to fabricate materials
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that can not be grown as single crystals. Currently however, transparent ceramics are

sometimes superseding powder phosphors because of their higher absorption efficiency.

1.4.4 Single crystal thin film scintillators for micro tomography

Currently only single crystal scintillators have been able to successfully reach spatial
resolutions of 1 pym or below with uniform image quality, in X-ray area detectors. Due
to the limited depth of field of the microscope optics used to magnify the visible image,
the scintillator’s thickness has to be within 1 and 20 pm.

Different techniques have been investigated to deposit or grow thin film scintillators on a
substrate. Molecular beam epitaxy (MBE) was used for example to deposit rare-earth
trifluoride scintillators on silicon substrates (42), while Eu-doped LusO3 and GdsOs
were obtained using sol-gel coating (SGC) and Pulsed Laser Deposition (PLD) on amor-
phous carbon and SiO2/Si substrates (43). The main drawback of the aforementioned
techniques is the maximum thickness of the obtained films, which is of the order of
hundreds of nanometers for good optical quality films.

So far only the liquid phase epitaxy technique (LPE) (44, 45), i.e. the growth on a
substrate from a super cooled melt solution, was successfully applied to grow several
micrometer thick scintillating films with high optical quality. The LPE growth pro-
cess was optimized for different scintillating materials and is today used to produce the
state-of-the-art SCFs used for high-resolution imaging at synchrotrons (2, 3).
Alternatively, thin single crystal scintillators can be produced thinning a bulk crystal
by the mechanical-chemical polishing method (46). The use of a bulk crystal presents
some advantages. No contaminations from the melt enter in the film and polishing
does not require a specific substrate. Some drawbacks are, however, present. Firstly,
the minimum thickness that can be obtained is limited. Free-standing crystals can be
thinned down to approximately 20-25 ym while crystals glued on a substrate are limited
to a thickness between 5 and 10 pm. The depth of field of a microscope objective with
a numerical aperture higher than 0.6 is less than 1 pm. Consequently, combining a 10
pm thick SCF with high numerical aperture optics will degrade the spatial resolution
because of the defocused image. Additionally, not every material can be polished down
to 10-20 pm. Today, the polishing process is well optimized only for YAG and LuAG
crystals. Secondly, due to the high temperature, an oxygen-free atmosphere is required

for bulk growth and the scintillators polished from bulk crystals often present some
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1.4 Scintillators for X-ray area detectors

anti-site defects and oxygen vacancies, which lead to the presence of a slow component
in the luminescence (afterglow)(47).

Scintillating screens down to hundreds of nanometers can be produced using the LPE
technique which is, in addition, not limited to small sample areas. Next to that, for some
materials, LPE films show fewer structural defects compared to bulk crystals. This is
caused by the lower growth temperature and leads to a reduction of the afterglow. This
effect has been reported for example for LuzgAl;019 (LuAG) and for some aluminum
perovskites (48, 49). Moreover, using the LPE technique, the dopant concentration can
be precisely tuned to maximize the conversion efficiency and the dopant concentration
in the film is very homogeneous.

LPE also presents some drawbacks. Firstly, some unwanted impurities from the flux
used for the LPE growth can enter in the film. Depending on the nature of these impu-
rities, the quality and the scintillation properties of the film can be degraded. Tous et
al. (50) as well as Zorenko et al. (51) have studied the effect of different fluxes on garnet
SCFs. The films obtained with a BaO-based flux show better conversion efficiency with
respect to the films obtained using a PbO-based flux. However, when a BaO-based flux
is used, the optical quality and surface morphology are not as good as compared to a
PbO-based flux. Secondly, LPE requires the availability of a non luminescent substrate
with the same crystalline structure and low lattice mismatch compared to the film.
The first commercially available single crystal thin films for imaging were YAG:Ce
(Y3Al5012 : Eu) and LuAG:Eu (LugAl5012 : Eu) on undoped YAG substrates. There-
after, the technology to produce GGG:Eu (Gd3Gas0O12 : Eu) on GGG substrates was
developed at the CEA (Commissariat a 1'énergie atomique et aux énergies alternatives)
which was followed by the development of GGG:Tb (Gd3GasO12 : Th) at the ESRF(2).
LSO:Tb (LugSiOs : Th) was developed during the ScintTax project, an european col-
laboration for the development of new thin film scintillators (3). LSO:Tb SCFs are
grown on YbSO or LYSO:Ce substrates. In the case of LYSO:Ce, an optical filter has
to be used to cut the Ce luminescence from the substrate.

LSO:Tb and GGG:Eu are today the state-of-the-art scintillators used at synchrotrons
for sub-micrometer spatial resolution detectors. At the ESRF, a laboratory for the
LPE based production of LSO:Th, GGG:Eu and GGG:Th SCFs scintillators has been
operational since 2010. The customers are mainly the ESRF imaging beamlines, other

synchrotrons and a few companies. Next to the production activity, other materials
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have been recently under investigation: Ce-doped materials to exploit the faster decay
time (52), UV-emitting materials, to increase the resolution limit due to light diffrac-
tion, aluminum perovskite (53) and lutetium oxide scintillators, of which the results are
presented in chapters 4, 5 and 6 of this work, to improve the stopping power at high

energies.
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Chapter 2

Modelling of the scintillator’s

spatial response

2.1 Introduction

High spatial resolution detectors used at synchrotrons exploit single crystal thin films.
Few scintillating materials are today available in this form, mainly because of the high
development and production cost as well as the small market. LuAG:Ce and YAG:Ce
bulk scintillators polished down to a few micrometers are produced by Crytur, while
LSO:Th, GGG:Tb and GGG:Eu are grown on a substrate by liquid phase epitaxy
at the ESRF. New scintillators optimized for various applications are required, as for
example fast scintillators with low afterglow for time resolved micro-tomography or
denser materials to improve the spatial resolution at high X-ray energies. The light
yield and the afterglow are the most difficult parameters to predict when developing a
new scintillator, since these parameters often depends on the technique which is used
to produce the scintillator. On the contrary, the distribution of the energy deposited by
X-ray photons in the scintillator, which limits the spatial resolution at high energy, can
be accurately predicted down to a sub-micrometer scale thanks to the advancements of
Monte Carlo (MC) techniques. A model to evaluate the detector’s Modulation Transfer
Function (MTF) and guide the development of new scintillating materials is presented

in the next two chapters.
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2.2 A mixed approach to simulate indirect detection

The detectors used for X-ray micro-imaging at synchrotrons are based on indirect de-

tection, and can schematically be composed of three parts:

e A scintillator, which absorbs the X-rays and converts the energy into a visible

image;

e Microscope optics, eventually combined with an eyepiece, which magnify the vis-

ible image and project it onto the imaging camera;

e A 2D imaging camera (i.e. a CCD or a CMOS) that converts the visible image

into an electronic digital signal.

Depending on the configuration of the detector and on the conditions of the experiment,
a combination of different phenomena can limit the spatial resolution and the contrast

of the image. These phenomena are:

e Scintillator response. When an X-ray photon interacts with a material, it can
be deflected (elastic or inelastic scattering) and generate secondary X-rays or elec-
trons through atomic ionization. These electrons can relax through X-ray fluores-
cence and Auger emission. Consequently a fraction of the incoming energy spreads
from the initial interaction position. In applications which demand micrometer

and sub-micrometer spatial resolution, this energy spread is non-negligible.

e Light diffraction. When a wave (i.e. the visible light emitted by the scintillator)
goes through an aperture (i.e. the microscope optics) diffraction occurs. The best
focal spot that can be obtained, and consequently the highest spatial resolution
that can be achieved, depends on the size of the diffraction pattern after the
aperture. The spatial resolution of a diffraction-limited system depends on the

numerical aperture and the wavelength of the light.

e Out-of-focus light. If the thickness of the image source along the optical axis
(here corresponding to the thickness of the scintillator) is larger than the depth of
field (DoF) of the microscope optics, part of the light is projected as a defocused

image on the camera and degrades the quality of the recorded image. Using a
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2.2 A mixed approach to simulate indirect detection

scintillator which is thicker than the DoF, therefore, results in a system that is

not diffraction limited.

e Camera resolution. According to the Nyquist-Shannon sampling theorem (54,
55), the highest spatial resolution achievable with a 2D camera is approximately
twice the pixel size. Since the visible image is magnified (or demagnified) in
the case of an indirect detector, an estimate of the spatial resolution limit due
to the camera is determined by dividing the camera’s pixel size by the optical

magnification or demagnification.

The main goal of the calculations presented in chapters 2 and 3 is to estimate the MTF
of the detector as a function of the combination of the scintillator (composition and
thickness) with the microscope optics (numerical aperture), in the case of optical mag-
nification, i.e. the camera pixel size is reduced below the light diffraction limit.

The model we developed includes Monte Carlo and analytical calculations. The first
enables to determine the scintillator response and the latter estimates the effects of
diffraction and out-of-focus light. We assume to be in a configuration where the cam-
era does not influence the spatial resolution, which is the case when the pixel size is
approximately half of the diffraction limit or smaller.

Nevertheless, the bottleneck of the experiment is not always the spatial resolution. It
could be, for example, the speed (e.g. time-resolved experiment) or the maximum al-
lowed dose on the sample (e.g. biological samples). Sometimes, it is more convenient
to magnify the X-ray image and reduce the detector’s spatial resolution, choosing a
configuration which optimizes other properties. Hence, the assumption regarding the
pixel size of the camera may not be valid and the choice of the scintillator is based on
different criteria (e.g. the best DQE, the shortest decay time, the lowest afterglow, the
highest light yield).

Hence, we focus here on the configurations demanding micrometer to sub-micrometer
resolution, and we neglect the imaging camera by assuming that its spatial resolution
is always well below the diffraction limit and thus not a limiting factor.

An overall scheme of the model is reported in figure 2.1. The Monte Carlo code, based on
the Geant4 (G4) Monte Carlo toolkit (56) simulates an X-ray pencil beam impinging
on the scintillator. The scintillator is made of a thin scintillating film deposited on

a non-scintillating substrate. When a photon interacts with the scintillator or with

40



2.2 A mixed approach to simulate indirect detection

(a) Tracking of the
incident X-rays
and secondary

(b) Matrix
describing the
energy distribution

(c) Optics

> L
blurring

(d) Final response as
sum of the response
to every plane in the

particles in the scintillator scintillator
Deposited |, Zo0, ,
energy 14 i
1 1 Depth
1 1
] T X
, "»"‘\621
| NS
I \\
"z
" 623 623."?.“ o
Response of
the optics
'
7’
s
S S
Ryl
., S
v
N d
scintillator Imaging

Microscope optics

(c)

camera

(d)

(a)

(b)

Figure 2.1: Overall scheme of the simulation principles. The scintillator response is

calculated by Monte Carlo simulations (G4), which gives the energy distribution in the

material. Afterwards, the output of the Monte Carlo calculation is used as input for

analytical calculations, which keep into account the microscope optics blurring.

the substrate, it can change momentum, deposit energy, or, if the energy is above a
certain threshold, it can generate secondary electrons or X-rays. The primary X-ray
photons as well as the secondary particles are tracked down to zero energy. A snapshot
of a short Geant4 simulation is reported in figure 2.1(a). The output of the Monte
Carlo simulations is a tridimensional matrix which describes the energy distribution
deposited in the scintillator. The LSF and MTF at every depth in the scintillator, as
well as the curve describing the energy deposited as a function of the depth (Egep(2)).
are calculated from MC (fig.2.1(b)). The optics are included following the analytical
approach of H. H. Hopkins (57), who describes the response of an aberration-free system
to a defocused point source. For a given numerical aperture NA and light wavelength A,
a matrix describing the MTF response of an optical system as a function of the distance
0z from the focal plane is calculated (fig.2.1(c)). The results are combined: every slice
in the depth of the scintillator acts as a light image source, blurred by the optics as
a function of the defect of focus 6z and of the light diffraction. The final response of
the full detector is calculated as the sum of the images projected on the camera from

every depth z of the scintillator (fig.2.1(d)). The position of the focal plane zg has been
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2.3 Monte Carlo Geant4 toolkit

selected by maximizing the MTF of the full detector.

2.3 Monte Carlo Geant4 toolkit

Monte Carlo refers to a broad class of algorithms that use random sampling to find
a quantitative solution to a problem. The method is widely applied in many fields
(physics, finance, engineering, etc.) to solve problems not trivial to study with other
techniques. The development of the Monte Carlo methods started in the 1940s as part
of the Manhattan project at the Los Alamos National Laboratory and since then knew
a fast development thanks to the increase of computing power.

Geant4 (56, 58) is a Monte Carlo toolkit developed at the European Organization for
Nuclear Research (CERN) to simulate the tracking of particles generated in high-energy
experiments. Afterwards, it was extended to include low energy physics (down to 250
eV) and it is now widely used for different applications: not only nuclear physics but
also astrophysics, medical physics, radio-protection, etc. The first Geant4 version was
released in 1998; since then, many updates were released and a team of around one
hundred scientists from all over the world works on its development and maintenance.
Every user can freely access the whole code, but modifications of the core part of the
software are not recommended.

Since Geant4 is written in the C++ programming language, its object oriented nature
allows the user to customize and extend the tool building his own application upon an
existing framework. Additionally, the structure is modular and allows the user to load
only the components needed for the application.

The application that is presented here has been developed using the version Geant4.9.6.

2.3.1 Our Geant4 application

Different classes have been implemented to develop the application: three mandatory
classes describing the geometry and materials (G4 VUserDetectorConstruction), the
physical model (G4 VPhysicsList) and the primary particles generator (G4 VPrimaryGe-
nerator). Note that several other classes were used to define the scorers needed to ex-
tract the energy distribution and the other quantities of interest.

The geometry of the simulation, as well as the axis convention that will be used in the

rest of the discussion, is shown in figure 2.2. The scintillator is defined as a rectangular
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2.3 Monte Carlo Geant4 toolkit

box of thickness tg and a lateral size of 1.4 cm, free standing or lying on a second 150
pm thick box representing the substrate. The scintillator has a surface normal along
the z-axis. A one-dimensional X-ray pencil beam distributed along the y direction hits
the scintillator orthogonally to its surface. Every primary X-ray and the secondary
particles generated in the cascade are tracked individually down to zero energy.

Due to the broad range of applications covered by Geant4, different physical models were
developed and validated for different conditions. For the here described application, the
low energy Livermore model has been selected, which has been validated for electrons
and X-ray or gamma photons in the energy range from 250 eV to 1 GeV (59, 60). The
production threshold for the secondary particles was set to 250 eV. Note that the limit of
250 eV is not critical for our model since we are studying a diffraction-limited resolution,
which is larger than the attenuation length of electrons at 250 eV.

The materials used for the scintillator

and the substrate are defined by the | lx-rag:apn:nci;
density and the elemental stoichiome-

try. Depending on these two parame- 21

ters the software assumes that a parti- %,ﬁ i X

cle traveling in the material has a cer-
tain probability to interact with a spe-
cific kind of atom, while the concepts of Figure 2.2: Geometry and axis convention in
crystal and electronic band structure as ~ the Geant4 application.

well as phonons are not included. The

list of all the materials used for the calculations are summarized in table 2.1.

Once the geometry, the physical model and the primary particle generator have been
defined, the Geant4 application is ready to run. However, the simulation runs silently,
meaning that the software does not keep track of every single step. Integrated quantities
need to be calculated while the simulation runs to get useful output. Hence a sensitive
detector (i.e. a scorer implemented inheriting from the class G/ VSensitiveDetector)
has been coupled to the scintillator, meaning every time a particle moves a step in
the scintillator this scorer is called by the software. The sensitive detector defines a
tridimensional matrix in the scintillator, calculates the bin associated with the position
of the step and increments a counter associated with the bin. Different counters can

be incremented simultaneously. A first one accumulates the energy deposited in every
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2.3 Monte Carlo Geant4 toolkit

Table 2.1: Materials and their used names, chemical formula and single crystal densities

used in the Geant4 simulations (AP = aluminum perovskite, G = garnet)

name short name chemical formula density [g/cm?]
Yttrium AP YAP YAIO; 5.35 (61)
Gadolinium AP GdAP GdAlIO; 7.50 (62)
Lutetium AP LuAP LuAlO; 8.40 (61)
Gadolinium lutetium AP GdLuAP Gdg.5Lug 5A103 8.00
Lutetium orthosilicate LSO LuySiOs 7.40 (63)
Ytterbium orthosilicate YbSO YhbsSiO5 7.40
Gadolinium gallium G GGG Gd3zGazOq9 7.10 (64)
Lutetium oxide LuyO3 LuyO3 9.50 (65)
Yttrium aluminum G YAG Y3Al5019 4.55 (66)
Gadolinium aluminum G GdAG Gd3Al5044 5.97 (66)
Lutetium aluminum G LuAG LusAl;0q9 6.73 (66)
Cesium iodide Csl Csl 4.51 (67)

bin to obtain the energy distribution in the scintillator, which corresponds, considering
the whole detector system, to the light source distribution projected through the optics.
At the same time other counters can be coupled to the scintillator (or the substrate)
to calculate for example the energy deposited by a single kind of particle (e.g. only
electrons), by a specific phenomenon (e.g. only Compton scattering), or to count the
number of interactions, the number of secondary particles, etc.

Due to the symmetry of the geometry, in the y-direction a single bin has been considered.
We can therefore, describe the output of the simulation as a two dimensional matrix
Mgy where every line is a LSF curve calculated at a different depth z; in the scintillator
(figure 2.3(a)). From Mgy different results can be extracted: the matrix of the MTF
curves as function of the z coordinate (fig.2.3(b)), the total LSF and the total MTF of
the scintillator (without any consideration of the optical effects), the energy deposited
in the scintillator as function of z, etc.

The size of the bins is 0.1 um in the x direction and 0.2 pym in the z direction. The
bin sizes have been selected as a compromise between resolution and noise: increasing
the bin size will degrade the MTF and decreasing it requires more statistics (i.e. longer

computational time).
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Figure 2.3: Geant4 output: the energy distribution in the scintillator is a matrix where
each line corresponds to the LSF calculated at a specific z in the depth of the scintillator
(a). The matrix of the MTFs calculated at every depth z can be calculated by the Fourier
transform of the LSF(b).

2.4 Results

2.4.1 Material and X-ray energy dependence

The Modulation Transfer Function (MTF)

The effect of the X-ray energy (between 5 and 80 keV) on the energy distribution has
been studied for various scintillators with a thickness of 5 pym. In figure 2.4 the PSF
and MTF curves for different X-ray energies and various scintillators are reported. The
results are shown for the state-of-the-art thin film scintillators (a LSO film on an YbSO
substrate and a GGG film on a GGG substrate) and for two candidate materials to be
developed (a LusOs film on a LuyOg substrate and a GdAP film on a YAP substrate).
The simulated substrates correspond to the ones that are actually used for the SCFs.
Undoped GGG is relatively easy to produce as a bulk single crystal (SC) bulk and is
commercially available as a substrate. It is therefore, ideal for Eu-doped GGG film
growth, since the film-substrate lattice mismatch is close to zero. A drawback is the lu-
minescence of the substrate due to elemental contaminations which can vary depending
on the lot and on the supplier. LSO:Tb films are grown on YbSO or LYSO:Ce sub-
strates. YbSO was developed specifically for LSO film growth and has no emission in
the visible range. The drawback of YbSO is that it is only produced in small quantities
and that it is expensive. Alternatively, LSO:Tb films are grown on LYSO:Ce bulk SCs,
which are widely available since they are used themselves as scintillators. In this case,

the cerium visible emission has to be suppressed using an optical filter. Undoped YAP
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single crystals are available and relatively cheap. The crystal structure is the same as
GdAP, LuAP and GALuAP and the lattice mismatch can be reduced by optimizing
the Gd/Lu ratio, as presented in chapter 4. Also in this case, an emission which varies
with the supplier and with the lot is observed, and has to be suppressed using optical
filters. LusOg bulk SCs are difficult to grow, but many progress has been made recently.
Substrates are starting to be available, although the crystalline and optical quality are
not fully optimized.

At low energy (15 keV, figure 2.4(a)) no significant differences among the response of
LSO, GGG, GAAP and LusO3 scintillators are observed, but these materials all present
high density, from GGG with a density of 7.1 g/cm? up to LupO3z with a density of
9.4 g/ecm3. As comparison the Csl scintillator which has a density of 4.5 g/cm?, has
also been reported in figure 2.4(a). It shows a broader PSF and a contrast in the MTF
at least 10% worse than the other denser considered materials, for spatial frequencies
above 500 Ip/mm.

At 20 keV (figure 2.4(b)), the MTFs are lower than at 15 keV. Additionally, the curve
obtained for GAAP presents a sharp decrease at the low spatial frequencies which, com-
pared with the other investigated materials, leads to a contrast reduction of ~ 20%.
No significant difference is observed in the width of the central peak of the PSF, but
significantly higher tails appear in the PSF calculated from GAAP. These tails are not
due to the scintillating film itself, but due to the yttrium X-ray fluorescence produced
in the substrate that interacts with the scintillator and creates an offset in the PSF.
Similar tails are visible for a GGG film on GGG substrate in figure 2.4(a) and 2.4(h),
caused in this case by the gallium K-edge at 10.4 keV. To confirm that the reduction
of the contrast is due to the substrate, the results for 5 pm free-standing GdAP and
GGG are also plotted in fig 2.4(b), in blue and red dashed lines respectively. Compared
with GAAP on YAP and GGG on GGG (blue and red continuous lines respectively) no
offsets in the PSFs and no low-frequency drops for the MTFs are observed. The contrast
degradation due to the substrate is smaller for a GGG substrate than a YAP one, due
to the lower fluorescence yield of gallium compared to yttrium. Although the atomic
density of gallium in GGG is higher than the one of Y in YAP (2.11-10%? Gagsoms/cm®
vs 1.97 - 1022 Y, yoms/cm?, the fluorescence yield for the K-shell (wk) sharply increases
with the atomic number Z in the range Z—20 to Z—40 (Gaw, ~ 0.45 vs. Y, ~ 0.7).

Since the absorption efficiency is approximately the same at 20 keV, the number of

46



2.4 Results

1 ‘ ‘ ‘ . ;

——LSO 5 um on YbSO
L ——GGG 5 um on GGG
——Lu,0, 5 umon Lu,0,
& 0.014 —— GdAP 5 um on YAP
& ~ = -Csl 5 umon Csl

0.

1E-33

1 ‘ . |

- --GGG5 urﬁ free-sta‘nding
0.1 = — - GdAP 5 um free-standing

1E-4 + + + + +

0 200 400 600 800 1000
Spatial frequency [Ip/mm]

1200

1400 0 200 400 600 800
Spatial frequency [Ip/mm]

1000

1200

X position [um]

X position [um]

1.0 + + + + + 1.0 + + + + +
0.8 + 0.8+ +
0.6+ + 0.6+ +
w w
= E
S 04t 4+ =4t 1
0.2+ 4 02+ +
(c) (d)
0.0 + + + + + + 0.0 + + + + + +
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Spatial frequency [Ip/mm] Spatial frequency [Ip/mm]
1
0.1
%5 0.014
a
1E-34 1

- 0
X position [um]

1.0 + + + + +

1)

0 200 400 600 800 1000
Spatial frequency [Ip/mm]

1200

1400 0 200 400 600 800
Spatial frequency [Ip/mm]

1000

1200

1400

Figure 2.4: PSFs and MTFs calculated from the simulation of the deposited energy in a

5 pm thick scintillator by a 1D X-ray source. The scintillator is supported by a 150 pum

thick substrate. The scintillator and substrate materials, as well as the X-ray energies, are

indicated in the figures.
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X-ray fluorescence photons produced in YAP can be thus roughly estimated to equal
1.5 times the number of the ones produced in GGG.

By increasing the X-ray energy the PSFs become broader and the MTFs are degraded.
The calculated contrast at 500 lp/mm decreases from 85 % at 20 keV to 25 % at 45
keV for LupOs and from 57 % to 17 % for GAAP (figure 2.4(c)). At the same time, a
significant broadening of the PSFs is observed. However, once the energy is above the
K-edge of the high-z element contained in the scintillator, a higher contrast is obtained.
For example at 55 keV, approximately 5 keV above the gadolinium K-edge, the contrast
of GAAP at 500 Ip/mm goes up to 50 % and the PSF broadening is less significant
(fig.2.4(d)). Similarly, the contrast calculated for LusO3 at 500 lp/mm increases from
20 % at 55 keV up to 40 % at 68 keV (fig.2.4(e)).
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Figure 2.5: Contrast at 500 lp/mm as a function of the incident X-ray energy, for different
scintillators. The values are extracted from the MTFs calculated using the MC model. The
thickness of the scintillating film and substrate are 5 and 150 um, respectively.

To summarize the results obtained as a function of the X-ray energy and the material,

the value of the MTF at 500 lp/mm (1 pm resolution), is reported in figure 2.5 for the
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different scintillators. Lutetium and mixed gadolinium-lutetium aluminum perovskite,
as well as lutetium and gadolinium aluminum garnets have been added for comparison
in addition to the materials already discussed above. GAAP on GdAP is shown to illus-
trate the effect of a different substrate compared to GAAP on YAP. We can divide the
considered energy range in few intervals, where different phenomena play the crucial
role and different scintillators show the best spatial response.

At low X-ray energy, below the yttrium K-edge (5-17 keV) the considered materials,
which all have a density above 7 g/cm?, show high contrast (more than 80 % at 500
Ip/mm). Between 10 and 17 keV the GGG SCFs are slightly less performant due to
gallium fluorescence.

In the energy range between the Y and Gd K-edge (17-50 keV), the contrast calcu-
lated for materials on Y-based substrates (i.e. YAP and YAG substrates) is 15-35 %
lower compared to the values obtained for scintillators on yttrium-free substrates (i.e.
LuyO3 and LSO SCFs). The effect is caused by the fluorescence of the substrate which
is partly reabsorbed in the SCF. As a reference, the results are compared for GdAP,
both on YAP and GdAP substrates (continuous and dashed blue lines respectively).
The contrast at 20 keV is 56 % for GAAP on YAP and 75 % for GAAP on GdAP.

In the energy range 50-80 keV the major role is played by the Gd K-edge and the
Lu K-edge. Gd based materials show higher contrast in the 52-65 keV range, Lu-based
ones in the 65-80 keV range, while GALuAP shows a flatter response as a function of
the energy and could compete in terms of contrast both with GGG and LSO state-of-
the-art thin film scintillators. Once again the substrate plays an important role due
to the fluorescence photons which reduce the contrast at low frequencies. YAP and
YAG substrates have a lower absorption at high-energy and a lower fluorescence rate
compared to the LusO3, GGG and YbSO ones. Consequently, the scintillators on Y
based substrates show better contrast compared with the other investigated materials
because of the lower number of fluorescence photons produced in the substrate. In this
case the contrast for GAAP SCFs is higher when a YAP substrate is selected over a
GdAP one (54 % vs. 48 % at 62 keV).

Considering these results, it should be kept in mind that the optical quality of the film,
and therefore the spatial resolution of the detector, is affected by the lattice mismatch

between film and substrate. The considerations made in this chapters about the sub-
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strate influence on the MTF are valid only if the optical quality of the films grown on

different substrates is comparable.

Absorption efficiency

Up to this point we only focused on the energy spread in the materials and the con-
sequential limitations on the spatial resolution. An additional limitation of thin film
scintillators is their low absorption, especially at high energy, which affects the whole
detector efficiency.

By considering the different atomic cross sections, for example by using the NIST
database, the percentage of incoming photons that interact with a scintillator of a
certain thickness can be calculated. The result of this calculation is shown in figure
2.6(a), for different materials of 5 pm thickness. However, the interaction of an X-ray
photon with the scintillator does not always lead to the deposition of energy and light
emission. The photon can be deflected by Compton and Rayleigh scattering or gener-
ate secondary particles, which may be able to escape from the scintillator. Since the
scintillator is a few micrometers thick, the probability that the energy of the primary
photon is not completely deposited is non negligible. Therefore, the attenuation in the
material may not be a good approximation for the absorption efficiency, especially at

high X-ray energy.

'—s—GGG on GGG —v—Lu,0, on Lu,0,
—e— GdAP on YAP LuAP on YAP
—a—GdAG on YAG —2—LuAG on YAG
—0—LSOonYbSO  —%— GdLUAP on YAPT

-
o
|

% attenuated energy (NIST)

% deposited energy (G4)

20 30 40 50 60 70 80
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Figure 2.6: (a) Percentage of the incident energy attenuated by 5 pm thick scintillators,
calculated using the NIST database (68). (b) Percentage of the incident energy deposited
in 5 pm thick scintillators on 150 pum thick substrates, calculated tracking all the secondary

X-rays and electrons using Geant4.
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We therefore used Monte Carlo calculations to evaluate the real amount of energy de-
posited in the scintillator: the results are reported in figure 2.6(b). The attenuation is
a good approximation of the absorption in the material at low energy, but it becomes
less precise as the energy increases. In particular, above the K-edge, the gain in absorp-
tion can be significantly lower than what is expected from the attenuation due to the
creation of a large amount of high energy fluorescence photons which can escape the
scintillator easily. For example, while the LusOgs attenuation increases of approximately
a factor 4 from 61 keV to 64 keV, the simulated deposited energy only increases of a
factor 2.5.

The substrate can also play a role. In figure 2.7, the percentage of attenuated energy
calculated by NIST (black line), the energy deposited simulated by Geant4 (black dot-
ted line) and the ratio Egep/attenuation (blue line) are reported for a 11.4 pm thick
GdLuAP scintillator on a YAP substrate.
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The ratio Eqep/attenuation is always lower than 1 and decreases slowly for increasing
energy. In fact, while increasing the X-ray photons energy, secondary particles with
higher energy and therefore, higher probability to escape the film, are produced.

When the energy is above the K-edge of yttrium the ratio sharply increases because
part of the fluorescence photons produced in the substrate are re-absorbed in the film,
which as discussed above, degrades the resolution. When the energy is high enough
to cause the fluorescence in the scintillator, the ratio reduces due to the florescence
photons that can easily escape the thin film scintillator. The lower ratio is obtained

above the scintillator K-edge, and then starts to increase slowly.
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Figure of merit

To achieve the sub-micrometer spatial resolution demanded in some X-ray imaging
experiments, thin film scintillators are selected. However, the low absorption of the
selected thin films reduces the detector’s efficiency. For example, 50 pm of LSO atten-
uates at least 8 % of the incoming radiation up to 80 keV, while for 5 pm of LSO the
attenuation already reduces to 8 % at 25 keV. To evaluate the best compromise between

a sharp image and an efficient detector, we defined a figure of merit (FoM):

FOM(E) = MTF5GO40 lp/mm(E) * Edep(E) (21)
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Figure 2.8: Figure of merit defined as value of the MTF at 500 lp/mm by the energy
deposited in the scintillator, calculated for different 5 pm scintillators on a substrate.

The results are plotted in figure 2.8. This figure allows us to evaluate the best ma-
terial to use in every energy range, while considering the spatial resolution, contrast
and efficiency. The assumption that LuAG and LuAP are comparable above 63 keV,

arising from figure 2.5 is wrong as we now know that LuAP is a better compromise
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due to the higher absorption. LSO and LusOgs have a slightly lower MTF due to the
substrate fluorescence background, but their FoM is better than the other materials
considered. We can therefore conclude that below 50 keV and above 64 keV, LugOjg is
the most performant material, while between 50 keV and 64 keV GdAP is the best. A
mixed composition as GALuAP can compete both with the existing GGG and LSO in
the 50-75 keV range.

It is important to keep in mind that here only the absorption in the matrix of the
scintillator is considered. To get more precise results, other parameters should also be
included.

Firstly, the light yield (LY), that may change the overall scintillators efficiency. How-
ever, this parameter is difficult to evaluate for the materials that have not been de-
veloped and carefully optimized yet. Therefore, the different scintillators are assumed
to have the same LY. Additionally, the LY may depend on the X-ray energy, due to
non-proportionality phenomenon (26), presented in section 3.3.2. Secondly, the effect
of the microscope optics and emission wavelength of the scintillator, which depends on
the choice of the dopant. The resolution is ultimately limited by the light diffraction:
the smallest spot that the optics can focus depends both on the wavelength A and on
the numerical aperture NA. Moreover, both the wavelength A and NA define the depth
of field of the optics, meaning the maximum thickness of the scintillator which can be
projected as a focused image. This part of the calculation will be described in detail in
chapter 3.

A more precise evaluation of the figure of merit as a function of the energy E should

therefore be:

FoM(E) = MTF i "PUe(E) % Egep(E) * LY (E) (2:2)

2.4.2 What happens at the K-edge?

In this section the improvement of the MTF curve above the scintillator K-edge energy
is investigated. To avoid confusion with effects that may come from the substrate, the

results are reported for free-standing scintillators.
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Energy distribution along the film thickness

The energy distribution and the MTF were studied as a function of the coordinate 7
along the thickness of the scintillator.

Figure 2.9(a)-top shows the percentage of the incoming energy deposited in the scintil-
lator (Egep) as a function of z, for 5 and 50 pm thick GAAP free-standing films, below
and above the Gd K-edge. In the case of 5 um thick GdAP, the curve increases going
from the surfaces (z — 0 and z — 5 um) to a maximum located approximately half way
into the scintillator. The shape is similar at 49 keV and 55 keV, although the values
are higher above the K-edge. This trend is far away from what we could expect from
the Beer-Lambert law, which describes the energy attenuation along the thickness t of
a material as an exponential decay depending on a certain attenuation coefficient pu,

which depends on the energy E:

[=1pe HET (2.3)

For a 50 pm thick scintillator, once again Egcp(z) decreases close to the two surfaces,

but in the central part it can be described as an exponential decay.
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Figure 2.9: (a)-top Energy deposited, (a)-bottom MTF and (b) number of interactions
for secondary electrons (electrons?), primary and secondary X-ray photons (X-rays!, X-
rays?) as a function of the depth z in the scintillator, at 49 and 55 keV, for 5 pum and 50
pm free-standing GAAP scintillators.

To understand the curve Egep(z) obtained from the Monte Carlo calculation one has to
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remind that the Lambert-Beer law only keeps the cross section for primary interactions
of the incident X-ray photons into account. In the case of incident X or gamma rays,
the attenuation can not always be considered as a good approximation of the the dose
deposited in the material, as we discussed above, due to the secondary particles cascade.
If we imagine to divide the scintillator along z in slices of thickness dz, to calculate the
energy deposited in the j'' slice in the scintillator (Eiiep) we have to sum the energy
deposited by the primary X-ray photon interactions in the j** slice (Ejdepl), the energy
deposited by the secondary particles produced in the j* slice (EJdePQ) and the energy
deposited by the secondary particles produced in the other slices that can reach the j*®

E7

slice ( dop? ):

Eliep = Bepr + By + iy (2.4)
In reality, the X-rays do not deposit the energy directly, but generate secondary elec-
trons, that eventually deposit energy. In the Monte Carlo model, an energy threshold is
defined for the production of the secondary particles, meaning that secondary particles
with an energy lower than the threshold are not generated. The remaining energy is
hence counted as deposited by the X-ray in the position of the interaction. The energy
threshold is user defined and was set at 250 eV. This approximation is sufficiently accu-
rate since the attenuation length for electrons at 250 eV in GdAP is below the spatial
resolution range which is studied. It is important to keep in mind that the energy
deposited by X-rays depends on the production threshold. In our case, it corresponds
to the amount of energy deposited by electrons with a diffusion length shorter than the
size of the voxel defined in the simulation.

For a certain value of the production threshold, an incident X-ray photon interacting
with GdAP deposits a fraction C; of its energy and transfers the remaining (1 — Cy)
to secondary particles. A fraction Cy of the secondary particles is re-absorbed in the
thickness dz of the slice. The first and the second components of the equation 2.4 can
be simply re-written as a function of the primary X-ray photons able to reach the j'!

slice (located at z = d):

E. ,xCie & (2.5)
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_L1q

Bl o (1=C1) (Ca) e & (2.6)

Zi( is the attenuation length of the incident X-ray photons in the material and it is
inversely proportional to the attenuation coefficient p. The last component in equation
2.4 is the sum of the secondary particles produced in every it! slice (where i # j) and not
re-absorbed in the same slice, attenuated as a function of the distance | dj — d | between
the i and j* slice. Defining £3 and /5 as the attenuation lengths of the secondary
X-ray photons and electrons respectively, we can write:

N,ij

# —p dj (el _e%’l di—d]
E7 , x= E e M4G(Cse 2
i=1

- |di—d|
23

+ Cfe ) (2.7)

dep

For the primary X-ray photons in GAAP p = 21.3 cm™! at 49 keV and o = 75.4 cm™! at
55 keV, corresponding to an attenuation length of 469 pm and 133 pm respectively. For
electrons in GAAP the attenuation length calculated from the the CSDA (Continuous
Slowing Down Approximation range) in the energy range 1-55 keV is 1-10 pm (69).
The secondary X-ray photons will mostly have the energy of the L and K-shell of Gd,
corresponding to an attenuation length of 5 and 100 pm respectively. Additionally, the
fluorescence rate for the K-shell in Gd is approximately six times the fluorescence rate
of the L-shell. The first two components of equation 2.4 are therefore almost a constant
along the depth of the scintillator. This is also the case for the decay describing the
high energy secondary X-ray photons. Defining ¢y as the average attenuation length
of the secondary electrons and secondary low energy X-ray photons we finally rewrite

equation 2.4 as:

. Ni#j ¢
B, =K+Cy Y o7 ldi—dl _ g 4 / e % 17l gy (2.8)
i—1 0

This function has a maximum at z = t/2 and decreases going toward 0 or t, in agreement
with the results for the 5 ym thick scintillator in figure 2.9(a)-top. The shape of Egep(2)
describes, therefore, the flux of secondary particles at different depth in the scintillator,
that is lower at the surfaces. However, when the thickness is larger than ¢, all the
slices at the center, located at higher distance than ¢s from the surfaces, will be reached

by about the same flux of secondary particles. The particles generated above a certain
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distance from the considered slice, in fact, do not contribute to the flux. In figure 2.9(a)-
top Egep(z) is reported for a 50 pm thick scintillator. The variation of the secondary
particles flux is observed close to the surfaces of the scintillator, while in the central
region the curve is well described by the Beer-Lambert law.

The curves describing the number of interactions of the different particles as a function
of z reported in figure 2.9(b) confirm what is described above.

Firstly, the number of interactions of

the primary X-rays (X-rays') is re- Table 2.2: Attenuation in GAAP calculated us-

duced of a value corresponding to ing the NIST database.

the attenuation calculated using the material E2*t at 49 keV  E2'* at 55 keV

NIST database reported in table 2.2. GdAP 5 um 1.1% 3.7%
GdAP 50 pm 10.1% 31.4%

The number of interactions of the pri-

mary X-ray photons therefore simply

follows the exponential decay e #(F)Z ag defined in the equation 2.3.

Secondly, the number of interactions of the secondary electrons (electrons?) describes
the same curve as seen in figure 2.9(a), which is showing that the electron flux follows
the distribution described above. Additionally, it confirms that most of the energy is
deposited by electrons.

Lastly, the curve describing the interactions of the secondary X-rays (X-rays?) is similar
to the one of the electrons, but the slopes close to the surfaces are less steep, due to the
longer attenuation length of the X-ray photons.

In addition to its contribution to the effective energy deposition, the diffusion of the
secondary particles plays a crucial role for the MTF. Indeed it degrades the MTF due
to the energy being deposited far from the position of the first interaction. In figure
2.9(a)-bottom the MTF is reported as a function of z. It can be seen that the contrast
is higher close to the surfaces, and decreases going to the center of the scintillator where
the secondary particles flux is higher.

For the 5 pm thick GdAP, the complete PSFs and MTFs calculated at different z are
reported in figure 2.10. All the MTF curves at 49 keV show lower contrast than the
MTFs calculated at 55 keV, and all PSFs are less sharp. For the 50 pm thick scintillator,
the value of the MTF at 500 lp/mm is approximately constant in the central part of
the scintillator (z ~ 3 ym to z ~ 47 pm) both at 49 and 55 keV (figure 2.9(a)-bottom).

We can therefore conclude that the MTF improvement at the K-edge is not just caused
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Figure 2.10: PSF and MTF curves at different z in the depth of the scintillator, for a
free-standing 5 pm thick GAAP scintillator at 49 and 55 keV.

by a different energy distribution and PSF broadening along the depth of the scintilla-

tor.

Contribution of the different interactions

The contribution of the different particles to the energy deposition was studied below
and above the K-edge. Although the MTF is calculated from the energy deposited, for
simplicity only the number of events for every kind of interaction was considered. In
fact, to really compute the energy deposited by every different interactions, the energy
deposited by all the secondary particles produced should be kept into account. How-
ever, even doing so, the result is not trivial to interpret as a consequence of the fact
that different kind of interactions take place in the same cascade.

The spatial distribution of the number of events for the X-ray and electronic interactions
is reported in figure 2.11(a-e) for 5 pm thick free-standing GdAP film at 49 and 55 keV.
For X-rays, the distributions of the photoelectric effect, Rayleigh and Compton scatter-
ing are considered separately. The PSFs evaluated from the total energy deposited in
the film are reported in figure 2.11(f) as a reference.

The distribution of the X-ray interactions, including both primary and secondary X-
rays, (X-rays'*2, fig. 2.11(a)) is almost completely defined by the photoelectric effect
(X-rays!*2 fig. 2.11(b)). This result is not unexpected since X-ray photons in the
energy range 1-100 keV interacting with such a high-Z material do so mainly through
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Figure 2.11: Normalized distributions of the number of events for the different kinds of
interactions: (a) all the X-ray interactions, (b) photoelectric effect, (¢) Compton scattering,
(d) Rayleigh scattering, (e) all the electronic interactions. (f) PSF calculated from the total
deposited energy. In (a) and (b) the curves counting the primary or secondary X-rays (X-
rays', X-rays?) are also reported. Scintillator: GAAP 5 pm free-standing. Energy: 49 and
55 keV.

photoelectric interaction (more than 80 % of the interactions) than Rayleigh or Comp-
ton scattering.

The scattering events define to the tails of the distribution (figure 2.11(c,d)). Their
contribution is more important at 55 keV than at 49 keV, in contradiction to both the

MTF improvement and the increase of the photoelectric effect cross-sections above the
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K-edge. For example for GAAP, the photoelectric effect probability increases from 84
% at 49 keV to 97 % at 55 keV. This contradiction can be explained by considering
the primary X-ray interactions separately (X-rays!, fig. 2.11(a)). The spatial distribu-
tion resembles a Dirac function with tails due to the X-ray scattering. These tails are
lower at 55 keV, in agreement with the lower scattering probability. When the X-rays?
interactions are included, the tails are higher at 55 keV, due to the higher number of
secondary X-rays produced by K-shell fluorescence.

The improvement of the MTF above the K-edge can therefore be partially attributed to
a different distribution of the interactions of the incident X-rays due to the increase of
the number of photoelectric interactions, which reduce the probability of the primary
X-rays to diffuse in the tails. More electrons are generated in the central peak of the
distribution, at X=0.

However, to completely explain the improvement of the MTF at 55 keV, the electrons
diffusion has to be taken into account. The distribution of the electron interactions is re-
ported in figure 2.11(e). Although the electrons are produced where the X-rays interact
with the atoms, the X-ray interaction distribution differs from the one of the electron.
The last resembles the PSF (fig.2.11(f)) and is narrower at 55 keV, in agreement with
the MTF improvement. This can be explained by considering the electron attenuation
length below and above the K-edge. Most of the energy is transferred to electrons
through a photoelectric interaction. The X-ray photon is completely absorbed and a

core electron is ejected, leaving the atom in an excited state, which relaxes through

kin.

Auger of fluorescence emission. The photoelectron is ejected with an energy E§":

ES" = Ex — Epinding » (2.9)

el

where Ex is the the energy of the incoming X-ray and Epinqing is the binding energy
of the electron. For a given Epinding. the photoelectron energy and, therefore, the
attenuation length increases with Ex. However, above the K-edge, the electrons can,
in addition to the M and L shells, also be emitted from the Gd K-shell with a lower
energy because of the stronger binding energy with the atom.

The energy spectra of the secondary electrons at the creation are reported in figure
2.12(b), for X-ray energies equal to 35, 49 and 55 keV. The peaks due to the L and
M-shell electrons are located in the energy range 25-55 keV. Their positions move to

higher energy for increasing X-ray energy and can be calculated from equation 2.9. For
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Figure 2.12: Energy spectra of the (a) secondary electrons and (b) secondary X-rays
generated per incident X-ray in 25 pm of free-standing GdAP. The average energy of the
secondary electrons and X-rays is reported in the legend.

Gadolinium, the binding energies for the M and L shells are approximately 1.5 and 7.5
keV respectively. At 55 keV, the peak due to the K-shell appears at ~ 5 keV (binding
energy 50.2 keV). The average electron energy, reported in the legend, decreases above
the K-edge. The additional smaller peaks visible in the spectra are due to Auger elec-
trons or photoelectrons produced by secondary particles, as well as interactions with
aluminum atoms.

In the considered energy range the attenuation length in GAAP for the K-shell photo-
electrons is a few hundred nanometers, while for the M and L-shells photoelectrons is
3-11 pm. The fraction of energy transferred to K-shell photoelectrons reduces the aver-
age electron diffusion length and hence the energy spread, which explains the sharper
PSF above the K-edge.

On the contrary, the energy of the secondary X-rays increases, due to the K-shell fluo-
rescence. The energy spectra of secondary X-rays is reported in figure 2.12(b). However,
the K-shell fluorescence X-ray photons are in the energy range 43-50 keV, which cor-
responds to an attenuation length above 100 pm in GdAP. Consequently, the spatial
resolution is not strongly degraded by these photons, since they mostly escape without
interacting and thus without depositing energy in the film. Their influence is visible in

the tails of the PSF, which are more intense at 55 keV (figure 2.11(f)).
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2.4.3 Substrate effect

The choice of the substrate is critical from the point of view of the performance of the
thin film scintillator. Firstly, the crystalline structure of the substrate has to be the
same as that of the film and the lattice mismatch has to be sufficiently small to be able
to grow a scintillator with good optical quality, a mandatory criterion to ensure a good
image quality. Secondly, a substrate which is non-scintillating at the same emission
wavelength as the scintillator is required. In the simulations these first two constraints
are not considered, and all the scintillators are supposed to have the same optical quality
and no visible luminescence from the substrate. However, the substrate fluorescence can
also affect the image quality, since the fluorescence photons can interact with the film

creating an offset in the PSF which reduces the MTF at low spatial frequencies.
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Figure 2.13: Spatial distribution of the (a) X-ray and (b) electron interactions, calculated
for 5 um of GAAP on a YAP substrate at 15 and 20 keV.

This effect has been introduced in section 2.4.1. In figure 2.4(b), the MTF at 20 keV
calculated for a GdAP film on a YAP substrate shows a 20 % reduction of the contrast
at low spatial frequencies, which is not observed for the free-standing GdAP. In figure
2.13 the spatial distribution of the X-ray and electron interactions in the GAAP film
at 15 and 20 keV is reported. From 15 to 20 keV, almost no difference is observed
for the primary X-ray interactions (X-rays!), while the secondary X-ray interaction
distribution (X-rays?) presents tails which are significantly higher at 20 keV than at
15 keV. The same tails are visible in the electron interaction distributions, due to the
production of electrons by secondary X-ray interactions far from the central part of

the distribution (x = 0). On the contrary, the central part of the distribution remains
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Figure 2.14: MTF calculated for 5 pm of GAAP on YAP at 18 keV, tracking all the
particles (black) or killing the secondary electrons (dashed red) or X-rays photons (dashed

green) produced in the substrate.

unchanged, mainly due to electron diffusion, as no significant variation is expected in
the electron attenuation length. As reference, the electron interaction distribution is
reported at 49 keV. The central part of the distribution is broader, due to the higher
energy photoelectrons produced in the film, while the tails are only slightly higher.
The reduction of the MTF values at low frequencies is due to the tails in the interaction
distribution and in the PSF. They originate from the secondary X-rays produced in the
substrate which interacts with the film, creating a cascade which deposits energy far
from the position of the first interaction. Their number increases significantly above
the substrate K-edge causing the loss of contrast in the MTF.

To confirm this hypothesis, the MTF was calculated removing the secondary electrons or
X-ray photons generated in the substrate (figure 2.14). When the substrate’s secondary
electrons are removed, the obtained MTF is the same as the one obtained after tracking
all the secondary particles. Moreover, when the substrate’s secondary X-ray photons

are removed, the low frequency contrast reduction disappears.

2.4.4 Thickness dependency

For a high resolution experiment, a thin film scintillator is required. The resolution de-
grades when the film thickness increases due to the distribution of the energy deposited
in the scintillator and due to the out-of-focus light that is collected by the optics. The
effect of the out-of-focus light is not included in this chapter’s results. Therefore, the
effect of the thickness on the MTF described in this chapter is only due to the energy

distribution in the scintillator.
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The MTF calculated from the energy distribution in different thicknesses of free-standing
GdAP and GdAP on a YAP substrate is reported in figure 2.15 for different X-ray en-

ergies.
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Figure 2.15: MTF calculated from MC simulations for different thicknesses of free-
standing GdAP or GdAP on a YAP substrate, at different energies.

Increasing the thickness has only a negligible effect on the MTF if we consider free-
standing scintillators. For the free-standing scintillator, at low energy (15-20 keV) no
significant differences can be observed for thicknesses in the range 3-50 pm. At 49 keV,
the MTF is degraded if the thickness is increased from 3 to 10 pym, but remains almost
unchanged from 10 to 50 pum. These results can be explained using the discussion in
section 2.4.2 about the MTF variation as a function of the depth z along the thickness
in the scintillator: the MTF is degraded by the flux of secondary electrons. However,
only the electrons produced at a distance smaller than the attenuation length contribute
to the flux. For X-ray photons at 15-20 keV, the electrons ejected from the gadolinium
M and L shells have an energy in the range 8-18 keV, corresponding to an attenuation
length shorter than 2 pm. Therefore, the MTF is not degraded when the thickness is
larger than 2 um. On the other hand, at 49 keV, the L. and M electrons will be ejected
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2.5 Conclusions

with an energy of 42-47 keV, corresponding to a 7-9 pum attenuation length. Therefore,
when the thickness is increased from 3 to 10 um the MTF is degraded, while from 10
to 50 remains constant.

At 55 keV, above the Gd K-edge, even tough the MTF is degraded by the X-ray fluo-
rescence photons, the attenuation length of the electrons decreases because of the lower
energy electrons emitted from the Gd K-shell. For larger thicknesses, the probability
that these fluorescence photons interact with the film degrade the resolution becomes
higher. A contrast reduction at low frequencies is in fact observed for the 50 pm GdAP
film.

Considering GdAP scintillators on a YAP substrate (figure 2.15 continuous lines) the
behavior is similar to the free-standing GAAP. However, a thicker scintillator can im-
prove the MTF by reducing the amount of fluorescence from the substrate. In fact, at
20 keV, a better MTF is predicted for the 50 pm scintillator as compared to the thinner
ones. For increasing energy, this effect starts to compete with the longer attenuation
length of the secondary electrons. At 49 keV, for example, better contrast is observed
for the thickest investigated scintillator at low frequencies, due to the substrate fluores-
cence, while at high frequencies the contrast is approximately the same for the different

considered thicknesses.

2.5 Conclusions

A Monte Carlo application based on the Geant4 toolkit has been developed to study the
distribution of the energy deposited in free-standing or substrate-based few micrometer
thick SCFs. The obtained distribution was used to evaluate the absorption efficiency
and MTF response of the films.

Different scintillating film compositions have been studied as a function of the X-ray
energy, in the range 5-80 keV. The MTF decreases with the X-ray energy, but a sig-
nificant improvement is predicted above the K-edges. The improvement is attributed
to the increase of the probability of the photoelectric effect and to the reduction of the
ejection energy and attenuation length of the photoelectrons.

The substrate also plays a crucial role. The X-rays not absorbed in the film interact
with the substrate and, depending on the energy, generate X-ray fluorescence. These

secondary photons can deposit energy in the film and create an offset in the energy
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distribution, corresponding to a drop in the contrast at low spatial frequencies.

The total amount of energy deposited in the scintillator was also evaluated. For a thin
film, the attenuation calculated from the cross section of the interactions of the primary
X-ray was found to be a good approximation of the absorption efficiency only at low
energies. It becomes less precise at high energy and in particular above the K-edge,
where the absorption efficiency is overestimated due to the escape of secondary parti-
cles from the thin film.

A figure of merit based on the MTF response and absorption efficiency have been
evaluated to select the most promising materials. Lutetium oxide is, due to the high
absorption efficiency, the most promising among the simulated materials at X-ray ener-
gies in the range 5-51 keV and 64-80 keV. Compared to the state-of-the-art LSO SCF,
the MTF response of LugOs is higher in the 5-50 keV range and approximately the
same in the 64-80 keV range. In the 51-64 keV range, the highest figure of merit was
predicted for gadolinium perovskite. These results do not keep into account the optical
quality and the light yield of the SCFs, which can not be precisely evaluated before the
development of the materials.

Lastly, the effect of the scintillator thickness was also evaluated. For free-standing scin-
tillators, increasing the thickness was found to be detrimental for the MTF only up
to a thickness which corresponds to the attenuation length of the secondary electrons.
Above this value, the MTF remains constant. On a substrate a thicker scintillator could
be beneficial for the MTF response since less photons are able to reach the substrate
and produce X-ray photons which degrade the MTF. However, the MTF variation with
the film thickness presented in this chapter does not keep into account the microscope
optics used in high-spatial resolution detectors. This aspect is introduced in the next

chapter.
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Chapter 3

The indirect detector model

3.1 Blurring of the microscope optics

The energy distribution calculated using Monte Carlo corresponds to the light source
that is produced by the scintillator, which is not necessarily equal to the light distribu-
tion measured by the high-resolution detector. In fact the light source, while projected
on the camera by the microscope optics, is also blurred. Further calculations are there-
fore needed to estimate the spatial resolution and the MTF of the detector system in a
realistic way, comparable with the experimental data.

The best achievable spatial resolution is related to the numerical aperture (NA) of the
microscope objective and to the scintillator’s emission wavelength (\). Even in the case
of an ideal aberration-free optical system, a perfect point source is always focused as an
interference pattern, due to light diffraction. The central maximum of this interference
pattern is called the Airy disk. If we define the spatial resolution limit according to
the Rayleigh criterion, it can be estimated as the distance RRayleign between two point
sources such that the maximum of the Airy disk of the first one occurs at the minimum
of the second one. RRayleigh and the corresponding spatial frequency fgrayleigh can be

estimated as (70):

0.61 A 0.82 NA
RRayleigh ~ W ; fRayleigh ~ ﬁ . (31)

The cutoff frequency f ¢, which is the spatial frequency where the MTF contrast value
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3.1 Blurring of the microscope optics

reduces to zero, can be calculated as (70):

_2NA

~ .

A
The depth of field (DoF) is defined in optics as the distance between the nearest and

fo (3.2)

farthest object that appears in focus. For a microscope objective, the DoF also depends
on NA and A (71):
An n

DoF = 2% 4 %
o= A T NAM

where n is the index of refraction (n = 1 for a dry objective, n & 1.5 for an immersion

€,

(3.3)

objective), e is the camera pixel size and M is the total magnification of the optical
system, which considers both the microscope optics and the eyepiece.

In figure 3.1 the DoF (dashed lines) and the f rayicignh (continuous lines) are calculated
as a function of NA, for different A. Shorter wavelengths, as well as higher numerical
apertures, increase the resolution limit. However, they also reduce the depth of field,
making it harder to optimize the detector to be a diffraction limited system. A thinner
scintillator, as well as a sub-micrometer precision focusing system is required to achieve

that.

M =2X 10X 25X 60X 100X
r --0-- DoFI = feoyoen * L 350 nm y
Q .
100§ B TUTDOF = i, 2=550nm + 10000 Figure 3.1: Depth of field
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= 10l \:318:\3 J:./_/=_4./' 1 1000 g a function of the numerical
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E 2 ~bf§:§:::0\ ] :% length. The magnification
1+ \o:i:::g::~ L L100 & M associated with the NA
: “”\C"';;;;;;;ﬁ:::::g; is reported in the top X-
Rl axis.
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If a 1 um spatial resolution is required (i.e. 500 lp/mm spatial frequency) the numerical
aperture of the optics has to be higher than 0.3 for visible light. However, such a
microscope objective has a DoF of 5-10 pym. If the scintillator is thicker than the DoF,

only the light produced within a certain depth dz in the scintillator is projected as a
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3.1 Blurring of the microscope optics

focused image on the camera, while the light produced outside this region is projected
as a defocused image. Since the focused and defocused images contribute to the total
signal on the camera, the overall image quality is degraded.

An analytical model to calculate the response of an aberration-free optical system was
described by Hopkins (57). Taking into account the light diffraction and the defect of
focus dz, the optical transfer function (OTF) of a defocused optical system is calculated

as a convergent series of Bessel functions:

OTF(f, (SZ) =

%w%ﬂggwxw+@gﬁmm%hm»fmfmk@—kwwm}

£ (af sin(36)
= sin (U singan(a) = @) - P (o) - s+

+ sméf)ﬂ) a(a) — Jo(a)] — ..}
— 27TTn|f~\sm2 (@) 62) B = arccos (%‘) , o~ nsf\na 7

(3.4)
where f is the spatial frequency in the object plane, n the refractive index of the scin-
tillator and « the acceptance angle of the scintillator. For a symmetrical pupil function
of the lens, the OTF is equal to its modulus, which is the MTF.

The image on the camera is the sum of superimposing signals originated at different po-
sitions along the thickness of the scintillator. Koch et al. (4), therefore, using equation
3.4, approximate the system response to the response of a defocused optical system,

keeping the thickness of the scintillator into account:

Z—70
MTF(f) = |OTF(f)| = ‘ / OTF(f, 0z)exp % 70) 45 (3.5)
m

where z( is the distance of the plane where the system is focused from the scintillator
surface.

Following this approach the resolution can be evaluated as a function of the scintillator
thickness and the optics’ numerical aperture. The resolution, evaluated from the spatial
frequency where the MTF contrast is 50 %, is reported in figure 3.2, as a function of
NA. For every thickness, there is a minimum in the curve corresponding to the numer-
ical aperture which gives the best resolution, i.e. the numerical aperture with a DoF
equal to the thickness of the scintillator. Increasing NA above that value reduces the

resolution due to the contribution of the defocused signal.
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3.2 The detector’s response

Figure 3.2: Spatial resolution limit as a
function of NA calculated including light
diffraction and defect of focus due to the
scintillator thickness, for A = 550 nm. A
similar result was already published by
Koch et al. in (4).
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This approach do not keep the X-ray energy and the scintillator composition into ac-
count. It is only a valid approximation of the response of the detector if the energy

spread in the scintillator is negligible compared to the optics blurring.

3.2 The detector’s response

To keep both the scintillator and the microscope optics responses into account, each
plane in the scintillator is considered as a light source. Their light distribution is
described by the energy deposition calculated with the Monte Carlo simulations. The
image of each plane is blurred by the optics as a function of the position of the plane
along the thickness of the scintillator. Assuming the system is focused at a certain
position zg, the planes within a certain thickness dz (equal to the DoF) around zy are
projected as a focused image and thus only blurred by the light diffraction. The planes
outside dz, however, are additionally blurred as a function of the distance from zy (dz).
For the calculation, the scintillator has been divided along z in bins of size S, equal to
0.2 pum. S, is selected to be approximately half of the minimum DoF of the systems
that has been investigated in this study. For a dry objective in fact, the maximum NA
is equal to 1 and the DoF between 0.4 and 0.5 pm for UV light (350 nm).

The total MTF, assuming that the system is focused on the j* bin in z (MTFL,),
has been calculated as the average of every plane in the scintillator and weighed by the

deposited energy:
N MTE™(f) - MTFP (62, ) - E{P
B N nd

i Ef

where N is the total number of bins along 7z, MTF:¢nt(f) is the MTF calculated from
the energy deposition in the it slice and MTF{**(f) is the optics response calculated

MTF®C. (f)

20=}

: (3.6)
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3.2 The detector’s response

using equation 3.4.
The position of zy was selected by calculating the maximum total MTF as a function
of the focus position along z:

MTF'" = max(MTFieL )17 (3.7)
As a consequence of the out-of-focus light the effect of the thickness is more important
than what has been shown in chapter 2, even at low X-ray energy. In figure 3.3, the
scintillator response at 15 keV, reported as a reference (MTF5") has been combined

with microscope optics with numerical aperture 0.4.
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For A = 0.6 um, DoF ~ 4 pm (equation 3.3) and f ¢ ~ 1200 lp/mm (equation 3.2). At
15 keV, due to the low average free path of the electrons, the scintillator response is
approximately the same for a scintillator thickness between 3 and 50 pm, and the con-
trast is above 80 % up to 1000 Ip/mm.

By adding the microscope optics we observe, firstly, that the system resolution is limited
by the light diffraction through the optics, even for a scintillator thinner than the DoF:
the value of the MTF calculated using the full model for the 3 pm thick scintillator is
reduced to zero at the cutoff frequency.

Secondly, for a scintillator thicker than the DoF, the contrast, compared to a diffraction
limited system, reduced due to the contribution of the defocused planes of the scintil-
lator. The contrast at 500 lp/mm decreases from 50 % to 10 % while increasing the
thickness of the scintillator from 3 to 50 pm.

In figure 3.4 the MTF including scintillator and optic responses (MTFY") as well as the

separate contributions of MTFs" and MTFP! are reported for three different cases
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3.2 The detector’s response

with numerical aperture 0.8. As a reference, the MTF of a diffraction-limited system is

also reported.
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Figure 3.4: Contributions to MTF®? (scintillator + optics) of the different phenomena:
energy spread in the scintillator (MTF®¢"%) | light diffraction (MTFdiffractiony and defocus
(MTEF°PY). NA — 0.8, scintillator and energy indicated in the plots.

The first case (fig. 3.4(a)) is almost a diffraction-limited system. Since the scintillator
is thinner than the DoF (approximately 1 pum at 550 nm) no degradation due to the
defocus is observed (MTFoPt= MTFdiffraction) = At low X-ray energy (15 keV) the energy
distribution in the scintillator is sharp. Therefore, the MTF'°! is mainly defined by the
light diffraction. However, due to the energy spread in the scintillator, a degradation of
10 % in the contrast is observed as compared to the diffraction-limited system.

The second case (fig. 3.4(b)) is a strongly defocused system. The MTF is degraded by
the defect of focus, due the fact that the scintillator is much thicker than the DoF.
The third case (fig. 3.4(c)) uses the same configuration as the first one. Hence, no
defocus contribution is observed. However, the resolution is more degraded by the scin-
tillator response, because at 49 keV the energy distribution in the scintillator is broad
due to the diffusion of the high-energy secondary particles. The MTF is limited at
low-spatial frequencies by the scintillator response and at high-spatial frequencies by
the light diffraction.

In the three examples shown in figure 3.4, the MTF is mainly determined by one of
the involved phenomena, i.e. the light diffraction, the defocus of the system and the
scintillator response, respectively. However, considering only the most important phe-
nomenon and approximating MTF%! ~ MTF* at low energy and MTF!! ~ MTEscint
at high energy leads to wrong estimation of the MTF.

Moreover, the system often has to be considered in an intermediate situation, where
the different phenomena all contributes to the MTF, as for example in the presence of

a small defect of focus at medium X-ray energies. In such cases, the evaluation of the
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3.2 The detector’s response

best configuration is not trivial when the whole model is not considered.
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Figure 3.5: MTF®! of 0.4 and 5 um thick LSO:Tb films on YbSO substrate, a 5 um
thick GAAP:Eu film on YAP substrate and a 25 pm thick LuAG:Ce free-standing crystal,
evaluated for different NA and X-ray energies.

In figure 3.5, configurations using different scintillators are evaluated: 0.4 and 5 pym
thick LSO:Th films on YbSO substrates, a 5 ym thick GAAP:Eu film on a YAP sub-
strate and a 25 um thick LuAG:Ce free-standing scintillator. The MTF*" curves are
compared for different X-ray energies and numerical apertures.

At low energy (15 keV) light diffraction and defocus play the crucial role. Hence, as
expected, no difference is observed among the scintillators which are thinner than the
DoF. At high NA the most performant scintillator is simply the thinner one. For the 25
pm thick LuAG:Ce scintillator the contrast using NA=0.8 is lower than using NA=0.15
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3.2 The detector’s response

for spatial frequencies below 400 Ip/mm, due to the strong defocus.

The role of the material becomes crucial, when the energy is increased. At 30 keV the
Y K-edge degrades the response of the GAAP scintillator. It is important to note, for
NA=0.45, that the contrast calculated for the 25 ym thick LuAG:Ce and the 5 pm thick
GdAP films are comparable.

At 49 keV all the MTFs are strongly degraded by the energy spread in the material.
Since at high energy MTF*™ is degraded by the thickness of the scintillator (see for
example figure 2.15), the thinnest scintillator is significantly more performant, even
comparing thicknesses lower than the DoF. This is true especially at high NA, where
both the defocus and the energy spread degrades the MTF of the thicker scintillators.
As discussed in chapter 2, at high-energy the main role in MTF*" ig played by the
K-edge of the scintillator. For example, at the 60 keV the MTF obtained for the 5 um

GdAP:Eu scintillator is higher than both the MTFs of the 5 and 0.4 pm thick LSO:Th
films.

To summarize, the plot in figure 3.2 was recalculated including the response of the
scintillators. The curves are reported for the 5 pm thick LSO:Th film on YbSO and
GdAP:Eu film on YAP (fig. 3.6(a)) as well as for the 25 pm thick LuAG:Ce crystal
(fig. 3.6(b)). The curves calculated only considering the optical model are reported as
reference (black dashed lines).
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Figure 3.6: Spatial resolution limit (R) calculated as 50 % of MTF*. As a reference,
the spatial resolution from MTF°P? (light diffraction and defect of focus) is also reported
(dashed black lines). (a) LSO:Tb 5 um on YbSO and GAAP 5 um on YAP, (b) 25 um
LuAG:Ce free-standing.
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3.2 The detector’s response

MTFOPt correctly approximates MTEF'™! at 15 keV, but it overestimates the resolution
at higher energies.

Up to NA — 0.15 the optics response is the same for all the considered scintillators,
since the DoF is thicker than the thicknesses. Consequently, at low energy the response
of the system is the same for all the considered scintillators, while at high energy it
is determined by the scintillator response. For example at 49 keV, due to the YAP
substrate fluorescence a 5 pm thick LSO film outperforms a GAAP film with the same
thickness, and a 25 pym thick LuAG film will do so too for low and medium numerical
apertures (NA < 0.6). At high numerical aperture the thick LuAG degrades the res-
olution because of the out-of-focus light, making the thin film more performant, even
considering the fluorescence of the substrate.

Due to Gd K-edge GdAP gives, among the investigated scintillators, the best resolution
at 60 keV. A spatial resolution of 2 ym can be obtained by choosing a GAAP film, while
it is limited between 4.5 and 8 pum choosing 5 pm thick LSO or 25 pym thick LuAG.
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3.3 Experimental validation

3.3 Experimental validation

3.3.1 The detector’s modulation transfer function

Measuring the MTF of a high spatial resolution detector is not a trivial task, especially
at high X-ray energies. Firstly, the detector system needs to be carefully optimized.
For example, the MTF may be degraded by an error in the focus positioning or by a
tilt angle of the scintillator with respect to the optics and the camera. Additionally, the
MTF measurement requires a test object with details in the size of the spatial resolution
limit (< 1 pm in our case) which is also sufficiently absorbing.

Resolution chart with sub-micrometer size details are commercially available. These
test patterns are useful to get an idea of the spatial resolution and the quality of the
image, but their absorption at high energy is limited due to their thickness and they
only give a qualitative idea of the contrast as a function of the spatial frequency. For
example, a fraction of the JIMA-C006-R:2006 micro resolution chart is shown in figure
3.7. This chart contains details ranging from 0.4 to 15 pum and the absorbing material

is made of 1 pum thick tungsten, which attenuates only 10 % of the X-rays at 20 keV.

Figure 3.7: Example of an image of the JIMA-C006-R:2006 resolution test pattern ob-
tained by X-ray imaging at 15 keV, using a high-resolution detector.

Alternatively, the MTF can be obtained by the slanted edge method (23, 24) in which
the LSF and the MTF are evaluated from the dark-light transition extracted from
the image of a sharp edge. For sub-micron resolution, the quality of the edge is ex-
tremely important. A cleaved edge should be selected, since even a careful polishing
may introduce artifacts (for example, rounding of the edges) which would limit the
high-frequency values of the MTF. Moreover, the edge has to be carefully aligned, per-
pendicularly to the X-ray beam, to avoid that the MTF is affected by the non-complete
absorption of incident X-rays at the edge corners. We chose the slanted edge technique
to validate the simulation results since it allows us to directly measure the full MTF
response and because it is more suitable for higher energies than the resolution chart.

A cleaved 0.9 mm thick gallium arsenide edge has been selected for the measurement.
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The setup of the experiment including the
last set of slits, the edge with its align-
ment stage and the high-resolution detec-
tor are visible in figure 3.8.

The measurements were performed at
the ESRF beamline BM05. The X-
ray energy is selected in the optical
hutch using a multilayer monochromator
(AE/E ~ 1072). To reduce the diver-
gence of the beam, two pairs of slits are
located before and after the monochro-
mator. A third pair is positioned a few
centimeter before the setup (figure 3.8).
The edge is positioned as close as pos-

sible to the scintillator, at a distance of

approximately 2-3 mm, mounted on high
precision motors that allow the alignment Figure 3.8: Setup for the high-spatial res-
of the tilt angle and the position of the

olution measurement using the slanted edge
edge in the X-ray beam. Ideally the edge method.

should be in contact with the scintillator,

firstly to reduce the effect of the remaining beam divergence that may degrade the spa-
tial resolution and lastly to remove the phase contrast. However, this is not possible due
to the alignment requirement of the edge tilt angle perpendicular to the beam direction.
As a consequence, the effect of the phase contrast can enhance the image of the edge,
which improves the experimental MTF compared to the calculated one, especially when

the detector is configured to be a diffraction limited system.

X-ray energy, scintillator composition and thickness

The measured MTFs at 15 and 30 keV are reported in figure 3.9 (continuous lines) for
different scintillators with thicknesses between 1.6 and 25 pym which are combined with
microscope optics of numerical aperture 0.45 and 20X magnification. A 3.3X eyepiece
is added in the optical path, therefore the final pixel size is 0.11 gm. For A — 550 nm,
the DoF is 2.3 pum, the resolution limit according to the Rayleigh criterion is 0.74 pm
(671 Ip/mm) and the cutoff frequency is 1636 Ip/mm. The calculated MTFs using the
detector’s full model, which includes the scintillator response and the optics blurring,

are also reported in figure 3.9 (dashed lines). In the case of the thinnest considered

7



3.3 Experimental validation

scintillator (LSO:Tb 1.6 pm) the thickness is lower than the DoF, no out-of-focus light
degrades the MTF.
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Figure 3.9: Experimentally measured (continuous lines) and simulated (dashed lines)
MTFs at (a) 15 keV and (b) 30 keV. Different scintillators are combined with microscope
optics of NA 0.45 and the PCO2000 camera. The total magnification is 66X, corresponding
to a pixel size of 0.11 pm.

Additionally, the scintillator response of LSO at 15 keV shows much higher values than
the MTF calculated by only including light diffraction and therefore, the detector is
almost diffraction-limited. This was shown for example in figure 3.4(a) in the case of
NA — 0.8. In the case of NA — (.45, the difference between the scintillator response and
the optics response is higher than the difference observed at NA = 0.8, due to the lower
cutoff frequency. Therefore, the MTF at 15 keV for the 1.6 ym LSO is mainly limited
by the diffraction of light. In fact, the calculated MTF corresponds almost to a straight
line approaching zero at the cutoff frequency (1636 1lp/mm). However, the measured
MTF shows higher values than the calculated one: the resolution limit (contrast equal
to 50 %) should be at 0.74 pm (671 lp/mm) according to the Rayleigh criterion, while
experimentally it is at 0.60 pm (825 lp/mm). This effect is due to the phase contrast
which is not included in the calculation. Due to this the edges in the image are sharper
and the contrast is enhanced by approximately 20% at 500 lp/mm compared to the
calculated one. By increasing the thickness of the scintillator above the DoF, the out-
of-focus light significantly degrades the scintillator’s MTF. Although a perfect matching
between the calculated MTFs and the simulated ones was not obtained because of the
phase contrast, the MTF degradation for increasing thickness is correctly foreseen by
the simulations. Additionally, the slight difference between the 8 pm thick LSO and

GGG scintillators, due to the different emission wavelength and scintillator response, is

78



3.3 Experimental validation

predicted by the simulations and observed experimentally.

At 30 keV (fig.3.9(b)) all the evaluated MTFs are degraded by the scintillator response.
Once again, the phase contrast increases the high-frequency MTF values. Therefore
the values obtained for the experimental MTFs are higher than for the simulated ones.
However, considering the spatial resolution at 15 and 30 keV and calculating the degra-
dation of the spatial resolution (AR = W), as reported in table 3.1, a good

agreement between experiments and the simulations can be observed. The difference

between experimental and simulated AR is ~ 2 %.

Table 3.1: Degradation of the spatial resolution R from 15 keV to 30 keV. R is evaluated

from the spatial frequency where the contrast is 50%, AR = Baskev—Raoiev

Ris kev
Scintillator AR simulations AR experiment
LSO:Th 1.6 on YbSO pum -37.4% -39.4%
LSO:Tb 8.0 on YbSO pm -39.1% -41.8%
GGG:Eu 8.0 on GGG pm -37.4% -39.0%
LuAG:Ce 25 free-standing pm -16.3% -18.9%

The X-ray fluorescence of the substrate

To further validate our results, the effect of the substrate X-ray fluorescence was ex-
perimentally investigated. The MTFs where measured at 16 and 18 keV to observe the
differences between the scintillators grown on a Y-free substrate (GGG on GGG and
LSO on YbSO) and the ones on substrates containing Y (LuAG on YAG and GdLuAP
on YAP). The results are shown in figure 3.10 where the experimental and simulated
results are reported using continuous and dashed lines respectively. The high-resolution
detector was equipped with microscope optics of 10X magnification and NA 0.4, a 3.3X
eyepiece and a PCO2000 camera. The final pixel size is 0.22 pm. As in the previous
results, the experimental MTF is enhanced due to the phase contrast. However, as
foreseen from the simulations, the MTF curves of all the considered scintillators are
similar at 16 keV (fig.3.10(a)) while at 18 keV (fig.3.10(b)) a reduction of the contrast
to 80 % in the low frequency range, i.e. below 50 Ip/mm, is observed when an Y-based
substrate is used. The values of the experimental MTF in this range agree well. For
the scintillators that do not contain Y in the substrate, no significant difference can be
observed between 16 and 18 keV.
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Figure 3.10: Experimentally measured (continuous lines) and simulated (dashed lines)
MTFs at (a) 16 keV and (b) 18 keV, for a high-resolution detector equipped with optics of
NA 0.4, total magnification 33X, pixel size 0.22 pm.

3.3.2 The non-proportionality of the scintillators

An important parameter in the scintillator characterization is the non-proportionality,
which is the nonlinear dependence of the light yield on the X-ray energy (26). Not only
does the non-proportionality affect the energy resolution of the scintillator, but it also
has to be taken into account for applications that require a quantitative measurement
under polychromatic beam conditions, as for example encountered in some fluorescence
imaging experiments. Moreover, even for monochromatic beam conditions, the scintil-
lator efficiency should be properly evaluated at the energy that will be selected for the
experiment, if the efficiency is strongly non-proportional.

To measure the non-proportionality, the dose deposited in the scintillator needs to be
precisely estimated as a function of the X-ray energy. The attenuation coefficient may
not be a good approximation of the dose for incident X- and gamma rays, especially
when the scintillator size is reduced, as in the case of thin films. In fact, a fraction
of the energy of the incoming photons that interact with the scintillator does not con-
tribute to the deposited dose due to the escape of the secondary particles created by
the interacting photons. Additionally, the presence of a substrate may increase the dose
due to secondary particles that are generated in the substrate and subsequently reach
the scintillator where they can be absorbed. Using the developed MC code described
in chapter 2, to track the incident X-ray photons and all the secondary particles inter-
acting with the scintillator or with the substrate can give a more precise estimation of

the dose. An example of the difference between the attenuation and the deposited dose
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was already reported in figure 2.6 for a thickness of 5 pum.

The non-proportionality measurement was performed at the ESRF beamline BMO05,
where the X-ray energy was selected with a silicon(111) monochromator (AE/E ~ 107%).
The light yield was evaluated from the average signal from a flat field image (i.e. with-
out objects in the field of view) which was recorded using a high-resolution detector
equipped with 2X microscope optics (NA=0.08) and a PCO2000 CCD camera. The
1x1 mm? beam size was controlled using a set of slits located a few centimeters before
the detector and the X-ray flux was measured using a Canberra 500 pm silicon photo-
diode. In the energy range 16-64 keV, the photon flux measured on the diode was in the

2. Since YAP substrates present a strong emission in the

order of 10° photons/s/mm
visible range, the GALuAP samples were measured by placing a bandpass optical filter
(central wavelength 634 nm, full width-half maximum 70 nm) in the optical path before
the CCD. This ensures the selection of only a part of the Fu emission and removes
most of the substrate luminescence. However, a fraction of the substrate emission, cor-
responding to approximately 10% of the emission intensity of the film, is not filtered
and adds to the scintillator emission.

The recorded data for GALuAP:Eu, LSO:Tbh, and GGG:Eu thin film scintillators, as
well as YAG:Ce 500 pm bulk scintillators are reported in figure 3.11(a). The spectra
are corrected normalized to 1 at 16 keV and corrected by the total amount of incident
energy, which is calculated from the measured X-rays flux. The signal intensity for
the thin films decreases with the X-ray energy, due to the lower percentage of X-rays
that interact with the film, and increases above the K-edges. The signal recorded for
YAG:Ce increases from 17 keV up to 30 keV, due to the increasing thickness of the
scintillator that contributes to the light emission. Above 30 keV, the thickness of the
YAG sample is not sufficient to attenuate the X-rays completely. Therefore, the signal
intensity decreases for increasing energy above 30 keV.

The attenuation of the film is calculated using the NIST database (68) and it is used to
correct the data reported in figure 3.11(b). The data corrected by the dose deposited in
the scintillator calculated using Monte Carlo are reported in figure 3.11(c). Addition-
ally, in the case of GALuUAP, the experimental data has been corrected by subtracting
the signal originating from the substrate. This signal has been calculated (1): from the
fraction of X-rays not attenuated in the scintillator that are attenuated by the substrate
(fig.3.11(b)) or (2): from the dose deposited in the substrate (3.11(c)). As a reference,
the uncorrected data are also reported as dashed lines in figure 3.11(b,c).

We can observe that when the data are corrected by the attenuation, the signal sharply
increases after the substrate’s K-edge (e.g. above 17 keV for GAdLuAP and above 61
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Figure 3.11: (a) LY as function of the X-ray energy, corrected by the X-ray flux and
(b) the attenuation of the scintillator (NIST) and (c) the energy deposited (MC, G4).
The GdLuAP signal was additionally corrected by the luminescence of the YAP substrate

(LYvap = 0.1 * LY gdr.uAP:Eu)-

keV for LSO) and sharply decreases after the film’s K-edge (e.g. above 17 keV for YAG,
above 50.2 keV for GALuAP and GGG and above 63 keV for LSO). These trends are
caused, at least partially, by either an underestimation of the dose due to the secondary
particles from the substrate, or by an overestimation due to the escape of secondary
particles from the thin scintillator. In fact, when the data are corrected by the dose
calculated using MC, the jumps in the curve almost completely disappear for YAG,
GGG and LSO. In the case of GALuUAP the substrate signal is also subtracted from the
data.

82



3.4 Conclusions

Compared to the approximation from the attenuation coefficient, these results confirm

the higher accuracy of the dose calculation by Monte Carlo tracking.

3.4 Conclusions

The model presented in chapter 2 was combined with analytical equations describing
the optics, keeping the light diffraction and the defocus due to the scintillator thickness

into account.

The new model allows, compared to consider separately the scintillator response and the
optics blurring, a more precise evaluation of the most convenient detector configuration.
This is especially true in the intermediate cases, where none of the involved phenomena
prevails. For example, a scintillator thicker than the DoF of the optics can give the same
contrast as a thinner scintillator, with the additional benefit of a higher efficiency, if the
composition is carefully chosen. Among the considered materials this is the case for a
1 to 10 pm thick scintillator on Y-based substrates compared to thicker free-standing
scintillators (10-25 pm), in the energy range 17-50 keV, for low and intermediate nu-
merical apertures (NA < 0.6). The same effect was observed while comparing a 5 pum
thick GdAP with a 0.4 um thick LSO scintillator in the 51-63 keV energy range, even
for high NA.

Moreover, reducing the scintillator thickness at high X-ray energy was observed to be
beneficial not only to suppress the out-of-focus light, but also to improve the scintil-
lator response. Consequently, the MTF improves while reducing the thickness of the

scintillator even below the value of the DoF, which is not the case at low energy.

The detector model was successfully validated experimentally.

The energy deposited in the scintillator calculated using MC was compared with the
value of the emitted light at different energies. The model correctly predicts sharp
increases or decreases of the LY above the film or substrate K-edges, due to the X-ray
fluorescence.

Additionally, the simulated detector’s MTF was compared with the experimental data.
A good match between experiment and simulations was observed. The experimental
MTFs are enhanced by the phase contrast, which is not included in the simulations.
However, the degradation of the MTF due to the increase of the X-ray energy, as well

as the low frequency drop in the contrast due to the substrate, were correctly predicted.
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Chapter 4

Liquid phase epitaxy growth of Gd

and Lu aluminum perovskites

4.1 Introduction

Rare-earth aluminum perovskites are good candidates to improve the efficiency of the
scintillators while keeping the same spatial resolution because of the high densities and
the high effective Z number. In particular, GAAlO3 (GdAP) and LuAlO3 (LuAP) are
good scintillator candidates for imaging experiments at relatively high X-ray energies
(50-75 keV) due to the position of their absorption K-edges. In chapter 2, Monte Carlo
calculations to estimate the absorption efficiency and the MTF response of different
SCF scintillators as function of the X-ray energy have been presented. The percentage
of the energy deposited by incident X-rays into thin film scintillators has been shown in
figure 2.6. The values at 15, 52 and 64 keV are also reported in table 4.1 for perovskites
SCFs as well as GGG, LSO and LuAG, highlighting the potential improvement of GAAP
based film detectors in the energy range of Gd K-edge.

Table 4.1: Total energy deposited (Eqep) in 5 pm thick scintillators calculated for different
X-ray energies using Monte Carlo simulations as described in chapter 2.

GGG LSO GdAP GdLuAP LuAG

on GGG on YbSO on YAP on YAP on YAG
Egep at 15keV 21.11 % 27.85 % 20.13 % 24.73 % 21.02 %
Egep at 52keV 1.28 % 0.94 % 1.40 % 1.38 % 0.76 %
Egep at 64keV 0.87 % 1.14 % 1.02 % 1.09 % 0.75 %

The MTF response has been summarized in figure 2.5. As compared to GGG, GdAP
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4.1 Introduction

SCF shows an improvement of approximately 10 % at 500 Ip/mm above the Gd K-edge.
The contrast obtained for GALuAP SCF on YAP is almost as high as for GGG on GGG
in the range 52-63 keV, and significantly higher in the range 63-80 keV, while it outper-
forms the contrast obtained for LSO scintillator on YbSO substrate in the range 52-68
keV.

The light yield efficiency of the different scintillator was not kept into account in the
model presented in chapter 2, mainly due to the fact that this parameter strongly de-
pends on the growth technology and a precise estimation is not possible before the
development of the scintillator. However, an estimation can be done from data found
in literature. Rare-earth aluminum perovskites have been reported as good scintilla-
tors when doped by appropriate rare-earth ions (72, 73). If comparable light yield to
GGG:Eu?T is obtained, increased total efficiency (efficiency = Eqepx light yield) is ex-
pected.

GdAP and GALuAP have therefore been selected for the development as thin film scin-
tillators, on YAP substrates. The bulk growth of YAP is well developed and YAP

substrates with good crystalline quality are commercially available at a relatively low

Some results about the LPE growth of ReAlO3 (Re =Y, Lu, Th) on YAP substrates
have been already reported (48). In the frame of X-ray imaging applications, our group
at the ESRF has presented results about LuAP SCFs on YAP substrates (74). Optically
good GdAP was not successfully grown using bulk techniques (i.e. Czochralsky or Bridg-
man), but the the possibility of growing GdAP crystals by the flux method has been
shown for an other purpose than scintillators (75, 76). The addition of lutetium may
play a role in stabilizing the crystal during the growth as well as tuning the absorption ef-
ficiency exploiting the K-edges of Lu and Gd. Unlike GAAP, GALuAP (Gd;_,Lu,AlO3)
has been successfully grown using the Czochralsky method (77, 78).

In the case of the LPE growth the lattice mismatch between the film and the substrate
plays a critical role in the crystalline structure and in the luminescence properties of the
film. For instance, Kucera at al. (79) report this effect for lutetium and yttrium alu-
minum garnets, while previously Stringfellow (80) has shown it in the case of Ga,In;_,P
on GaAs substrates. Since the strategy of this work was the development on YAP sub-
strate, the mixed composition of GAdLuAP was also exploited to reduce the mismatch
and improve the crystal quality.

The LPE growth process for GAAP and GdLuAP on YAP substrates using a PbO-B2Os3
flux has been developed. The growth conditions and the crystal structure are presented

in this chapter, while the scintillation and X-ray imaging properties will be introduced
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4.2 GdAP and GdLuAP liquid phase epitaxy

in the next one.

4.2 GdAP and GdALuAP liquid phase epitaxy

Experimental

GdAP and GALuAP epitaxial single crystalline films were grown using LPE on YAP
substrates of crystallographic orientation (001), (100) and (011) (defined in the Pbnm
space group), produced by the Czochralsky method by MaTeck GmbH, Neyco and
Scientific Materials Corp. Several series of samples of undoped and Ce, Tb or Eu doped
films were grown from a PbO-B50O3 flux using GdoO3, LusO3, AlsO3, EusO3, ThyOr
and CesOs 5N pure starting powders. The melt was contained in a Pt crucible and
the growth was performed by the isothermal vertical dipping method (81). The sample
was attached to a Pt sample holder, which rotated during the growth at a speed of 70
rpm, with alternate direction of the rotation every 5 s. The thicknesses of the films
were determined by weight measurement and ranged from 0.3 to 30 um. The growth
was performed at temperatures between 980 and 1080°C resulting in growth rates in
the range 0.05 to 2.34 pym/min.

More explanation about the liquid phase epitaxy technique for optical materials can be

found in (44) and (45).

Results

Figure 4.1 shows the concentration triangle for the pseudo-ternary system of the melt.
The system composed by Pb, B, Al, Gd and Lu is reduced to a pseudo-ternary system
on the three axes of which the relative atomic concentration of Pb+B (flux), Al and
Gd+Lu is reported. The round marks represent the conditions in which the growth of
an aluminum perovskite film covering the overall surface of the substrate was achieved,
regardless of the quality of the film (figure 4.2a-4.2b). The color represents the ratio
Riu. The melt is stable when the atomic ratio % is kept between 5 and 6, meaning
that the growth speed is linear with the temperature (and repeatable over different
samples) and no spontaneous crystallization at the surface of the melt or on the stirrer
is observed. The black crosses indicate the melt concentration where the crystallization
of islands (with a different composition with respect to the film) was observed (figure
4.2e-4.2f). Along the vertical orange dashed line the atomic concentration of Al and

Gd+Lu in the melt agreed with the stoichiometry of the perovskite phase (i.e. Ra; = 1).
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Figure 4.1: Concentration triangle of the pseudo-ternary system Gd + Lu, Al, Pb+ B

studied for the LPE growth of GdyLu;_AlO3 on YAIO;.

indicated the Gd+L
is preferred to the film growth.

The color of the round marks

ratio. The black crosses indicate when the crystallization of islands

The growth parameters and the Al, Gd and Lu relative concentration in the melt are
reported in table 4.2. When islands were crystallized together with the film, the thick-

ness and the growth rate is not reported, due to the lack of precise evaluation by the

weighing method.

Table 4. 2

Rar = Gd+L ’

Atomic ratios between Gd, Lu and Al in the melt (Rp, =
obtained structure (Str.) (f — film, i — islands), thickness (Th.) and growth

Lu
Gatra and

rate (G.R.) for LPE growth of Gd Lu;_,AlO3 on YAP. When islands were crystallized,

the thickness and the growth rate is not reported due to the impossibility of a precise

evaluation by weighing method.

Riu Ra; Str. Th[um] TIOC ] G.R. [7717:1]
0 1 f 4.2-27.8 1030£40 0.4-2.78
0.2 1.73-2.38 f 0.4-5.3 1050£10 0.05-0.49
0.2 2.97 f+i - 1060410 -

0.4 1.38 f 0.3-21.0 1010+10 0.03-1.38
0.55-0.58 1-1.05 f 1.0-23.0 1015410 0.15-2.3
0.65 0.95-1.15 f+i - 1010420 -

0.85 1.21-1.61 f+i - 1010+£15 -

The best optical and structural morphology was obtained for Ry, between 0.55 and
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4.2 GdAP and GdLuAP liquid phase epitaxy

Figure 4.2: SEM images of different surface morphologies obtained for different condi-
tions. (a),(b): Gd 45Lu 55A103 film (low lattice mismatch with the substrate) for substrates
from different suppliers. (c),(d): Gd 10Lu.goAlOg film (high lattice mismatch with the sub-
strate) for substrates from different suppliers. (e),(f): Island growth in the case of excess

Al concentration in the melt.

0.58. In figure 4.3(a), the growth speed for different substrate orientations is reported
as function of the temperature. The samples are grown from the same melt where Ry,
was fixed at 0.55. Small variations from the expected linear dependence in the growth
speed can be observed: these variations are expected, considering the gradual change of
the melt composition, due to its evaporation and due to the EusO3 additions performed

to optimize the dopant concentration.
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The composition of the film was analyzed using a Castaing Cameca SX50 electron probe

micro analysis (EPMA) equipped with tungsten cathode and 4 vertical spectrometers.
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The acceleration voltage of the cathode was 22 kV. In figure 4.3(b), the RE™ (in the
film) with respect to RI!" (in the melt) is reported for different samples; to highlight
deviations, the line corresponds to the case Rﬁflt equal to Rglé“

. A dependence of the
Rﬂiﬂ ratio on the substrate orientation has been observed. For example, when Rfflt
is equal to 0.55, the Lu concentration in the film is considerably lower for the (001)-
oriented samples than for (100) and (011) oriented samples, respectively. We assign
this effect to the growth temperature: in order to have a growth rate of 0.3 um/min,
the required temperature for the (001)-oriented substrates is &~ 12°C lower than for the
(011)-oriented samples. In addition, for all the studied samples, R%lén is always lower
than Rﬁflt. This effect need to be taken into account in order to control the lattice
mismatch and therefore, the film optical quality and crystal morphology.

The concentration of Pb and Pt impurities is close to the EPMA sensitivity, therefore
was measured using the X-ray fluorescence technique (XRF), for three different GALuAP
samples grown on YAP substrates (011), (100) and (001) oriented. The three samples
were grown from the optimized melt composition (i.e. Rp, = 0.55, Pb/B = 5.20-
5.30). The measure was performed using a Rigaku Primus IT wavelength dispersive

XRF system equipped with Rhodium X-ray tube. The results are reported in table 4.3.

Table 4.3: Atomic ratios of the impurities content (Eu, Pb, Pt) in three different GALuAP
thin films, (011),(100) and (001)-oriented respectively. The different ratios are defined as

Rilm — Gd+Lu+]?3(u+Pt+Pb' The concentration of Eu in the melt REC!t = m and the
ratio Rt /REM are also reported.
GdLuAP (011) GdLuAP (100) GdLuAP (001)

Rfilm 0.04 % n.d. 0.01 %
Rim 0.04 % 0.10 % 0.50 %
REIm 1.17 % 1.25 % 1.88 %
Rizelt 1.33 % 1.33 % 1.73 %
Ripelt /R film 0.88 0.94 1.08

The Pb content was found to be lower than the XRF sensitivity for the (100) oriented
sample, while for the other two samples was 0.01 and 0.04%. The Pt contamination is
comparable with the Pb content for the (011)-oriented sample and significantly higher
for the other two. The highest Pt contamination was found for the (001)-oriented sam-
ple, which also corresponds to the orientation showing the lowest light yield efficiency

(see next chapter).
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4.3 GALuAP-YAP lattice mismatch minimization

The GALuAP single crystal films growth was performed by LPE on YAP substrates
with different orientations. The lattice parameters of the film were tuned by a careful
optimization of the film composition to reduce the mismatch with the substrate. X-ray
diffraction techniques were used in combination with electron micro probe analysis and
electron microscopy to improve the growth conditions and the film crystallographic and

optical quality.

Experimental

The surface morphology was investigated using a LEO 1530 scanning electron micro-
scope (SEM).

The crystallographic structure of the GAAP or GALuAP films and the lattice mismatch
with the YAP substrate have been evaluated using X-ray diffraction (XRD) on a vertical
reflectometer at the BM05 beamline at the ESRF (Grenoble). The X-ray energy was
set to 15 keV using a double crystal Si(111) monochromator. The diffraction spectra
were recorded using a silicon diode. The in-plane diffraction experiments were carried
out using a six circle z-axis diffractometer installed at the ID03 beamline of the ESRF
(Grenoble) (82). The sample was kept in an Argon flow during the experiment in order
to prevent damages induced by oxygen and ozone. In order to be able to penetrate
the film and identify the crystallographic orientation of the substrate the energy of
the incident beam was 24 keV. The data were acquired using a Maxipix detector, data

reduction and analysis have been performed using BINoculars (83).

Results

By varying the Lu percentage in the melt composition, and therefore in the film, different
surface morphologies have been observed (figure 4.2). Depending on the substrate
orientation, an optimal concentration of Lu and Gd in the melt leads to a homogeneous
film surface (figure 4.2a), while for a different melt composition the film surface is wavy
(figure 4.2¢) and the optical quality of the film is not good enough for imaging. The
best results were obtained for Ry, between 0.5 and 0.6.

The optical quality of the film, which is strictly connected to the crystalline quality and
to the surface morphology, depends on the lattice mismatch between the substrate and
the film. In table 4.4, the lattice parameter values for GAAP (84), LuAP (85) and YAP
(86) single crystals are reported: the calculated mismatch between GAAP (or LuAP)
and YAP is different in the three crystallographic directions due to the orthorhombic
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structure. A significant mismatch reduction can be achieved for GdyLu;_,AlO3 for x
~ 0.5.

Table 4.4: Lattice parameters of GAAP, LuAP and YAP single crystals from literature
(84, 85, 86) and calculated lattice mismatch. Lattice parameters in A

a b ¢ cell vol.
GdAP (84) 5.2537 5.3049 7.4485 207.5923
LuAP (85) 5.0967 5.3294 7.2931 198.0957
YAP (86) 5.1803 5.3295 7.3706 203.4895
GdAP-YAP +1.417 % -0.462 % +1.057 % +2.016 %
LuAP-YAP -1.614 % -0.002 % -1.051 % -2.650 %
Gd sLusAP — YAP -0.098 % -0.232 % 0.003 % -0.317 %

Figure 4.4 shows the omega-2theta scans at 15 keV around the (400) symmetric reflec-
tion for the (100) oriented samples (a) and around the (002) symmetric reflection for the
(001) oriented samples (b). The ratio between the diffracted intensities of the substrate
and the film is not constant among the different samples, due to differences in film
thickness, composition and crystal structure. The lattice mismatch has been evaluated
from the distance between the GALuAP diffraction peak and the YAP diffraction peak:
the measured value of the lattice mismatch for different samples is reported in figure 4.5,
as a function of the R%gn Since the composition was not measured for every samples,
the composition of the films grown at the same melt concentration was approximated to
the composition of the measured samples. However, a slight difference in the Ry, ratio
between different samples can be observed, mainly due to differences in temperature
and growth rate. This effect has to be taken into account as source of error for the
results reported in this plot.

As expected, the distance between the two peaks reduces going towards Gdg 45Lu¢ 55 A103.
However, the minimum mismatch in the two directions does not occur at the same film
composition.

We can observe in figure 4.4 the broad and asymmetric peaks related to the films. Such
a peak shape (asymmetric, broader) is typical for quasi-heteroepitaxial growth with
relatively large lattice mismatch (above 1%). It indicates a worse structural quality of
films due to some deviations in their content, plane orientation, and formation of the
film /substrate transition layer. Thus, the SCF is still single crystalline but possesses a
worse structural quality than in the homo-epitaxy case (figure 4.4, left column, graphs
for Lug 55Gdg 55A103 : Eu sample). In the right column for this Ry, the peaks from the

substrate and the film strongly overlap and resemble as a broader peak. Together with
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4.3 GALuAP-YAP lattice mismatch minimization
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Figure 4.4: Omega-2theta scans for different films of Gd,Lu;_,AlO3. (a): scans around

the 400 reflection, YAP substrate (100)-oriented, substrate peak at 18.56°. (b):

scans

around the 002 reflection, YAP substrate (001)-oriented, substrate peak at 6.43°. The
approximate composition of the film is reported in the legend, 15 keV X-ray energy.
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the reduction of the lattice mismatch, a reduction of the width of the diffraction peak

of the film was observed, indicating an improvement of the film’s crystal structure.

This effect is confirmed by the evaluation of the rocking curve (RC): in figure 4.6, the

RC for the substrate and the film is reported for two different samples, grown on the
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4.3 GALuAP-YAP lattice mismatch minimization

) ) ) Figure 4.6: Rocking curves
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same kind of substrate and at the same conditions, except for the different Ry, ratios.
In the case of GdggLug1AlO3, Ry, is equal to 0.2 in the melt, Ac &~ +0.8% along the
(001) direction and the observed peak for the film is much larger than the substrate,
indicating that the crystallinity is deteriorated with respect to the one of the substrate.
On the contrary, the RC of Gdg.45Lug55A103, Ry, is equal 0.55 (Ac ~ +0.25%) and
the diffraction peak width is similar to the one of the substrate, indicating a similar
crystallinity. The setup mounted on the beamline BM05 only allows the study of the
symmetric Bragg reflections, i.e. the families of planes parallel to the crystal surface.

To confirm that the film is a single crystal and not a polycrystal with a preferred
grains orientation perpendicularly to the surface, in-plane Bragg reflections were also
studied, using the diffractometer at the beamline ID03. The X-ray beam impinges
on the sample with a small angle respect to the sample surface (grazing incidence
geometry). To separate the potential contribution of the substrate and the film X-
ray diffraction response, out of plane diffraction experiments were repeated at different
incidence angles. The results are presented in figure 4.7. Since lower incidence angles
favor the film response, the filin diffraction peak originating from the film can be clearly
identified. Diffraction rings or additional peaks were not observed, demonstrating that

the film is a single crystal and is oriented as the substrate.
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4.3 GALuAP-YAP lattice mismatch minimization

Incident angle 0.2 degrees Incident angle 0.05 degrees

film

substrate

Figure 4.7: Reciprocal space map around the (212) reflection for Gdg 45Lug 55A103 film
on YAP substrate (001)-oriented, recorded at 24 keV. To enhance the substrate and the
film contribution the maps have been recorded at incident angle 0.2° (left) and at incident
angle 0.05° (right).
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4.4 Film thickness evaluation

4.4 Film thickness evaluation

In the LPE process many films are grown from the same melt. Between the growths of
two samples, the melt is homogenized using a Pt stirrer for at least two hours. After-
wards, the melt requires approximately 1 hour to stabilize the temperature. The lifetime
of the melt, the number of films grown and the delay between two growth processes de-
pends on many parameter as for example the temperature, the melt composition, the
crucible size and the setup of the furnace. In the process that was developed at the
ESRF, the melt is kept at a temperature in the range 950-1150 °C during few weeks.
Typically two or three samples are grown every day with a few hours waiting time be-
tween them.

The film thickness needs to be determined just after the growth for every sample.
Some techniques often used to determine the thickness of a film are based on optical
interference or X-ray reflectivity. However, in the case of the thin film scintillators these
techniques can not be easily applied, the first, because the refractive index of the film
and the substrate are extremely close and the second, because the film is highly ab-
sorbing at small incidence angle. Other techniques damage or destroy the sample. For
example, the thickness can be measured using SEM imaging on the sample side, but
the sample needs to be cleaved.

The weighting method, i.e. the thickness determination from the weight gain during
the growth process, is a quick and cheap way to measure the film thickness. The mea-
surement uncertainty of this method was estimated to be approximately 5 % for 10 um
thick films (44). However, this estimation is valid if the thickness of the two films grown
on the two largest surfaces of the substrate is the same and the growth on the edges is

negligible.

Figure 4.8: Cross sectional SEM image
of a GdLuAP film on (001)-oriented YAP
substrate. The thickness was found to be
homogeneous and the estimation from the
SEM image is 5.5 um, while the thickness
determined using the weighting method is
9.6 pm.
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4.4 Film thickness evaluation

In the case of the GALuAP films, few samples were cleaved and the film thickness was
evaluated from cross-sectional SEM microscopy (figure 4.8) and compared with the ones
obtained from weighting method. Among the considered orientation, the film thickness
evaluated by the weighting method was found to be correct for the (011) and (100)
oriented sample, while it was overestimated of approximately a factor 2 for the (001)
oriented ones, for a film thickness in the order of 10 pm.

This difference is due to the growth on the edges of the substrate. The GALuAP films
were grown on YAP square substrates. The geometry and crystallographic orientation
of the surfaces for the (001) oriented samples is reported in figure 4.9. The two surfaces
where the two SCFs are grown have an area of 10 x 10 mm? and are polished down to
a roughness of 5 A. The four substrate edges have an area of 10 x 0.5 mm? and are not
polished. Since the total surface where the SCFs are grown (top and bottom) is equal
to 10 times the lateral surface, a lateral growth rate equal to 10 times the SCFs growth
rate results in an estimation of the film thickness by the weighting method of twice the

real value.

(010) Figure 4.9: Scheme of the geometry and
crystallographic orientations for a (001)-
oriented GALuAP on YAP substrate. Two sin-

"""""""" ] gle crystal films are grown on the top and bot-

(001) (001)

substrate !

(010)
tom polished surfaces (area = 10 x 10 mm?).

Lateral growth can be observed on the edges,
not polished (area — 10 x 0.5 mm?)

The surfaces of the edges are oriented (100) and (010), for (001)-oriented substrate.
In figure 4.3(a) the growth rate for GdLuAP SCFs on different substrate orientations
is reported as a function of the temperature. The growth rate on the (010) oriented
surfaces was not evaluated in this work. We can observe that for a given temperature in
the supersaturation range, the growth rate on the (100) oriented surfaces is significantly
higher than on the (001)-oriented ones. At 1012 °C, the growth rate is ~ 0.25 pum/min
on the (001) orientation and 1.5 pm/min on the (001). The lateral growth rate can
not be precisely estimated from this data, due to the differences in the growth rate on
a polished surface as compare to a rough one, and to the missing information about
the (010) oriented surface. However, a non-negligible lateral growth is expected for the
(001) oriented substrates, which explains the overestimation of the film thickness by
weighting method. On the contrary, when the substrate is (100)-oriented, the lateral

growth on the (001) lateral surfaces is expected to be close to zero, leading to a correct
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estimation of the film thickness by the weighting method.

4.5 Conclusions

A LPE process to grow GdLuAP:Eu SCFs on YAP bulk substrates has been developed,
using a PbO — B5Oj3 based flux. The improvement of the film crystallographic struc-
ture and surface quality with the reduction of the film-substrate mismatch has been
demonstrated using X-ray diffraction techniques. Non-negligible contamination of Pt
from the crucible have been detected in the SCFs, while the Pb contamination from the

flux is less significant.
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Chapter 5

Gd and Lu perovskites X-ray

imaging properties

The scintillation properties of the newly developed GdLuAP thin films, doped with
various rare earth ions, are presented in this chapter. The Eu-doped GdLuAP SCFs
have been optimized for imaging and their performances as scintillators for high spatial
resolution detectors have been compared with the state-of-the-art Eu-doped GGG SCFs.
The effect of the birefringence of the aluminum perovskite crystals on the quality of the

image is also presented.

5.1 Scintillation properties

Experimental

To evaluate the light yield (LY), the scintillator was irradiated by 8 keV X-rays and the
signal was recorded by a PCO Sensicam camera, combined with 2X optics. The signal
intensity was corrected by the calculated absorption of the X-rays in the scintillator and
by the sensor quantum efficiency and compared to the signal obtained with a YAG:Ce
bulk sample chosen as reference (produced by Crytur). The photoluminescence spec-
tra were measured at room temperature (RT) using a Horiba/Jobin-Yvon Fluorolog-3
spectrofluorimeter with a 450 W xenon lamp and a Hamamatsu R928P photomulti-
plier. The photoluminescence excitation (PLE) spectra were corrected for the xenon

lamp emission spectrum.
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The perovskite SCFs can be doped with various rare earth ions ensuring the scintilla-
tion properties. In this work we tested europium, terbium and cerium as activators. In
figure 5.1 the emission spectra under UV excitation of GAAP:Th3+, GdAP:Ce?* and
GdLuAP:Eu?t are reported. The dopant concentrations R%elt in the melt, defined as
the atomic ratio Rl = m (where X = Th, Ce, Eu), were 6.3%, 0.5% and 2.0%
for the GAAP:Th3*, GAAP:Ce?t and GdLuAP:Eu* samples respectively.

The Ce?t doped sample shows a broad UV band due to the electric dipole allowed d-f
radiative recombination. The maximum wavelength peaking at 360 nm is typical for the
cerium emission in perovskite phases. As shown in XRD, no residual garnet phase can
be optically observed. Generally the optical components transmission of high-spatial
resolution detectors is close to zero for wavelengths below 400 nm, therefore this dopant
was not selected for further optimization in the frame of this work.

Eu?t and Tb3* exhibit the expected emission lines from of the f-f recombination, re-
spectively in the red and green ranges, which is well transmitted by most of the available
optics. Note that the divalent europium emission, normally located in the UV-blue re-
gion, was not observed. If the various activators can enter in the film, our final aim
is to obtain the best light yield, combined with an appropriate emission wavelength
and offering a good optical quality for X-ray micro-imaging. So far, we focused on the
optimization of Eu®* doped GdLuAP SCFs, with Ry, ~ 0.55. As described above, this
composition shows the smallest lattice mismatch with YAP substrates. This compo-

sition leads thus to the best optical quality SCFs which is crucial for imaging and to
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5.1 Scintillation properties

proper scintillation yield evaluation.

Using a standard experimental set-up including a pulsed excitation source operating at
404 nm, we measured the fluorescence decay time of GdLuAP:Eu3t at 614 nm emission
wavelength and found a value of 1.49 ms. This means that Eu doped perovskite SCF
are suitable for imaging experiments at acquisition frame rate lower than 500 Hz.

In figure 5.2b the LY of different Eu-doped GdLuAP SCFs is reported as a function
of the percentage of the reference bulk YAG:Ce LY. Note that the measurement was
corrected by the absorption in the film, the light emission of the substrate and the quan-
tum efficiency of the camera. The density being of the same order of magnitude, similar
penetration depth of X-rays in the samples is expected, enabling to consider similar
light collection efficiency from sample to sample. On the (011)-oriented substrates, the
optimized light yield is about 90 % of the YAG:Ce bulk scintillator used as reference.
The LY of the GGG:Eu?* SCFs is around 70 % while the currently used LSO:Tb SCF
shows a scintillation yield of 100 %. In terms of efficiency, the GALuAP:Eu SCFs can
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Figure 5.2: (a) Eu concentration in the film RHE™ as a function of the Eu concen-
tration in the melt Rl (RfEn;n/melt = Eu/(Eu+ Gd + Lu)), for Gdg.45Lug.55A103:Eu®t
(RP! = Lu/(Gd + Lu) = 0.55).

(b) Light yield of Gd,Lu;_,AlQz:Eu®t (R = 0.55 — 0.58) for different YAP substrate
orientations. The emitted light is recorded using a high-resolution setup and the measure-

ment, is corrected for absorption and detector quantum efficiency.

therefore compete with the existing SCFs, especially in the energy range 52-63 keV,
where the absorption of the Lu-based materials is lower than the Gd-based ones. The
figure of merit for 5 pm thick GGG, LSO and GdLuAP is plotted in figure 5.3. The
FoM is calculated as in equation 2.2, including the scintillator MTF response and the

deposited energy from the MC model described in chapter 2, and the light yield ex-
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5.1 Scintillation properties

perimentally evaluated at 8 keV, assuming the scintillators being perfectly proportional
with the X-ray energy and flux. The GALuAP:Eu FoM is 1.3 times higher as compared
to GGG:Eu and up to 3.4 times as compared to LSO:Tb in the energy range 52-63
keV, while in the energy range 64-80 keV it decreases down to 0.7 times as compared

to LSO:Tb and increases up to 4 times as compared to GGG:Eu. An other important

Tpo
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e 1E-3 | GdLuAP scintillators.
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aspect to underline in figure 5.2 is the dependence of the GdLuAP:Eu scintillation yield
on the crystallographic orientation: it is in fact only 20 % for (100)-oriented samples
and 40-60 % for the (001)-oriented ones. For the (001)-oriented samples, keeping into
account the overestimation of the film thickness due to the fast lateral growth on the
sample borders, the light yield is approximately 30-40 %, still lower as compared to
the (011)-oriented samples. The reason for this difference is not yet clear and requires
more detailed investigations. So far, we can exclude that it could be due to a different
segregation coefficient of Eu and therefore, to a different Eu concentration in the film.
The Eu concentration in the films was measured by EPMA and the obtained values
are similar for samples of different orientations grown at the same melt concentration
(figure 5.2-a). Moreover, the Eu concentration in the melt was varied from RE™ 0.5 %
to 5 %: in this range, no significant variation of the scintillation yield was observed.
Therefore, this difference is mainly due to the different strain and defects that could
lead to a different efficiency of the energy transfer between the perovskite crystal and
the Eu atoms. The Pb and Pt contents were evaluated by XRF on three samples: the
results were reported in table 4.3. The Pb content is close to the detection limit and
does not seem correlated with the light yield. For the (011)-oriented sample (LY~90 %)
the Pt and Pb content are comparable. In comparison to the (011)-oriented sample, the
Pt content is twice higher for the (100)-oriented sample (LY~40-60 %) and ten times
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5.2 High-resolution X-ray imaging

higher for the (100)-oriented sample (LY~30 %). A different segregation coefficient of
Pt in the film could explain the different light yield. However, more experiments to

improve the statistics are needed to confirm this result.

5.2 High-resolution X-ray imaging

The imaging properties of the perovskite SCFs were tested at the ESRF on the beamline
BMO05. The scintillators were mounted in a high spatial resolution detector, equipped
with microscope optics and PCO2000 CCD camera. The scintillators were polished
down to 170 pum (total thickness film plus substrate) to match the standard correction

for the glass coverslip implemented in most of the commercial microscope objectives.

(d)

Figure 5.4: Flat field images at 15 keV using 20X/0.45 optics (Field of view 0.7 mm) (a)
GdAP on YAP (b) Gdo_gLu0_1A103 on YAP (C) Gd0_45Lu0.55A103 on YAP and (d) GGG
on GGG.

In figure 5.4, the flat field images recorded using (a) GAAP:Tb, (b) GdggLug1AlO3 : Th,
(¢) Gd 45Lu 55A103 : Eu and (d) GGG:Eu scintillators are compared. When the lattice
parameter of the film is not optimized to reduce the mismatch with the substrate, the
flat field image is inhomogeneous (a,b) due to the presence of regions where the film is
thicker or surface structures leading to light scatter which enhance the light collection
from the scintillator. This effect reduces the dynamic range of the detector and the
image quality. In the case of the Gd 45Lu 55A103 : Eu SCF, the lattice mismatch is not
reduced to zero but it is significantly reduced. However, the flat field (c) is as homoge-
neous as the one obtained with the homoepitaxially grown GGG:Eu (d) demonstrating
that the perovskite film possesses the required optical quality high spatial resolution
imaging.

The X-ray radiography of a fly recorded at 12 keV using different scintillators is shown
as an illustration in figure 5.5. The flat field correction has been applied to all the
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5.2 High-resolution X-ray imaging

images. When the optical quality of the film is degraded by the lattice mismatch, as
in the case of GdAAP:Eu SCF on YAP substrate (fig.5.5a), the image is distorted and
the small details can not be be clearly identified as in the case of a SCFs with higher
optical quality (fig.5.5b). On the contrary, for the GALuAP:Eu SCFs (fig.5.5¢), the
image quality is at least as high as the one obtained using a GGG:Eu state-of-the-art

SCF. To quantify the image quality, the modulation transfer function was calculated

Figure 5.5: Image of a fly with 2X/0.08 microscope objective and (a) GAAP:Tb 17.1 pm,
(b) LSO:Tb 5.6 um, (¢) GdLuAP 11.4 pm (d) GGG:Eu 11.2 pm.

from the radiography image of the JIMA micro-resolution chart. In figure 5.6 top, we
show few images and deduce the contrast as a function of the spatial frequency for
the bulk YAG:Ce, GGG:Eu SCF, the current state of the art, and the new optimized
scintillating screen made of GALuAP:Eu. We clearly show that the combination of the
good light yield and optical quality give rise to a contrast improvement in the small
spatial frequencies by a factor of 10%.

The result was also confirmed by the MTF measured using the slanted edge technique,

reported in figure 5.7.
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5.2 High-resolution X-ray imaging
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The optical quality obtained for the GALuAP films on YAP is at least comparable to
the one of the state-of-the-art GGG SCF scintillator. The possibility of obtaining the

optical quality required for high spatial resolution imaging, reducing the mismatch of

the film with the substrate tuning the film composition, was demonstrated.
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5.3 Effect of the scintillator birefringence on the MTF

5.3 Effect of the scintillator birefringence on the MTF

Many transparent solids, e.g. glasses, many polymers, or crystals with a cubic structure,
are optically isotropic. This means that the index of refraction is the same along every
direction in the material, which is caused by the arrangement of atoms, and therefore
the electronic structure of the material, being the same along the three axis directions.
The interaction of light with an isotropic material does not depend on the angle between
the propagation direction of the light and the material axes. The light is refracted at a
constant angle, travels at a single velocity and is not polarized by the interactions with
the electronic structure.

Crystals with a non symmetric structure are often optically anisotropic: the index of
refraction depends on the propagation direction of the light and on its polarization.
These anisotropic materials, defined as birefringent, can be uniaxial or biaxial. In the
first case an axis can be found around which a rotation of the crystal will not change
its optical behavior because all the directions perpendicular to this axis are optically
equivalent. This axis is called optic axis and the light propagating along it behaves as the
light passing through an isotropic material. Uniaxial material can be described by two
indexes of refraction: an ordinary index of refraction ny, governing the light polarized
perpendicularly to the optic axis, and an extraordinary one n,, governing the light
polarized along it. Biaxial materials are characterized by three indexes of refraction
n,, ng, n, and have two optic axes. When the light propagates along a direction
different from the optic axes, both polarizations are considered as extraordinary, with
two different indexes of refraction. The dependence of the refractive index on the
propagation direction of light in an anisotropic crystal is represented by a geometrical
figure called an optical indicatrix (87).

The birefringence phenomenon was already observed in 1669 in calcium carbonate (88),
with n, = 1.658, n. = 1.486 at 590 nm, one of the crystals presenting the strongest
birefringence. Looking at an object through this crystal results in a double image
due to the double refraction of the light reflected by the object (5.8(a)). However,
the phenomenon was not understood until when A.J. Fresnel described the light in
terms of waves including its polarization, more than one century later. Today the
phenomenon is widely exploited in various applications, from optical microscopy to
medical diagnostics and liquid crystal displays. However, in some fields birefringence
can create problems. For example, it is critical for the fabrication of high-resolution UV
optics used for semiconductors lithography, for the transparency of ceramic materials

and for the spatial resolution obtained when birefringent scintillators are employed for
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5.3 Effect of the scintillator birefringence on the MTF

imaging applications.
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Figure 5.8: (a) Example of the double image of an object when observed through a
calcium carbonate (calcite) crystal. (b) Qualitative examples of the effect of the rotation

of the crystal on the image, obtained using the Nikon on line tutorial (89).

The latter also concerns the GALuAP thin films presented in this work. An example of
the effect of the birefringence of a scintillator on the image quality is shown in figure 5.8.
Line patterns along two perpendicular directions are observed through a calcite crystal:
depending on its orientation, the image of the chart is doubled in a certain direction.
For a certain position of the crystal, that we take as 0° reference, the doubling of the
image is along the horizontal direction, therefore the resolution is highly degraded along
this direction and not affected along the vertical one. When the crystal is rotate 180°,
the situation is opposite. For every position between 0° and 180°, the doubling and
the resolution degradation will somehow affect both the directions. However, an object
is more complex than a resolution chart and contains details in every direction, as for
example the fly in figure 5.5. The birefringence will affect some directions more than
others, but the overall image quality will be degraded. The example of calcite is well
known and often shown as example, since the difference in optical path between the
ordinary and the extraordinary rays is well visible by eye for a sufficiently thick crystal.
To compare this example with the case of GALuAP scintillators considered in this work,

we should first compare the birefringence B, evaluated as

B = npax — Dmin (51)
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5.3 Effect of the scintillator birefringence on the MTF

where np;, and np.c are respectively the lowest and highest refractive index of the
material. B is approximately 0.2 for calcite and 0.02 for YAP crystals (90). The
difference in optical paths D depends not only on B but also on the distance to traverse,

i.e. the thickness t of the crystal:

D=B-t. (5.2)

D is typically a few mm for a cm thick calcite crystal. Therefore a double image is
easily visible by eye (see for example fig.5.8).

Thin film scintillators considered in this work are only 10-20 pum thick, but the visible
light image produced in the scintillator also traverses the substrate. Therefore, a total
thickness of approximately 170 um should be considered. YAP is a biaxial crystal,
it has therefore three refractive indexes n,, ng and n, along three optical directions,
corresponding to the three crystallographic axes in the case of an orthorhombic crystal
structure. By convention, the three refractive indexes n,, ng and n, are named from
the lowest to the highest value to avoid confusion in the case of the monoclinic and
triclinic crystal structures, where the optical directions are not parallel to the crystal-
lographic ones. Hence each of the indexes n,, ng and n, can be associated to each of
the lattice parameters a, b, and c¢. The three refractive indexes at 600 nm for the YAP
crystal structure (91) are reported in table 5.1, after correctly associating them to the
three crystallographic directions a, b and c. The birefringence B, varies from 0.009 to
0.024 depending on the crystallographic orientation. D is therefore in the order of few
micrometers, non-negligible when compared to the spatial resolution we are aiming for.
To study the effect of the scintillator’s birefringence on the quality of the images ob-
tained using high-resolution X-ray detectors, the contrast and the spatial resolution
were measured for different angles of the scintillator around its surface normal. These
measurement were performed using both using both the resolution chart and the slanted
edge method. The experiments were performed on the ESRF beamline BM05, at an
X-ray energy of 16 keV. The setup of the expriment is the same as the one presented in
section 3.3. The high-resolution detector is equipped with microscope optics of numer-
ical aperture 0.4 and 10X magnification, a 3.3X eyepiece and a PCO2000 camera. The
pixel size of the whole setup is 0.22 um.

The measurement performed using the JIMA-C006-R:2006 resolution chart is similar
to the example reported in figure 5.8(b). However, for X-ray imaging, the image is not
formed by the light reflected by the object. The X-ray flux partially absorbed in the
object irradiate the scintillator and produces a visible light image which traverses the

scintillator and substrate and it is projected on the CCD camera. Hence, the image

107



5.3 Effect of the scintillator birefringence on the MTF

quality does not only depend on the crystal’s birefringence, but also on the X-ray beam
divergence, the geometry of the investigated object and the spread of the energy de-
posited in the scintillator. However, by evaluating the contrast along two perpendicular
directions while varying the scintillator’s rotation angle around its surface normal, we

can determine if the birefringence plays a role in the detector’s performance.
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Figure 5.9: X-ray images of the 1.5 um horizontal and vertical line patterns of the JIMA-
C006-R:2006 resolution chart and extracted profiles in the vertical (V) and horizontal (H)
direction, for three different angles of the scintillator around its normal. The calculated
contrast C = (Iyax — Limin)/(Imax + Lmin) is reported in the legend. The X-ray energy is
16 keV, the scintillator is a (110)-oriented 11.5 pm thick GdLuAP:Eu SCF on YAP, the
microscope optics numerical aperture is 0.4 and the final pixel size is 0.22 pm (10X/0.4 +
3.3X + PCO2000).

In figure 5.9, the images of the 1.5 pum line patterns, as well as the extracted profiles
along the vertical (V) and horizontal (H) direction in the image are reported for three
different positions (0°, 45° and 90°) of the scintillator around its surface normal. The
scintillator is (011)-oriented GdLuAP:Eu on a YAP substrate. The in-plane orienta-
tion of the scintillator was not measured. Therefore, the reported angles are relative
to the reference 0°, but they should not be associated with a specific crystallographic
orientation. It is important to underline that the X-ray beam presents a larger diver-
gence along the horizontal direction than along the vertical, therefore, higher contrast
and higher resolution are expected along the vertical direction. However, for a certain
scintillator angle (0°), the contrast in the H direction is higher than in the V direc-
tion. When the scintillator is rotated 90°, the highest V contrast is obtained. At 45°,
an intermediate situation was observed. The contrast measured along V is still higher

than along H due to the beam divergence, but the difference between the two profiles
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H an V is reduced with respect to the 90° measurement. The same measurement was
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Figure 5.10: (a-e) CTF curves measured using a JIMA-C006-R:2006 resolution chart at
16 keV along two perpendicular directions H and V, varying the angle of the scintillator

around its surface normal. (f) Birefringence value and standard deviation calculated for
the CTF measurement reported in (a-e). The detector was equipped with 10X NA=0.4
microscope optics, 3.3X eyepiece and CCD camera PCO2000. The final pixel size is 0.22

pm.

repeated for the 1, 1.5 and 2 pum line patterns and the contrast transfer function CTF
was calculated. The results are reported in figure 5.10 for (a) (100), (b) (011), (c) (011)
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5.3 Effect of the scintillator birefringence on the MTF

Table 5.1: Lattice parameters and refractive indexes of YAP at 600 nm as reported in (91).
Since the crystal structure is orthorhombic the three optical directions correspond to the
crystallographic axes. The birefringence (B) is calculated for different crystal orientations
(c.0.). GALuAP:Eu SCFs on the (010) and (110) orientated substrates, reported in gray,
were not obtained in this work. The last column contains a quantitative evaluation of the

effect of the birefringence as observed from the MTF measurement.

lattice parameter n c.o. B Impact on the MTF
a — 5.1803 A n, =1.9505 (100) 0.009 negligible
b = 5.3295 A ng =1.9413 (010) 0.024 not evaluated
¢ = 7.3706 A n, =1.9268 (001) 0.014 weak
(011) strong
(110) 0.016 not evaluated

(d) (110) oriented GALuAP:Eu thin film scintillators. As reference in figure 5.10(e) the
result for a GGG:Eu scintillator is also shown. GGG has a cubic crystal structure and
it is not birefringent, hence the CTF does not vary with the angle and the difference
between the CTF measured along V and H remains constant because it is only due to
the different beam divergence. The GALuAP:Eu (100)-oriented scintillator (a) is similar
to GGG:Eu, although a slightly higher dispersion of the CTF values is observed. The
CTF values obtained along the H or V direction for the (011)-oriented GdLuAP:Eu
strongly depend on the rotation of the scintillator. Additionally, as already shown in
figure 5.9, at 0° the contrast measured along the H direction is higher than along the
V one, while when the scintillator is rotated 90° the higher CTF along the vertical
direction is measured. The same effect was observed for the (110)-oriented GdLuAP
scintillator. At 45° the CTF along H is higher than along V, and the maximum CTF
along V was measured at 135°. A smaller spread of the CTF values is observed when
compared to the (011)-oriented scintillator. Finally, in the case of the (001)-oriented
GdLuAP:Eu, the measured contrast is influenced by the angle, but a position where
the H contrast is higher than the V contrast was not found.

To quantify the results obtained with the CTF measurement, in figure 5.10(f) we re-
ported the standard deviation on the CTF obtained for the average contrast of the three
measurements at three different scintillator angles. In the same plot, the birefringence
values calculated from literature (table 5.1) for different YAP orientations are also re-
ported. The results obtained for the CTF measurement are in good agreement with the
birefringence values. Among the considered orientations, the (011) is expected to show
the highest birefringence and the (100) the lowest one. The (010) should in principle

present even a higher birefringence than the (011), but no scintillators were obtained
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5.3 Effect of the scintillator birefringence on the MTF

on this orientation. The (110) and the (001) oriented scintillator show an intermediate
effect, in agreement with the calculated B values. The general trend described by the
standard deviation well reproduces the increase of the birefringence values from the
(001) to the (011) orientation.

To confirm the results obtained with the CTF we also measured the full MTF using the
slanted edge method described in section 3.3 varying the angle of the scintillator around
the surface normal, for the (011) and (100)-oriented GdLuAP:Eu and for the GGG:Eu
SCFs. The condition of the experiment and the detector configuration are the same as
used for the measurement using the JIMA resolution chart. The results are reported in
figure 5.11. The MTF curves obtained obtained for three measurement at 0°, 45° and
90° using a GGG:Eu SCF are reported to show the uncertainty of the measurement.
At 500 lp/mm the average contrast is 0.26 £+ 0.02. In the case of the (011)-oriented
GdLuAP:Eu scintillator, the MTF curve strongly depends on the rotation of the scin-
tillator. The contrast at 500 lp/mm varies from 0.1 to 0.3 and the average value is 0.19
4+ 0.12, lower than the one measured using GGG. However, the best MTF obtained
for this orientation shows higher contrast than GGG. For the (100)-orientated SCF the
MTF slightly depends on the angle, but the average contrast (0.34 4+ 0.05) is higher
than the value obtained using the GGG:Eu scintillator.
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Figure 5.11: MTF curves measured using the slanted edge method at 16 keV, varying the
angle of the scintillator around its surface normal. The detector was equipped with 10X
NA — 0.4 microscope optics, 3.3X eyepiece and PCO2000. The final pixel size 0.22 pm.

The effects of the birefringence on the image quality has been experimentally measured
and correlated with the YAP birefringence values from literature. The scintillator crystal
structure and orientation have to be taken into account for the estimation of the MTF
of the detector. It is, however, important to underline that these results are strictly
connected with the conditions of the experiment. When the spatial resolution is already

limited by other phenomena, as for example the energy distribution in the scintillator
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5.4 Conclusions

at higher X-ray energy, or the out-of-focus light when a thicker scintillator is selected,
the effect of the birefringence may become negligible. On the contrary, by selecting a
lower X-ray energy and using a detector configuration for higher spatial resolution, the

effect may become even more important.

5.4 Conclusions

The feasibility of sub-micrometer resolution X-ray imaging using GdLuAP:Eu have
been demonstrated. The light yield depends on the substrate and film crystallographic
orientation. For the (011)-oriented samples a light yield higher than the light yield
of the GGG:Eu state-of-the-art SCF scintillators was obtained. The figure of merit,
obtained from the efficiency of the scintillator and its M'TF response, shows that the new
GdLuAP:Eu SCF could compete with the existing SCFs, especially in the range 52-64
keV. However the birefringence effect of the (011)-oriented aluminum perovskite crystals
is non-negligible when sub-micrometer spatial resolution is required. Consequently,
further investigations are required to optimize the LPE process on the (100)-oriented
YAP substrates and increase the light yield up to the value obtained for the (011)-

oriented ones.
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Chapter 6

Single crystal lutetium oxide

scintillating films

The first results about the development of Eu-doped lutetium oxide (Lu2Ogz) single

crystal films are reported in this chapter.

6.1 Introduction

In the last twenty years, LusO3 has been studied extensively since it showed promising
properties as a laser material and as a scintillator for radiation detection. Over the
years the development has focused on many different crystalline forms, e.g. transparent
ceramic (92), bulk single crystal (36, 37, 93), polycrystalline thin film (94), micro-
structured material (95) and micro- and nano-particles (96, 97).

Lutetium oxide is a good candidate for high-resolution imaging for three main reasons.
Firstly, the remarkable high density (9.5 g/cm?) and high effective Z number of LusO3
lead to a high absorption efficiency. In table 6.1 the calculated energy deposited (see
chapter 2 for the calculation details) in a 5 pm thick film of LupOgs is reported and
compared to GGG, LSO, GALuAP and LuAG films. In terms of absorption efficiency,
the lutetium oxide film outperforms the other considered materials. For example at 64
keV, the energy deposited is 1.6 times that of LSO and 2.4 times that of LuAG.
Secondly, LusO3 accepts many activators, and is thus a versatile host for efficient phos-
phors. Eu-doped LusO3 has been proposed as an excellent scintillator for the first time
by Dujardin et al (30) in powder form, exhibiting a scintillation yield up to 60 % of the
well-known Gd0,S : Th3*. Transparent ceramic LupsOs:Eu scintillators were reported
by Shi et al.(98) to show 10 times the light yield of single crystal BGO scintillators,
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6.2 Lutetium oxide liquid phase epitaxy growth

Table 6.1: Total energy deposited (Eqep) in 5 pm thick scintillators calculated for different

X-ray energies using the Monte Carlo simulations described in chapter 2.

GGG LSO GdAP GdLuAP LuAG LuyO3

on GGG on YbSO on YAP on YAP on YAG on LuyOs3
Edep at 15keV 21.11 % 27.85 % 20.13 % 24.73 % 21.02 % 38.15%
Egep at 52keV 1.28 % 0.94 % 1.40 % 1.38 % 0.76 % 1.47%
Egep at 64keV 0.87 % 1.14 % 1.02 % 1.09 % 0.75 % 1.83%

which have a conversion efficiency of approximately 9-10 ph/keV, while Seeley at al.(92)
reported an efficiency 3 times higher than commercially available scintillating glasses
(IQI-301). Garcia-Murillo et al. (99) reported a light yield of 22 photons/keV for
Luy03:Eu sol-gel polycristalline films. All these results show that LusOgs:FEu can surely
compete in terms of light yield with many currently commercially available scintillators.
However, not many results are available for the single crystal LusOgs:Eu scintillators.
Recently, Veber et al. (37) reported a light yield for Luy 56Gdg 4103 : Eu single crystals
up to 2 times higher than that of YAG:Ce.

The last reason for being a good candidate for high resolution imaging is found in the
cubic crystal structure of LusOs and its optically isotropic properties. Therefore, the
resolution is not expected to be degraded due to the birefringence (see section for a

detailed explanation).

6.2 Lutetium oxide liquid phase epitaxy growth

For the LPE growth of lutetium oxide SCFs a bulk SC with the same structure and
a lattice parameters close to the ones of the film are required. Many sesquioxide ma-
terials as LusOgs, Y203 or GdoOg are difficult to growth as bulk single crystals due
to their high melting point, which is above 2400 °C. However, much progress has been
observed recently. Promising results have been obtained using techniques which lower
the growth temperature using solvents as for example the hydrothermal or the flux
methods (37, 93). Up to now, however, the production of optically good crystals with
a volume of a few cubic centimeters has only been reported using a modified version
of the Bridgman technique, the so-called heat exchanger method (HEM) (37), which is
still in a development stage.

In this work the LusOj films were grown on SC LusOj substrates produced by FEE
GmbH using the HEM technique. Due to the development state of the bulk growth,

the substrates were not oriented along a preferential direction and in some of them
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6.2 Lutetium oxide liquid phase epitaxy growth

the presence of grains with a different orientation than the rest of the substrate was
observed through X-ray Laue diffraction.

The solvent used for the growth of the film was composed of PbO and B2Os 5N pure
powders with an atomic ratio Pb/B 5.1-5.5. LusO3 and EusO3 5N pure powders were
dissolved in the solvent. The experimental details are the same as described in chapter
4.

So far two different melt compositions, here called A and B, were studied, and ap-
proximately 40 LuyOs films with thicknesses in the range 0.5-22 um were grown. The
parameters for the growth are reported in table 6.2. As comparison, the parameters for
the optimized growth of GALuAP SCFs on YAP substrates are also reported.

Table 6.2: Growth parameters studied for the liquid phase epitaxy development of LuyO3
thin films on LuzO3: R =(Eu)/(Eu+Lu) and R®°!* =(Eu+Lu)/(Lu + Eu + Pb + Eu),
range of growth temperature (T), thickness (Th.), growth rate (G.R.) and average light
yield (L.Y.) compared to the LY of a bulk YAG:Ce S.C.. As reference, R™"*, T and G.R.
are also reported for the optimized melt composition for the GAdLuAP film growth.

melt Rmelt (%] REelt (%] T [°C] GR.[£2]  Thum] L.Y.

A 42403 056 1075 + 35  1.3-3.5 9-22 5%

B 3.2+03 21223  985+25  0.1-08 0.5-20 15-20%
GdLuAP 51402 1030 =20 0.1-0.6

Both the compositions A and B lead to a stable melt and to the formation of a film with
homogeneous thickness, good optical quality and homogeneous surface. A SEM image
of the surface of a LusOg film and the cross sectional image of that film are shown in
figure 6.1. The thicknesses measured from cross sectional SEM images agree with the
values calculated from the weight gain.

The solute/solvent ratio in the first melt (A) was varied around the value RI"* =4.2.
Good quality films were obtained, but a growth rate below 1 pm/min was not ob-
tained, because the saturation temperature was approximately 1250 °C, higher than the
maximum working conditions of the LPE furnace (maximum temperature of growth
~1100°C). Low light yields, about 5% of that obtained using the reference YAG:Ce SC
were obtained. The europium concentration in the melt Rgll’flt was gradually increased
up 5.6%; no variation of the L.Y. in this range was obtained. In the second melt (B)
the R;nelt ratio was reduced to study lower growth rates. Compared to the YAG:Ce
reference the maximum obtained light yield was 20%. For R%ﬁlt in the range 3.5-22.3%,

no dependence of the L.Y. on Rréflt was observed.
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6.2 Lutetium oxide liquid phase epitaxy growth

Figure 6.1: SEM images of a LusOs:Eu film
on a LuyOg3 substrate. (a) Top-view of the film
surface (b) Cross section of the film. The film’s

thickness is indicated.

Table 6.3: Atomic ratios of the impurity contents (Eu, Pb, Pt and Zr) in three different
LuyO3 thin films, grown from melt B. As reference, the intervals of variation of the same
ratios are shown for the measured GdLuAP films. The different ratios are defined as
Rilm — X The concentration of Eu in the melt Rt = C Eu

~ (Gd)+Lu+Eu+Zr+Pt+Pb" (Gd)+Lu+Eu
and the ratio R /REM are also reported.

LusO3 : Eu LusO3 : Eu LusO3 : Eu GdLuAP:Eu

sample nb.1 sample nb.2 sample nb.3 (average)
Riilm 0.46 % 0.21 % 0.33 % 0.01-0.04 %
Rilm 0.03 % n.d. 0.04 % 0.04-0.5 %
Rilm 0.37 % 0.65 % 1.09 % not detected
Rilm 1.39 % 2.26 % 3.37 % 1.17-1.88 %
Ripelt 10.14 % 20.28 % 22.3 % 1.33-1.73 %
Rypelt/Rfilm 0.14 0.11 0.15 0.88-1.08

To keep the supersaturation temperature range below the furnace limit of 1100 °C, it was
needed to lower percentage of solute dissolved in the PbO-B2Og3 solvent (as compared,
for example, to the GALuAP film growth). As a consequence, the platinum crucible
became strongly corroded by the lead based solvent and contaminated the melt. The
light yield obtained for LusOgs : Eu was unexpectedly low, despite the good light yield
reported for this material. Hence, to understand the possible origin of the low light
yield, the amount of unwanted impurities in the films, as well as the amount of Eu
dopant, were investigated using XRF.

The results are reported in table 6.3 for three different samples, which are compared to
the values obtained for GALuAP. Several remarks about these data should be made.
Firstly, the lead content is approximately one order of magnitude higher than in the

perovskite films.
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6.2 Lutetium oxide liquid phase epitaxy growth

Secondly, the platinum content is comparable with the (011)-oriented GdLuAP SCF,
which shows the lowest Pt content of all studied orientations and the highest light
yield.

Thirdly, the europium segregation in the LusOs films is only 0.11-0.15, while it is
approximately 1 for the GALuAP SCFs. The Eu content in the film increases linearly
with the Eu content in the melt. The maximum value of Rglén was found to be 3.4%,
for R%flt = 22.3%. The supersaturation temperature range of the melt was observed to
reduce for increasing Rglglt. This meant that LusOj3 films could not be grown for R%ll‘flt
above 22.3%. However, no significant variations of the light yield were observed while
the europium in the melt was increased. Therefore, the low europium segregation in
the film is probably not responsible for the low light yield.

Lastly, the most surprising result is the high contents of zirconium measured in the film.
The Zr contents originates from the Pt crucible in which it is used as a reinforcement and
the concentration in the crucible is approximately 200 ppm. The ratio szﬂrm increases
with the Eu contents. This can be explained since the samples with higher Eu contents
are produced later and therefore more of the crucible content is incorporated in the
melt. The Zr contents can not be compared with the GALuAP SCFs since they were
grown using a Y-reinforced crucible (Zr-free), which is not produced anymore.

The lead and zirconium contaminations may be responsible for the low light yield of
the lutetium oxide films. A different solvent, with a lower lead component, needs to be
studied to clarify this point.

XRD measurements were performed to confirm the growth of LuyO3 single crystal films
with cubic phase. The experiment was performed at 15 keV on the reflectometer on the
ESRF beamline BM05 (see “experimental” in chapter 4). The XRD pattern is reported
in figure 6.2 for a 3.5 pum thick (111)-oriented LugO3 : Eu SCF, grown from melt B. The

melt

europium ratio RES" was 10%, corresponding to approximately 1% in the film.

Omega-2theta scans were performed around the (222), (444) and (666) symmetric Bragg
reflections (figure 6.2 a,b,c). The substrate peak is located at higher angles than the film
peak. For the (222)-Bragg reflection, the substrate peak is not completely separated
from the film peak due to the lower angle separation and to the higher absorption in
the film at low angles. The mismatch between the film and substrate lattice parameters
AL = (ffilm _ gsubstratey j(gsubstrate) wag found to be 0.04 %. The complete omega-2theta
diffraction pattern is reported in figure 6.2d. Additional peaks were not observed.

The rocking curves around the (444) Bragg reflections of the film and of the substrate
are reported in figure 6.3. To compare the FWHM, the two curves are normalized and

shifted to zero. Similar rocking curves are obtained for the film and the substrate, which
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Figure 6.2: Omega-2Theta scans for a (111)-oriented 3 pm thick LuyO3 film on a LuyOg
substrate. The scan was recorded at 15 keV around the (a) (222) (b) (444) and (c) (666)
bragg reflection. The film-substrate mismatch measured from (b) and (c) is 0.047. In (a)
the substrate peak is not visible due to the complete X-ray absorption in the film. In (d)
the full Omega-2Theta scan from the (222) to the (666) Bragg reflection is reported.
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Figure 6.3: Rocking curves around the (444) Bragg reflection for 3 pm thick LusO3 film
on a LuyO3 substrate. The film and the substrate are (111)-oriented. The curves were
recorded at 15 keV and they are shifted at 0° for comparison: the FWHM of the substrate
is 0.0027° and the one of the film is 0.0029°.

indicates a similar crystallinity.
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6.3 X-ray imaging using lutetium oxide SCFs

The LuoOs : Eu emission spectra under X-ray irradiation at 8 keV is reported in figure

6.4. The emission spectra, typical of the LusOgs : Eu cubic-phase, confirming the XRD

results. Several peaks between 575 and 725 nm were observed, corresponding to the

°Dy —" F; (j=0,1,2,3,4) transitions. The strongest emission, located at 611 nm, corre-

sponds to the Dy —7 Fy transition.
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Figure 6.4: Emission spectra of a
LusO3 : Eu SCF scintillator under X-

ray irradiation at 8 keV.

So far the maximum light yield that we obtained for LusOgz : Eu SCFs is 20% of the
YAG:Ce bulk SC used as reference. Typical values for GGG:Eu and LSO:Tb scintilla-
tors, as well as for the newly developed GALuAP:Eu SCFs, are in the range 70-100%.
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Figure 6.5 compares the figure of merit (absorption x light yield x MTF at 500 lp/mm)
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Figure 6.5: Figure of merit including
the total efficiency (Deposited energy
x LY) and the scintillator response
(contrast at 500 lp/mm), calculated as
in equation 2.2 for 5 pm thick GGG,
LSO and GdLuAP scintillators.

calculated using the simulation results from chapter 2, for LusOg : Eu films as compared

to GGG:Eu, LSO:Tb and GdLuAP:Eu SCFs.

Although the absorption of LusOg is higher, its efficiency is reduced because of the low
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light yield of the grown films. To compete with LSO:Th SCFs, a light yield of 60%
compared to YAG:Ce SC is required. For a light yield higher than 60%, LuyO3 would
outperform the other SCFs, except in the 51-64 keV range, where the Gd-based materi-
als are still more performant even if a LY equal to the one of LSO:Tb is obtained. For
example, if the LY for LusOj3 scintillator is equal to the one of LSO:Tb (LY=1), the
FoM is 1.5 times higher at 68 keV.

a

Figure 6.7: Radiography images of a (a,b) JIMA resolution chart, for several detail sizes
and of (c¢) a plastic foam, obtained with 8 ym thick LupsO3:Eu SCF combined with 20X /0.45
microscope optics, 3.3X eyepiece and PC0O2000 camera.

The image quality obtained using the new LusOgs : Eu SCFs for high resolution detec-

tors was also tested. In figure 6.6, the MTF is calculated from the image of a sharp
edge, using different SCFs combined with 20X/0.45 microscope optics, 3.3X eyepiece
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6.4 Conclusions

and PCO2000 camera. The results obtained with GGG:Eu, LSO:Tb and LusOgz:Eu are
comparable. In the inset, the flat field image for the LuyO3:Eu is reported. It is shown
that the light emission from the LuyOs:Eu film does not show inhomogeneities which
may reduce the light yield.

Some radiographies of the JIMA resolution chart and a styrofoam obtained using the
Lu2O3:Eu SCFs are shown in figure 6.7. The details can be clearly identified and dis-
tortions are not observed in the images, confirming the good optical quality of the
films.

6.4 Conclusions

LuyO3:Eu SCFs with high optical quality were successfully grown on LusOsz SC sub-
strates. The quality of the images obtained using these new SCFs are already compara-
ble to the existing LSO and GGG SCFs, but the LusOs:Eu SCFs are less efficient due
to the low light yield, even if their absorption is higher.

The low light yield requires further investigations, but it is probably linked to the high
contents of lead and zirconium in the film. The first is coming from the solvent, the
latter from the Pt crucible. The low solute concentration which is needed to keep the
growth temperature below 1100°C results in a melt which strongly corrodes the plat-
inum crucible and sample holder and contaminates the films.

In our case, the next steps are the investigation of different solvent compositions with
a reduced percentage of lead and the test of different Pt crucibles, possibly Zr-free.
Additionally, the scintillation properties of the LusOg SCFs, activated using different

dopants and co-dopants, should be investigated.
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Chapter 7

Conclusions

7.1 Modelling of the high-resolution detector

Indirect detectors are today often preferred for absorption and phase contrast imaging
experiments at synchrotrons. Some of the main advantages over direct semiconduc-
tor detectors are the possibility of managing high X-ray fluxes, the lower price and
the resistance to radiation damage. Indirect detectors using thin SCF scintillators and
microscope optics are capable of sub-micrometer spatial resolution. Additionally, the
detector’s resolution and field of view can be adapted to suit the demands of the exper-
iment. The thickness of the scintillator and its composition play a crucial role in the
delicate compromise between spatial resolution and efficiency of the detector, especially
at high X-ray energy.

In the first part of this work a model to simulate the MTF of high-spatial resolution
detectors was presented. Using Monte Carlo simulations, the contribution of the scin-
tillator to the MTF of the detector was evaluated from the distribution of the energy
deposited in the scintillator. To take the microscope optics into account, the distribu-
tion of the deposited energy was corrected for the light diffraction and for the defocus,
as a function of the distance between the focal and any other parallel plane in the
scintillator. The total MTF response of the detector was evaluated as the sum of su-
perimposing images produced from the different planes in the scintillator.

The model was experimentally validated. It showed good capability to predict both the
detector’s MTF and the amount of energy deposited in the film, as a function of the
scintillator material, the microscope optics and the X-ray energy.

Different compositions of scintillating film and substrate were simulated for energies

ranging from 5 to 80 keV. The MTF response was found to depend mainly on the K-
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7.1 Modelling of the high-resolution detector

edge fluorescence of the film and the substrate. The MTF values decrease with the
X-ray energy, but a significant improvement was observed above the K-edge of the film,
due to the higher cross-section of the photoelectric effect and due to the lower energy of
the photoelectrons. Therefore, Gd-based films outperform Lu-based films for energies
ranging from 51 to 64 keV, while the Lu-based films are more performant between 64
and 80 keV. On the contrary, the K-edge of the substrate degrades the MTF since the
created fluorescence X-rays interact with the film and reduce the contrast at low spatial
frequencies. Compared to scintillators on a Y-based substrate, the ones on a Gd or
Lu-based substrate are more performant in the 17 to 50 keV range and less performant
in the range from 50 to 80 keV.

Without taking the scintillator response into account, the best scintillator thickness
equals the depth of field. The model introduced in this work does take the scintilla-
tor response into account and allows one to find the detector configuration needed to
obtain the best MTF and higher absorption efficiency. In fact the model shows that a
thicker scintillator can outperform a thinner one, if the energy distribution is sharper.
Of course, it depends on the balance between defocus and scintillator response and,
therefore, on the numerical aperture of the optics, the composition of the scintillator
and the X-ray energy.

Based on the results of the simulations, lutetium oxide (Luz0Os) and gadolinium or
lutetium based aluminum perovskites (GdAP, GALuAP) have been selected as candi-
date materials for the liquid phase epitaxy based development of thin SCF scintillators.

7.1.1 Perspectives

The Geant4 developed application can be now used both to chose the detector configu-
ration and to guide the development of new scintillators. However, to run a simulation
the user should have a basic knowledge of Matlab and C++ programming languages. If
an user-friendly interface is created, the application could be released to the beamlines
to help in the choice of the detector configuration.

Moreover, Geant4 includes the possibility to simulate the scintillation and track the op-
tical photons. A few preliminary test have been performed, the results are not included
in this work. By additionally tracking the optical photons, more configurations could
be evaluated. For example, the MTF degradation and the light collection improvement
could be evaluated for optical coatings at the surfaces of the scintillator or for modified

geometries (curved substrate, structured scintillators).

123



7.2 Gadolinium and lutetium aluminum perovskite SCF scintillators

7.2 Gadolinium and lutetium aluminum perovskite SCF

scintillators

GdAP and GdLuAP SCF scintillators were grown on YAP SC substrates. The optical
quality of the films needed for high-resolution imaging was obtained after optimizing
the GALuAP film composition to reduce the lattice mismatch with the substrate.

The Eu-doped GdLuAP films show a scintillation LY which is higher than the state-
of-the-art GGG scintillators. The LY, however, depends on the substrate orientation,
probably due to the a different amount of platinum impurities incorporated in the film.
X-ray images obtained using the newly developed films show a slightly better contrast
at low energy (15 keV). It was observed that the image quality is also affected by the
crystallographic orientation. This became apparent due to the birefringence of the per-
ovskite crystals, since this phenomenon degrades the resolution in the sub-micrometer
range. The orientation presenting the highest LY is also strongly affected by the bire-

fringence.

7.2.1 Perspectives

GdLuAP:Eu SCFs can compete with the state-of-the-art SCFs as scintillators for high-
spatial resolution detectors. However, more investigations are required to clarify the
role of the substrate orientation on the light yield. The growth process needs to be
modified to improve the LY of the films grown on the orientations least affected by the
birefringence.

Moreover, the YAP substrates present a luminescence in the UV and visible range that
can degrade the resolution at high energies. This luminescence can be only partially
suppressed using an optical filter. Therefore, a YAP growth process in collaboration
with companies or laboratories that produce bulk SC YAP should be foreseen in order
to reduce or suppress the unwanted luminescence.

Finally, the scintillation properties of other dopants than europium in GALuAP host,

as for example cerium or terbium, should be investigated.

7.3 Lutetium oxide SCF scintillators

Undoped and Eu-doped LusO3 SCFs were grown on SC LusOj3 substrates. Homoge-
neous films were obtained, showing high crystalline and optical quality. The imaging

performance is comparable with the state-of-the-art SCF scintillators. However, the
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7.3 Lutetium oxide SCF scintillators

conversion efficiency is unexpectedly low when compared to LuoOs:Eu scintillators de-
veloped using other techniques than LPE. The scintillation in LPE based crystals is
probably quenched by lead and zirconium impurities in the film which originate from
the solvent and the platinum crucible, respectively. The amount of lead used to keep
the growing temperature within the limitation of the furnace was in fact significantly
higher than for other materials (e.g. GALuAP, LSO and GGG), resulting in a melt that
corroded the crucible. If the melt composition can be modified to reduce the lumines-
cence quenching, LuyOg could become a very welcome addition to the SCF scintillator
family. Due to its absorption efficiency being higher than most other known scintilla-
tors, and due to the high-optical quality that can be obtained through LPE growth,
LupO3 remains one of the best candidates for high-resolution imaging at high X-ray

energies.

7.3.1 Perspectives

The reason of the low light yield observed in LuzO3:Eu SCFs should be investigated. On
the one hand, the role of the traps could be clarified for example using thermo stimulated
luminescence experiments. On the other hand, the solvent used for the LPE should be
modified to reduce the corrosion of the crucible and thus the melt contamination. Other
kind of Zr-free platinum crucibles have to be tested to clarify the role of the zirconium
in the luminescence quenching. Moreover, different dopants, as for example Tb, are
known as good activators in the LusOgz host, and should be investigated in the case of
SCFs grown by LPE.
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Résumé

Introduction

Les détecteurs de rayon-X utilisés pour l'imagerie a haute résolution spatiale (mi-
cromeétrique ou sub-micrométrique) utilisés aux synchrotrons sont pour la plupart basés
sur un systéme de détection indirect. Les rayons X ne sont pas directement convertis en
signal électrique, mais ils sont absorbés par un scintillateur, un matériau qui émet de la
lumiére a la suite de 'absorption d’un rayonnement ionisant. L’image émise sous forme
de lumiére visible est ensuite projetée par des optiques de microscopie sur une caméra
2D, de type CCD ou CMOS. Différents types des scintillateurs sont disponibles au-
jourd’hui: en poudre compactée, micro structuré, sous forme céramique polycristalline
et monocristalline. Pour obtenir une résolution spatiale au dessous d’un micrométre
avec une trés bonne qualité d’image, une couche mince (1-10 pm) monocristalline doit
étre privilégiée.

Selon la combinaison des différentes parties du détecteur, c’est-a-dire le scintillateur, les
lentilles de microscopie et la caméra, la résolution spatiale peut étre, au final, limitée
par différents phénomeénes. Premiérement, 1’élargissement de la région dans le scin-
tillateur ou I’énergie du photon X incident est déposée. L’énergie n’est pas localisée
dans un seul point, mais se propage due a la diffusion par effet Rayleigh et Compton
et a la diffusion des photons X ainsi que des électrons secondaires. Deuxiémement, les
lentilles de microscopie agissent comme un trou circulaire vis & vis de la lumiére émise.
En conséquence, la meilleure image d’un point source qui peut étre projetée est lim-
itée par la largeur de la premiére frange de diffraction. Une telle largeur dépend de la
longeur d’onde de la lumiére et de 'ouverture numérique des optiques. Troisiémement,
les optiques de microscope ont une profondeur de champ, qui correspond a I’épaisseur
maximum de la source le long de 1’axe optique (i.e. 1’épaisseur du scintillateur) peuvent
étre projetée en focus. La lumiére produite en dehors de cette profondeur dégrade la

résolution spatiale. Enfin, la taille du pixel de la caméra peut limiter la résolution spa-
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tiale. La taille physique du pixel est réduite grace au grossissement de l'image visible
produit par les optiques. Pour un grossissement suffisant et un scintillateur plus mince
que la profondeur de champ des optiques, le systéme est limité soit par la diffraction de
la lumiére, soit par la diffusion de I’énergie déposée dans le scintillateur.

Pourtant, la profondeur de champ est inférieur a 10 um pour une ouverture numeérique
supérieure a 0.3, donc lefficacité du détecteur est limitée par 1’absorption dans la couche,
surtout pour des énergies au dessus de 20 keV.

Le travail qui est présenté dans cette thése est centré sur I’évaluation de la résolution
spatiale des détecteurs et sur le développement de nouveaux matériaux monocristallin

en couche mince, déposées par épitaxie en phase liquide sur un substrat.

Calcul de la résolution spatiale

La premiére partie de la thése décrit le modeéle qui a été développé pour pouvoir prédire
la résolution spatiale du détecteur selon ’énergie des rayons X, les paramétres du scin-
tillateur (épaisseur, matériau, longueur d’onde d’émission) et 1’ouverture numérique des
optiques. Ce modéle est basé sur une combinaison de calculs Monte Carlo et d’équations

analytiques. Le schéma du model est présenté sur la figure 7.1.

(a) Tracking of the (b) Matrix describing (c) Optics (d) Final response as
incident X-rays and [ the energy distribution [™>] blurring [>] sum of the response
secondary particles in the scintillator to every plane in the

scintillator

Deposited , Zo

1

energy 1 4 ;
| 1 Depth

L

< aG Response of
A= the optics

scintillator . . i
Microscope optics Imaging
camera

Figure 7.1: Schéma du model développé pour la simulation de la résolution spatiale. Le
modéle inclut la réponse du scintillateur et ’effet des optiques de microscopie.

La partie Monte Carlo (MC) a été développée pour obtenir la réponse du scintillateur,
c’est-a-dire 'étendue de diffusion de I'énergie déposée dans le scintillateur. Le logiciel
utilisé est Geant4, une "boite & outils" mise en place pour développer son propre calcul

MC. Des photons X primaires dont nous avons fixé 1’énergie entre 5 et 80 keV sont
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envoyés sur le scintillateur, perpendiculairement & la surface. Les photons X peuvent
interagir avec les atomes du scintillateur ou du substrat par effet photoélectrique, dif-
fusion Compton ou diffusion Rayleigh, pouvant donc éjecter des électrons. Les atomes,
laissés dans un état excité, se relaxent en émettant des photons X (fluorescence) ou des
électrons Auger. Tous les électrons et photons-X primaires et secondaires sont suivis
jusqu’a ce que leur énergie soit inférieure a 250 eV. Chaque photon ou électron dépose
I’énergie en plusieurs étapes et en plusieurs positions. Le scintillateur est divisé en
voxels et ’énergie déposée dans chaque voxel est accumulée pendant la simulation. En
sortie, le calcul Monte Carlo donne une matrice qui décrit la distribution de 1’énergie
déposée dans le volume du scintillateur. L’énergie totale déposée dans la couche ainsi
que la fonction d’étalement d’une ligne (LSF, Line Spread Function) et sa transformée
de Fourier, la fonction de transfert de modulation (MTF, Modulation Transfer Func-
tion) peuvent étre calculées. La MTF décrit le contraste dans I'image en fonction de la
fréquence spatiale de I'objet.

Différents matériaux ont été simulés. Les scintillateurs GGG (gadolinium gallium gar-
net) et LSO (lutetium orthosilicate) sont aujourd’hui produits & 'ESRF et sont 1’état
de Part pour les détecteurs d’'imagerie & haute résolution. Les scintillateurs GdAP,
GdLuAP (gadolinium et lutetium aluminum perovskites) et LuaOs (lutetium oxide),
au centre de ce projet, et d’autres scintillateurs ont été évalués pour le développement

de noveaux détecteurs, comme le GAAG et LuAG (gadolinium et lutécium aluminium

garnet).
14+— I = I = ! = I
I i wint = 9 um  —=— GGG on GGG
8 —— GdAP on YAP
w —— GdAG on YAG .
E 014 LSO on YbSO | Flglll‘f—) .7.2. Facteu\r
s ¥ —— Lu,0, on Lu,0, de mérite (contraste a
§ LuAP on YAP I 500 Ip/mm x énergie
® —s—LuAGon YAG ¢ déposé) calculées pour
LEL 0.01+ *— GdLUAP on YAP L des couches de 5 pm
— I MDY d’épaisseur, en fonction
3 y ~; T de Dénergie et de la
L T TN, .\. T eps
composition de la couche.
1E-3+ L\YQJ E3 b
T L | L | L | L | [
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Sur la figure 7.2, le facteur de mérite FoM, calculé & partir de Defficacité d’absorption
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de la couche Eqe, et de la valeur de la MTF a 500 Ip/mm, est tracé en fonction de
I’énergie. En principe il faudrait égalment tenir en compte le rendement lumineux pour
pouvoir calculer la vraie efficacité de chaque scintillateur, mais ce paramétre ne peut
pas étre prévu avec précision avant que le matériau soit développé, donc il n’était pas
inclus dans le calcul.

On remarque que selon 1’énergie des photons, la FoM varie selon la composition des scin-
tillateurs. Le role le plus important est joué par les seuils d’absorptions K des éléments
présents dans le scintillateur et le substrat. Si I’énergie dépasse le seuil de production
de fluorescence du substrat, la valeur de la courbe de MTF a basse fréquence est ré-
duit due aux photons de fluorescence produites dans le substrat qui reviennent dans la

couche. Cet effet est mieux illustré sur la figure 7.3. La couche scintillatrice (GdAP)

"r - ——&aAP on VAP, T8 keV :
0.8 INSEETELE No electrons® from the substrate |1 Figure 7.3: MTF calculées
‘*:;\-\-\- No X-rays? from the substrate pour une couche de 5 pm du
w o7 1 GdAP sur un substrat de YAP
5 o4t + a18keV, en considérant tout les
021 | électrons et photons ou en supp-
rimant les particules secondaires
0'00 460 860 12=00 qui sont créés dans le substrat.

Spatial frequency [Ip/mm]

est déposée sur un substrat de pérovskite d’yttrium et d’aluminium: au-dessus de 17
keV, c’est & dire au-dessus de seuil d’absorption K de I'yttrium, le contraste décroit a
80% aux basses fréquences spatiales. Si les électrons secondaires produits dans le sub-
strat ne sont pas pris en compte, le résultat est identique, mais lorsque les photons X
secondaires produits dans la couche sont retirés de la simulation, la baisse brutale de la
MTF & basse fréquence disparait.

Les courbes de MTF ont été comparées & des mesures faites sur la ligne de lumiére
BMO05 a 'ESRF. Quelques résultats sont présentés sur la figure 7.4. Le contraste dans
la courbe de MTF est augmenté & cause du contraste de phase, mais la variation avec
les différents scintillateurs et I'énergie des rayons X est bien visible.

Des calculs analytiques ont été ajoutés pour prendre en compte la diffraction de la lu-
miére et la profondeur de champ de I’objectif. Les courbes de MTF calculées a différentes
positions dans I'épaisseur du scintillateur (MTF;) sont modifiées par les variations de
I’ouverture numérique, la longueur d’onde du scintillateur ainsi que la distance du plan

focal des optiques 7.1. La MTF totale est donnée par la moyenne des MTF; pondérées
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Figure 7.4: Courbes de MTF calculées et mesurées expérimentalement a (a) 15 keV et (b)

30 keV, pour différents scintillateurs combinés avec une optique de microscopie (ouverture
numérique 0.45) et une caméra PCO2000. Grossissement total 66X, taille pixel du 0.11

Q.

par ’énergie déposée a chaque profondeur. La position du plan focal des optiques est

choisie en évaluant la meilleure MTF totale.

MTF
0
0

Spatial frequency [Ip/mm]

Figure 7.5: Courbes de MTF calculées
et mesurées expérimentalement a 18
keV, pour différents scintillateurs, con-
tenant ou pas de I’'yttrium dans le sub-
strat, combinées avec les optiques de mi-
croscopie (ouverture numérique 0.4) et
une caméra PCO2000. Grossissement
total 33X, taille pixel 0.22 pm.

I’effet du substrat prévu par les simulations a donc bien été confirmé expérimentale-

ment. Les courbes de MTF calculées et mesurées sont comparées a 18 keV sur la figure

7.5. Si le substrat contient de I'yttrium, comme c’est le cas du GALuAP:Eu et du

LuAG:Eu, la réduction de contraste a basse fréquence prévue par les simulations est

effectivement observée expérimentalement. Par contre, pour les scintillateurs LSO:Tb

et GGG:Eu, qui sont déposés sur un substrat sans yttrium, cet effet n’est pas observé.
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Couches minces de perovskite de gadolinium et lutetium

Un procédé pour la croissance par épitaxie en phase liquide des couches de GAAP et
GdLuAP sur des substrats monocristallins de YAP a été développé. Un solvant com-
posé de BoOgs et PbO a été utilisé pour abaisser la température du bain liquide jusqu’a
~1000°C.

A cause de la différence des paramétres de maille entre la couche et le substrat (mis-
match), la qualité cristalline et optique des couches du GAAP n’est pas suffisante pour
I'imagerie a haute résolution, en comparaison des couches de GGG :Eu ou LSO :Th.
L’écart de maille a ainsi été réduit en introduisant du lutétium dans le bain et donc dans
la couche. Figure 7.6, les courbes de diffraction (omega-2theta) autour des réflections
de Bragg (400) et (002) pour des échantillons orientés (100) et (001) sont tracés. Le pic

GdAIO

f/\ s a) n (b)

\ /| N
Gd, ,lu, A0,

£ : £ "

S, S,

: Lo1i

‘@ ‘©

8 \ g

£ Gd £

Eo] 0. 45"L 0. 55A|o3 - A

(0] (0]

N N

© ©
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183 184 185 186 187 6.35 6.40 6.45 6.50 6.55
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Figure 7.6: Mesures de diffraction (Omega-2theta) pour des couches de Gd,Lu;_,AlO3
sur un substrat de YAP. (a) Substrats orientés (100), réflexion de Bragg 400, substrats a
18.56° (b) substrats orientés (001), réflexion de Bragg 002, Substrats & 6.43°.

correspondant & la couche se rapproche du pic correspondant au substrat en ajoutant
du lutetium, jusqu’a un optimum pour un rapport Ry, = ﬁ ~ 0.5. Simultanément,
la largeur du pic de la couche se réduit pour un écart de maille inférieur.
I’amélioration de la qualité de la surface entre les couches de GAAP et GALuAP sont
illustrées dans la figure 7.7, effectuées par microscopie électronique (SEM).

Les couches de GALuAP:Eu ainsi obtenues sont trés prometteuses pour 'imagerie &
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haute resolution. Les couches du GALuAP ont été dopées avec différentes concentrations

d a b

Figure 7.7: Images SEM de la morphologie de surface pour (a) une couche de
Gd 19Lu ggAlO3 (haut écart de maille avec le substrat Al = 1.12 %) et une couche de
Gd 19Lu ggAlO3 (faible écart de maille, Al = —0.04 %).

d’europium afin d’optimiser le rendement de scintillation. Un rendement lumineux de
~90% par rapport au rendement d’un monocristal de YAG :Ce, utilisé comme référence,
a été mesuré. Le rendement ne dépend pas fortement de la concentration d’europium
(dans la gamme mesurée), mais il dépend de maniére plus surprenante de l'orientation
du substrat de YAP. Une explication possible est la ségrégation de platine qui rentre de
maniére différente dans les couches, mais l'origine de cette différence n’est pas encore

complétement claire.

100%
80%+ -
@ 60% +
g
= L
c
S \
O 40%+ oo -
A.\
0, <+
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Figure 7.8: Images d’une mire en tungsten pour la résolution et les valeurs du contraste
déduites en fonction de la fréquence spatiale. Optiques 20X/0.4 et PCO 200 caméra, 15
keV.

Les couches de GALuAP :Eu ont été testées comme scintillateurs pour 'imagerie & haute

résolution, et comparées avec des couches minces de GGG :Eu. Un contraste plus élevé
a été mesuré pour le GALuAP :Eu (figure 7.8).
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Pourtant, la biréfringence des cristaux de YAP et GALuAP peut dégrader la qualité de
I'image (figure 7.8). Cet effet a été évalué pour les différentes orientations. Sur la figure
7.9, la MTF est évaluée pour différents angles du scintillateur autour de la normale a la
surface. L’effet est tres fort pour les scintillateurs orientés (011), mais beaucoup moins
important pour 'orientation (100). Pour référence, la méme mesure a été effectuée aussi

avec un scintillateur GGG :Eu, qui ne présente pas de biréfringence.
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Figure 7.9: Courbes MTF mesurées a 16 keV a partir de I'image d’un bord. L’angle du
scintillateur a été modifié autour de la normale a la surface. Optiques 10X/0.4, oculaire
3.3X, PCO2000. Taille du pixel 0.22 pm.

Couches minces de Lus0Os3

La croissance des couches minces monocristallines de LusOg : Eu par LPE a aussi été
étudiée. Ce matériau présente une densité trés haute et un trés bon rendement a été
mesuré pour des échantillons polycristallins ou en poudre. Ce matériau est donc le
candidat idéal pour I'imagerie a rayons X a haute résolution et haute énergie.

Le FoM calculé pour le LugOg est trés élevée grace a sa grande efficacité d’absorption.
Sur la figure 7.10 les valeurs du FoM sont tracées. Le FoM est calculé a partir de la
formule suivante :

FoM = MTF{ OPUe & Bgp, LY (7.1)

en considérant le contraste a 500 Ip/mm et I’énergie déposée obtenus par les simulations

et le rendement mesuré expérimentalement. Le LusOgs doit avoir un rendement de 60

% comparé au LY du YAG :Ce pour obtenir des valeurs de FoM comparables avec le
scintillateur LSO :Th.

Des couches de LuyOg : Eu ont été déposées sur des substrats monocristallins de LusOg : Yb.
La croissance a été effectuée avec un solvant composé de BoO3 et PbO. Les substrats
n’avait pas d’orientation préférentielle. La qualité optique des couches est excellente et

la qualité cristalline est comparable a celle du substrat. Des exemples d’images faites
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Figure 7.10: Facteur de mérite (MTF & 500 Ip/mm xEgep, x LY ) de scintillateurs de 5

pm d’épaisseur, en fonction de I’energie des rayons X incidents.

avec de nouvelles couches minces de LusOg : Eu sont montreées figure 7.11. Aujourd’hui,
la limite principale des couches du LuyOs : Eu est leur rendement lumineux. Un ren-
dement maximum de 20% par rapport au YAG :Ce a été obtenu pour les couches de
Lus0Oj3 : Eu. La raison d’un rendement bien plus faible que prévu est trés probablement
du a une contamination trés élevée en plomb et en zircone dans la couche. Cette con-
tamination provient du solvant, ainsi que du creuset en platine. Le zircone est ajouté

au platin pour augmenter sa résistance au plomb.

a

Figure 7.11: Images sous rayons X (a,b) d’une mire JIMA (c) d’'une mousse en plastique
avec un scintillateur LupsO3:Eu en couche mince (8 pm), optique 20X/0.45, oculaire 3.3X
et CCD camera PCO2000.
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Conclusion

Un modéle pour évaluer la résolution spatiale des détecteurs a haute résolution pour
I'imagerie & rayons X a été mis en place. Le modeéle a été validé avec des mesures
expérimentales, et peut étre maintenant utilisé pour prévoir la résolution spatiale des
nouvelles couches & développer, ainsi qu’aider dans le choix de la meilleur configuration
du détecteur a rayon X.

Deux nouveaux types de scintillateurs monocristallins en couche minces on été dévelop-
pés et caractérisés.

Les scintillateurs basés sur une combinaison de perovskite de gadolinium et lutétium,
dopés avec de l'europium, ont un bon rendement lumineux et une bonne qualité op-
tique, qui dépend fortement de 'orientation cristallographique. L’orientation présentant
le rendement le plus élevé n’est pas adaptée pour I'imagerie & trés haute résolution due
a la biréfringence qui dégrade la qualité de 'image. Par consequence, le procédé de
croissance par LPE doit étre amélioré pour les orientations presentant une biréfringence
réduite, avec pour objectif de réduire les contaminations dans la couche et d’améliorer
le rendement lumineux.

Les scintillateurs a base d’oxide de lutetium ont une trés haute efficacité d’absorption
et une trés bonne qualité optique, mais un rendement trés bas comparé aux autres
scintillateurs en couche mince. La grande quantité de plomb nécessaire pour abaisser
suffisamment la température de croissance donne un bain trés corrosif pour le creuset
en platine, et donc de tres fortes contaminations dans la couche, qui probablement
sont la raison du faible rendement de scintillation observé. Un nouveau type de bain
moins riche en plomb doit donc étre étudié pour réduire ou soupprimer ce probléme de

contamination.
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Summary

X-ray detectors for high spatial resolution imaging are mainly based on indirect detec-
tion. The detector consists of a converter screen (scintillator), light microscopy optics
and CCD or CMOS camera. The screen converts part of the absorbed X-rays into a
visible light image, which is projected onto the camera by means of the optics. The
detective quantum efficiency of the detector is strongly influenced by the properties
of the converter screen (X-ray absorption, spread of energy deposition, light yield and
emission wavelength).

To obtain detectors with micrometer and sub-micrometer spatial resolution, thin (1-20
pm) single crystal film (SCF) scintillators are required. These scintillators are layers
grown on a substrate by liquid phase epitaxy (LPE). The critical point for these lay-
ers is their weak absorption, especially at energies exceeding 20 keV. At the European
Synchrotron radiation Facility (ESRF), X-ray imaging applications can exploit energies
up to 120 keV. Therefore, the development of new scintillating materials is currently
investigated. The aim is to improve the contradictory compromise between absorption
and spatial resolution, to increase the detection efficiency while keeping a good image
contrast even at high energy.

The first part of this work presents a model describing high-resolution detectors, which
was developed to calculate the modulation transfer function (MTF) of the system as a
function of the X-ray energy. The model can be used to find the optimal combination
of scintillator and visible light optics for different energy ranges and guide the choice of
the materials to be developed as SCF scintillators. In the second part, two new kinds
of scintillators for high-resolution are presented: the gadolinium-lutetium aluminum
perovskite (GdgsLug5AlO3 : Eu) and the lutetium oxide (LusOg : Eu) SCFs.
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