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Zusammenfassung 
Der pnCCD ist ein spezieller Type eines Charge Coupled Devices welches für Anwendungen in 

der Spektroskopie und Abbildungen mit Röntgenstrahlen entwickelt wurde. Er unterscheidet sich 

von anderen CCD Konzepten durch seine vierdimensionale Datenaufzeichnung: Das 

Datenvolumen bildet sich in zwei räumlichen, einer Energie und einer Zeitkoordinate ab, die mit 

einer Wiederholungsrate von bis zu 1000 Bildern/Sekunde, einer hohen Energieauflösung, 

geringem elektronischen Rauschen und einer exzellenten Quanteneffizienz im weichen 

Röntgenbereich aufgenommen werden kann. Unter Berücksichtigung dieser Parameter wurde die 

pnCCD bisher für Einkristall Strukturanalysen im Weichen Röntgenbereich zwischen 5 und 35 

keV eingesetzt. In dieser Arbeit demonstrieren wir Ergebnisse von Einzelkornanalysen an 

polykristallinene Proben mittels energiedispersiver Laue Diffraktion (EDLD) unter Verwendung 

von harter Röntgenstrahlung im Energiebereich zwischen 35 und 130 keV. Speziell untersuchten 

wir das Deformationsverhalten von Einzelkörnern unter Zugbelastung. Zusätzlich zu den vielen 

Vorteilen der Nutzung der pnCCD für Anwendungen in den Materialwissenschaften erlaubt die 

Nutzung des Detektors im harten Röntgenbereich die Untersuchung einer großen Zahl von 

Einzelkörnern, da die harte Röntgenstrahlung tief in das Material eindringen kann. Allerdings ist 

die Detektion von hochenergetischen Photonen in Silizium basierten Detektoren infolge der 

geringen Quanteneffizienz in diesem Spektralbereich begrenzt. Dieser Nachteil kann durch die 

Kombination eines kolumnaren Szintillators mit einem pixillierten pnCCD überwunden werden. 

In dieser Arbeit berichten wir über die Charakterisierung einer pnCCD im harten Röntgenbereich, 

die mit einem kolumnaren CsI(Tl) Szintillator verbunden wurde. Die Leistungsfähigkeit des 

Detektionssystems wurde am Beispiel eines Laue Experiments im Energiebereich zwischen 40 

keV und 130 keV getestet. Speziell wurden dazu mehrerer gegeneinander verdrehte GaAs 

Einkristalle gleichzeitig mit harter Röntgenstrahlung bestrahlt und Lauebilder aufgenommen. Die 

erste kristallographische Anwendung des neuen Systems erfolgte über eine Kristalstrukturanalyse 

an einem tetragonalen SrLaAlO4 Kristall, für den die Gitterkonstanten und die Orientierung der 

Einheitszelle mit einer Genauigkeit besser als  0.7 % bestimmt werden konnte. Zusätzlich wurden 

die Strukturfaktoren aus den Intensitäten der Lauespots mit einer Standardabweichung von 

weniger als 2.5% bestimmt.  
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Abstract 
 

The pnCCD is a special type of a charge coupled devices developed for spectroscopy and imaging 

of X-rays. Different from other CCD concepts, pnCCD is a four-dimensional detector, in which 

the data volume is spanned over two spatial, one energy, and one time coordinates, with fast frame 

rates up to 1000 images/sec, high energy resolution, low electronic noise and an excellent quantum 

efficiency at soft X-ray energy range. Considering these parameters, the pnCCD has been used for 

single crystal structure analysis in the soft X-ray energy range (5-35 keV) so far. In this thesis we 

demonstrate single grain analysis of a polycrystalline sample by means of an energy-dispersive 

Laue diffraction (EDLD) using white X-ray radiation in the hard energy range (35-130 keV). In 

particular we investigate the deformation behavior of individual grains under tensile loading. In 

addition to many other advantages of the pnCCD in material science applications, the use of hard 

X-ray radiation penetrates deeply inside the samples and examine a largest possible number of 

grains within the specimen. However, the detection of the high energetic photons by silicon-based 

detectors is limited by the detector quantum efficiency. This drawback can be overcome by 

combining a columnar scintillator with a pixelated silicon-based pnCCD detector. In this thesis we 

report on the characterization of a low noise, fully depleted pnCCD coupled to a columnar structure 

CsI(Tl) scintillator in hard X-ray range. The performance of the detection system in the energy 

range between 40 keV to 130 keV was tested by means of a Laue type X-ray diffraction 

experiment. Realized at the EDDI beamline of the BESSY II synchrotron we recorded Laue pattern 

of a set of several GaAs single crystals irradiated by white synchrotron radiation. The first 

application of this new system in crystallography is demonstrated by a crystal structure analysis 

of a tetragonal SrLaAlO4 crystal in which the lattice parameters and the cell orientation has been 

determined with an accuracy better than 0.7%. In addition, the structure factors moduli have been 

determined from the intensities of the Laue spots with a standard deviation of less than 2.5%. 
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1 Introduction  
 

At modern synchrotron radiation facilities, there is an increasing demand for experiments in hard 

X-ray energy range. For example, the use of hard X-rays for Laue diffraction experiments profits 

from the fact that the part of the Ewald sphere cutting by the detection plane is rather flat, accessing 

a large reciprocal-space volume simultaneous [1, 2]. In this way, the number of Laue spots to be 

collected by the relatively small pnCCD detector area is significantly enhanced compared to 

previous experiments performed with soft X-ray radiation. Furthermore, hard X-ray radiation has 

the ability to penetrate deeply into the investigated sample as well as it generates less radiation 

damage in materials due to the lower photoelectric interaction [3]. Using ultra-high X-ray energy 

in an energy-dispersive Laue diffraction experiment (EDLD) has helped to elucidate the structure 

and mechanics of polycrystalline solids in the context of a wide range of problems. Using pnCCD, 

Abboud et al. 2017 [4] has calculated the deviatoric and hydrostatic components of the elastic 

strain and stress tensors in a copper sample after probing it using microbeam and a single shot 

exposure. Philips et al. [5] have investigated the stress distribution in a polycrystalline Aluminum 

film on a Si substrate during cyclic thermal loading. The presence of a stress gradient from the 

whisker root to the Sn parent material that drives the whisker growth has been confirmed by Choi 

et al [6]. 

In EDLD, variations in the spot shape can be observed during plastic deformation. While a sharp 

Bragg spots with Gaussian distribution can be observed for a perfect crystal, a streaking of these 

spots can be observed when a strain is applied. This streaking is related to the presence of net 

lattice mis-orientation and curvature in the scattering volume, which, in turn, has been linked to 

the evolution of geometric necessary dislocations (GND) [7, 8]. Using monochromatic beams one 

is able to map the lattice response and the deformation of ductile polycrystalline material under an 

external load with high angular resolution. Laue diffraction with white micro-beams provides a 

powerful and efficient tool for the study of intra- and intergranular lattice distortions at the 

microscale. Three dimensional spatially resolved polychromatic X-ray diffraction can resolve the 

local crystal structure of deformed polycrystalline and other complex material systems [9]. As 

example of this capability we show in chapter 4 of this thesis a study of the deformation behavior 
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of individual grains in a polycrystalline Nickel wire under tensile loading by means of EDLD. 38 

Laue spots have been identified in the Laue pattern which originate from 9 individual grains. The 

simultaneous measurement of the Laue spots position and energy allows for tracking the evolution 

of the 9 grains through multiple stages of deformation. Angular and spectral elongation (streaking) 

of the Laue spots increases as tensile loading is increased and is attributed to macroscopic changes 

in texture and strain due to defect accumulation. On the single grain level, a correlation between 

crystallographic orientation and strain has been found. Moreover, within a single grain a spatially 

resolved anisotropic deformation is measured with increasing amount at the grain boundaries. 

Comparison of the grain specific responses allows for the development of a deformation scenario 

for the whole specimen. The presented experiment demonstrates an alternative protocol for the 

investigation of deformation mechanisms in polycrystalline materials using a white hard X-ray 

beam and a 2D energy dispersive detector (2DED). 

However, the low quantum efficiency (QE) of silicon at high energies limits the use of silicon 

based charged coupled devices for applications that require ultra-hard X-rays. While the photo 

attenuation at low photon energies (E<55 keV) is dominated by photoelectric effect the most 

dominated process at higher energies is Compton scattering. Therefore, the development of new 

detectors or extension of present detectors has high priority. This needs to consider additional 

physical effects. One way of improvement is the coupling of a columnar structured CsI(Tl) 

scintillator to the pnCCD improving the QE of the system to a value of around 50% at 100 keV 

instead of 1% for the naked pnCCD [10]. 

In chapter 5 we will show the characterization of a combined system which has been developed 

by PNSensor GmbH in Munich. A micro-columnar Thallium doped Caesium Iodide (CsI(Tl)) 

scintillator with an area of 12x12x0.7 mm3 and a density of 4.5 g/cm3 was attached to the back 

side of a 0.45 mm thick pnCCD with 128x128 pixels and a pixel size of 75x75 µm2. The CsI(Tl) 

is coupled to the pnCCD with a 50 µm thin silicone protection pad covered with optical grease. 

Using front-illuminated geometry (pixelated side) the low energetic photons (below 10 keV) are 

absorbed nearly completely by the pnCCD as the QE of Si in this energy range is close to 100%. 

This type of detection is denoted by “direct detection”. As the incident photons energy is above 10 

keV the QE of the silicon in the pnCCD decreases and hence more photons can traverse the Si chip 

and reach the CsI(Tl) scintillator at the backside. The stopping power of the scintillator material is 
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close to 100% at energy up to 40 keV, 90% at 60 keV and 50% at 100 keV [11,12]. The interaction 

between the X-ray photons and the scintillator results in the generation of optical photons where 

90% of them are back reflected and absorbed by the pnCCD. This detection process is denoted by 

“indirect detection”. The spectroscopic performance of pnCCD in combination with scintillator in 

the hard X-ray range was tested by means of energy dispersive Laue diffraction experiment. It will 

be shown that the energy resolution of the directly detected Laue peaks with energies ranging 

between 40 and 90 keV is in the order of 0.7% and 0.9% while the energy resolution of the indirect 

detection of these peaks is between of 16.5% and 18.5% [13]. But the high quantum efficiency of 

the combined system leads to a highly accurate X-ray structure analysis compared to the bare 

pnCCD. It will be shown that the error in the calculation of the Bragg peak intensity is in the order 

of 1.5% when its evolution is based on the indirect peak in contrast to an average error of 30% if 

one make use of the direct detection of the peaks. Such large difference in the accuracy was 

expected due to the high statistics of the high energetic photons detected indirectly with the help 

of the highly efficient scintillator in contrast to the poor statistics of the directly detected photons.  

As an application in crystallography, the combined system has been utilized for X-ray structure 

analysis of a SrLaAlO4 crystal by means of an EDLD experiment in the energy range between 40 

and 130 keV. Exploiting the achieved high quantum efficiency of this combined detection system 

for hard X-rays a large number of Bragg reflections could be recorded by the relatively small 

detector area allowing for accurate and fast determination of the crystal structure. The experiment 

was performed at the energy-dispersive diffraction (EDDI) beamline of BESSY II synchrotron 

using a pnCCD with 128x128 pixels. Since the Laue peak energies and peak positions can be 

recorded simultaneously by the system, the tetragonal structure of the investigated specimen was 

determined without any prior information. The lattice parameters and the unit cell orientation were 

evaluated with an accuracy of better than 0.7%. As a result of the accurate calculations of the Laue 

spots intensities the structure factor moduli have been calculated with a standard deviation between 

0.9% and 2.5% for all Bragg reflections recorded in the energy range between 40 and 130 keV. 

The obtained results demonstrate the potential of pnCCD + CsI(Tl) detector system and make it 

favorable for structure analysis in the hard X-ray range. 

It’s worth mentioning that chapters 4 to 6 are based on recent publications as following: 
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• Chapter 4 based on: shokr et al., 2019, In situ observations of single grain behavior during 

plastic deformation in polycrystalline Ni using EDLD. submitted. 

• Chapter 5 based on: shokr et al., 2017, Applications of a pnCCD detector coupled to 

columnar structure CsI(Tl) scintillator system in ultra-high energy X-ray Laue diffraction. 

Journal of Instrumentation. 

• Chapter 6 based on: shokr et al., 2019, Structure analysis of SrLaAlO4 crystal by means 

of EDLD using ultra-hard X-ray synchrotron radiation with pnCCD detector coupled to 

CsI(Tl) scintillator. Journal of Synchrotron Radiation. 
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2 Concept of solid state radiation detectors 
 

In this chapter the physical background of solid state detectors like silicon drift detectors SSDs 

and charge coupled device CCDs will be demonstrated. Since the interaction between photons and 

matter is the fundamental notion behind the detection process, we will show the different types of 

interactions of X-rays in the energy range E= [1-150 keV], the range utilized in the following 

chapters, with Si and CsI(Tl) as well as interaction between visible light E= [1.6-3.5 eV] and Si. 

Only the essential phenomenological and mathematical description of photon interactions that are 

needed in this work will be discussed while the details one can read in standard literature such as 

[14], [15] and [16]. 

 

2.1 Interaction of X-rays with matter 

The most important quantity characterizing the penetration and diffusion of X-rays radiation in 

extended media is the probability per unit path length that a photon will interact with the medium 

which is commonly known as the attenuation coefficient, µ. This quantity depends on the photon 

energy E and on the atomic number Z of the medium. When the atom is exposed to radiation in 

the energy range 1~1000 keV, two types of interactions can occur: the photoelectric absorption 

and the Compton Scattering. At higher energy E>1022 keV, a pair production process can take 

place. However, such energy level is out of our interesting range in this thesis. For Si, the 

photoelectric process dominates at energy E < 55 keV. As the energy increases the main 

contribution to the attenuation coefficient comes from Compton scattering. 

• Photoelectric effect: When the incident photon energy E is larger than the binding 

energies Be of atomic electrons, photons can be completely absorbed by the atom, 

accompanied with ejection of an electron raised into a state of the continuous spectrum. 

This process is called photoelectric effect. The ejected electron is emitted with a kinetic 

energy equal to the difference between the incident photon energy and the binding energy 

of the electron: 
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                                                                                𝐾𝑒 = 𝐸 − 𝐵𝑒                                                     (2.1)  

 

In the non-relativistic region, the Born approximation can be used to calculate the K-shell 

total photoelectric cross section for incoming photon-energies larger than the binding 

energy of the K-shell electrons: 

                                                                  𝜎𝑝ℎ = 𝜎𝑡ℎ4√2
𝑍5

1374
(
𝑚𝑒𝑐

2

𝐸
)

7
2⁄

,                                 (2.2)    

 

Where 𝜎𝑡ℎ  is the classical Thomson scattering cross section, with and re the electron radius. 

𝑚𝑒 is the electron mass, c the velocity of light, Z  the atomic number [17, 18]. For heavy 

elements or for incoming photon energies close to those of absorption edges, the Born 

approximation is no longer valid and exact wave functions must be used [19]. 

   

• Compton effect: When the incident photon energy E is much larger than the binding 

energy of the K-shell electron Be such that the ratio Be /E can be neglected, Compton 

scattering becomes the dominant process. The Compton effect is an incoherent scattering 

process based on the corpuscular behaviour of the incident photons on individual atomic 

electrons. In this process the binding energies of these electrons do not affect the interaction 

and can be neglected in calculations. Furthermore, it is considered as an inelastic process, 

although the kinematic description of the reaction is that of an elastic collision. This effect 

has been observed for the first time by Compton (1922), who provided its theoretical 

explanation. When the incoming photon with energy E is scattered by a quasi-free electron, 

it emerges at an angle 𝜃 with energy 𝐸′: 

 

                                                                𝐸′ =
𝐸

1 + 𝜖(1 − cos 𝜃)
 ,                                              (2.3) 
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with 𝜖 = 𝐸

𝑚𝑐2
. The Compton electron recoils at an angle 𝜃′ with energy 𝐸𝑒′ = 𝐸 − 𝐸′ that 

may adapt any value between 0 and the so-called Compton edge, the backscattering energy. 

As a result of secondary interactions with other atoms, for both the Compton electrons and 

the scattered photons, a continuous energy spectrum is measured within the detector. 

The cross section for Compton scattering of a photon interacting on a quasi-free electron 

is given by Klein-Nishina equation:  

 

𝜎𝑐,𝑒 = 2𝜋𝑟𝑒
2 {[
1 + 𝜖

𝜖2
] [2

(1 + 𝜖)

1 + 2𝜖
−
ln(1 + 2𝜖)

𝜖
] +
ln(1 + 2𝜖)

2𝜖
−
1 + 3𝜖

(1 + 2𝜖)2
}.    (2.4) 

 

The Compton scattering cross section per atom can be obtained by multiplying equation 

(2.4) by the atomic number, Z, i.e: 

 

                                                                 𝜎𝑐 = 𝑍. 𝜎𝑐,𝑒 .                                                      (2.5) 

 

For low X-ray energies (𝜖 ≪ 1), 𝜎𝑐 can be expanded to [20]: 

 

                                                             𝑍𝜎𝑡ℎ (1 − 2𝜖 +
26

5
𝜖2. . . ).                                  (2.6) 

 

As the photoelectric and Compton effects are the only processes occuring in energy range 

mentioned above, the total cross section for a photon interacting with matter is: 
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                                                                  𝜎 = 𝜎𝑝ℎ + 𝜎𝑐                                                        (2.7) 

 

2.2 Attenuation coefficients of Si and CsI(Tl) 

The mass attenuation and mass energy-absorption coefficients are extensively used in calculations 

for X-ray transport in matter and for photon energy depositions in materials. The energy and Z-

dependence of the mass absorption coefficients,(𝜇 𝜌⁄ ), are mainly determined by the total cross 

section given in equation (2.7) and it is expressed by: 

 

                                                                       
𝜇

𝜌
=
𝑁𝐴𝜎

𝑀
[𝑐𝑚2/𝑔]                                                  (2.8) 

 

with 𝜇 is the linear absorption coefficient with a unit cm-1 and 𝜌 is the density of the material. 𝑁𝐴 

is the Avogadro number and 𝑀 the molar weight. For compounds and mixtures like CsI, the total 

mass absorption coefficient is: 

 

                                                                          
𝜇

𝜌
=∑𝑊𝑖 (

𝜇

𝜌
)
𝑖𝑖

                                                  (2.9) 

. 

where 𝑊𝑖 is the weight fraction and (
𝜇

𝜌
)
𝑖
the mass absorption coefficient of each element in the 

compound [21]. As can be seen from equations (2.2), (2.5) and (2.8), elements with high atomic 

number, Z, and high density, 𝜌, have high stopping power for X-rays. Such elements are favourable 

for detectors materials.  

Fig. 2.1 shows the mass absorption coefficient of Si and CsI in term of incident photons energy in 

the range between 1 and 200 keV. The values in the plots were obtained using the web database 
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XCOM [22]. This database provides photon cross sections for scattering, photoelectric absorption 

and pair production, as well as total attenuation coefficients, for any element, compound or mixture 

(Z≤100), at energies from 1 keV to 100 GeV.  

 

 

 

 

 

 

 

 

 

 

 

As can be seen in fig. 2.1(a), below 55 keV, the photoelectric effect is the dominant interaction in 

Si. The strong decay of the mass absorption coefficient above the Si K-absorption edge at 1839 

eV entails limitations in detection capabilities of hard X-rays. At an energy of 55 keV, the 

probability of photoelectric effect equals the probability of Compton scattering. Towards 200 keV, 

the total absorption cross section of Si is mainly determined by Compton scattering. 

CsI material contains high Z elements (Z=53 for I and Z=55 for Cs), and this leads, as discussed 

along this section, to high absorption coefficients comparable to Si (Z=14). Unlike the Si case, the 

photoelectric effect in CsI is the main contributor to the total attenuation coefficient in the whole 

range between 1 and 200 keV (fig. 2.1(b)). The jumps in the mass attenuation coefficient curve of 

CsI in fig. 2.1(b) refer to the L-edges of I and Cs between 4.55 and 5.72 keV and K-edges between 

33 and 36 keV. 

Figure 2.1: Mass attenuation coefficient for (a) Si and (b) CsI as a function of the incoming photon 

energy in the range [1, 200] keV. At 100 keV the photo attenuation coefficient for CsI is higher by more 

than 100 times than that for Si. 

1 10 100

10-2

10-1

100

101

102

103

104

 

 

m
as

s 
at

te
nu

at
io

n 
co

ef
fic

ie
nt

 [c
m

2  g
-1
]

Energy [keV]

 Compton scattering
 photoelectric absorption
 total

Si

Si K-edge at
 1.839keV

(a)

1 10 100

10-2

10-1

100

101

102

103

104

 

 

Energy [keV]

m
as

s 
at

te
nu

at
io

n 
co

ef
fic

ie
nt

 [c
m

2  g
-1
] Compton scattering

 photoelectric absorption
 total

CsI(b)



17 
 

A beam of photons with energy E and intensity 𝐼0 traversing an absorber with thickness 𝑥 exhibits 

a characteristic exponential reduction of the number of its own photons such that each photon is 

individually removed from the incoming beam with a probability given by the cross section of the 

interactions shown above. In the passage through a differential thickness 𝑑𝑥 of a medium, the 

number of removed photons – 𝑑𝐼 per unit of time is proportional to the photon beam intensity 𝐼’ at 

depth 𝑥’ and to the number of target atoms per unit of volume 𝑛𝐴 of the traversed material, i.e., 

 

                                                                 −𝑑𝐼 = 𝐼′𝑛𝐴𝜎𝑑𝑥
′,                                                         (2.10) 

 

where the term 𝑛𝐴𝜎𝑑𝑥′ is the probability for a photon removal in the thickness 𝑑𝑥’ with 𝑛𝐴𝜎 = 𝜇 

the linear attenuation coefficient in (2.8). Consequently: 

 

                                                  
𝑑𝐼

𝐼′
= −𝜇 𝑑𝑥′

       
⇒  ln

𝐼

𝐼0
= −𝜇𝑥 ,                                               (2.11) 

 
hence, the attenuated intensity after traversing the absorber with thickness 𝑥 is given by: 

 

                                                                    𝐼 = 𝐼0𝑒
−𝜇𝑥                                                                 (2.12) 

 

2.3 Solid state detectors 

Solid state detectors SSDs are typically formed from semiconductor materials exploiting their 

small energy gap between their valence and conduction bands. Therefore, a small energy 

deposition can move electrons from the valence band to the conduction band, leaving holes behind. 

Applying an external electric field, the eletrons can drift and produce a signal proportional to the 

number of the generated electrons. Therefore, the passage of an ionizing particle can be detected 

by collecting all the charge carriers liberated by the energy deposition in the semiconductor. 
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Besides commonly used elements of the carbon group with four valence electrons like Si and Ge, 

special III-V and II-VI compounds like GaAs or CdTe have been tested [23, 24]. In comparison to 

gas detectors and scintillators, semiconductor detectors provide a larger ionization yield in the X-

ray regime. Additionally, with respect to the significantly higher mass density of solids compared 

to gases, semiconductor X-ray detectors can be fabricated in the form of compact systems with 

relatively small volumes. 

In gas detectors the ionization of gas molecules by incident X-rays created by electron-ion pair 

production gives rise to measurable output signals. For typical gases, the energy required to create 

an electron-ion pair is in the range of 30 eV [25]. Electronic excitations of heavy atoms takes place 

in scintillation counters due to the deposition of X-ray energy. As a following process scintillation 

photons are emitted in the optical spectral regime when these atoms return back to their electronic 

ground state. These optical photons can be recorded by means of photomultipliers. Crystalline 

solids like (NaI(Tl), CsI(Tl)) and organic liquids have been used as standard materials for 

scintillators. In the case of CsI(Tl), an optical yield of 52 optical photons per 1 keV of deposited 

energy is obtained [20]. Due to their high attenuation coefficients in comparison to the standard 

semiconductors at high incident energies, proportional counters and scintillation counters are also 

suitable detector systems for gamma spectroscopy. 

 

2.3.1 Semiconductor radiation detectors 

The principle of semiconductor detectors is based on the small energy gap between the valance 

and the conduction bands. In the case of silicon, the gap energy is 𝐸𝑔 = 1.12 eV at room 

temperature (𝑇 = 300 𝐾) rising up to 1.17 eV as 𝑇
 
→  0 𝐾 [26]. The necessary gain in energy can 

be either thermally induced or caused by an X-ray interaction. For this reason, semiconductor 

radiation detectors are usually cooled down below room temperature in order to avoid the so-called 

thermal noise caused by the unwanted contribution to the current generated by thermal excitation 

of electrons. Once a X-ray photon is absorbed by photoelectric effect within the semiconductor, 

the photon energy transfers to a single electron. The remaining kinetic energy of the liberated 

electron as well as the emitted fluorescence energy are then available for the excitation of other 

electrons by means of secondary interaction processes, predominantly electron-electron collisions. 
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In case of indirect band gap materials like silicon (fig. 2.2), the minimum energy of the conduction 

band in k-space does not coincide at the momentum of the maximum energy of the valence band. 

This means that for an electron to be promoted to the conduction band, a phonon must also be 

created to conserve the momentum. Hence, the average energy required to generate one electron-

hole pair (exciton) in Si is larger than 𝐸𝑔 and it is equal to 3.67 eV at room temperature and 3.73 eV 

at 𝑇 = 10 K [31].  

 

 

 

 

The positive charge carriers (holes) formed in the valence band move in a direction opposite to 

that of electrons in the conduction band. That means, the current of the holes is the counterpart of 

electrons current. In order to avoid recombination of electrons and holes, the charges are separated 

from each other by means of an externally applied electric field, E, in which the electrons and 

holes are drifting through the semiconductor opposite to each other with velocity 

 

                                                           𝑣𝑒 = 𝜇𝑒𝐸 ,                                                             (2.13) 

 

Figure 2.2: Bandscheme of silicon. [30] 
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for electrons, and 

 

                                                                            𝑣ℎ = 𝜇ℎ𝐸 ,                                                            (2.14) 

 

for holes. 𝜇𝑒 and 𝜇ℎ are the electron and hole mobility, respectively. In silicon, 𝜇𝑒 =

1350 cm2V−1s−1 and 𝜇ℎ = 450 cm2V−1s−1 [27]. The high mobility of electrons in Si leads to a 

charge collection times in the order of 10 ns for typical detector geometries and electric field 

strengths in the range of 1 kV cm−1.  

 

2.3.2 Pn-junction  

The n-type and p-type conductivity semiconductors are semiconductors with an excess of electrons 

and holes, respectively, resulting from the introduction of electrically active donor and acceptor 

impurity atoms. The product of concentrations of electrons n and holes p is equal to the square of 

the intrinsic carrier concentration, 𝑛𝑖𝑛𝑠, which is constant for a given semiconductor at a given 

temperature T: 

 

                                                                             𝑛𝑝 = 𝑛𝑖𝑛𝑡
2  .                                                         (2.15) 

 

For silicon, the temperature dependence of 𝑛𝑖𝑛𝑠 is given by [28]:  

 

                                                   𝑛𝑖𝑛𝑠 ≈ 4.1056 × 10
21 × (𝑘𝐵𝑇)

3
2⁄  𝑒

−
𝐸𝑔
2𝑘𝐵𝑇
⁄

 ,                     (2.16) 
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where 𝐸𝑔 = 1.12 eV as defined above is the energy gap in silicon, 𝑘𝐵 = 8.617 × 10−5 eV/K is 

the Boltzmann constant and T  is the temperature in Kelvin. At T = 300 K, 𝑛𝑖𝑛𝑠 ≈

1.45 × 1010 cm−3.  

When an n-type semiconductor is set in a spatial contact with a p-type semiconductor, a so-called 

p-n junction is formed (fig. 2.3 (a)). In practice, such a junction is built by diffusing holes into an 

n-type silicon crystal and electrons into a p-type silicon crystal remaining ionized acceptors and 

donors in the p- and n-type materials. A pn-junction results from the equilibirium of the diffusion 

current and the drift current where the later one is originated by the electric field between ionized 

acceptors and donors. 

 

 

 

 

Figure 2.3: Schematic representation of a 𝑝𝑛 − junction. The applied bias 

voltage Vb creates a depletion depth d. (a) represents the junction, (b) the 

charge distribution  (x) and (c) the electric field E(x) 
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As result a charge depleted region is created at the interface between the p- and n-type regions. 

Since diffusion is the motion of carriers from regions of high charge density to regions of low 

density, it is responsible for the existence of a space-charge region with two zones, one zone made 

of filled electron acceptor sites not compensated by holes and other zone made of positively 

charged empty donor sites not compensated by electrons. If, for instance, the density of donors in 

the n-type region is much higher than acceptors in the p-type region, the space-charge region 

extends much deeper into the p-region than into the n+-region. The net result is the formation of a 

space-charge region with acceptor centers in the p-region, filled with donor electrons from the n-

region and not compensated by holes. This space-charge region is called the depletion region. The 

charge density 𝜌(𝑥) in the depletion area is given by: 

 

                                          𝜌(𝑥) = {
    −𝑞𝑁𝑎          𝑓𝑜𝑟 −𝑥𝑝 ≤ 𝑥 ≤ 0

 
   

 
𝑞𝑁𝑑             𝑓𝑜𝑟 0 ≤ 𝑥 ≤ 𝑥𝑛

                                (2.17) 

 

where 𝑥𝑝 and 𝑥𝑛 are the depletion length on p-side and n-side, respectively, as shown in fig. 2.3. 

𝑁𝑎 and 𝑁𝑑 are the acceptors (p-type region) and donor (n-type region) impurity concentrations on 

each side of the junction, respectively. The charge density is zero outside the depletion region (fig. 

2.3 (b)). As 𝑁𝑎𝑥𝑝 = 𝑁𝑑𝑥𝑛, the net total charge in the depletion area vanishes.  

The electric field E resulting from the charges separation is a function of the depth inside the 

depletion zone such that: 

 

                     𝐸(𝑥) = {

𝐸𝑛(𝑥) = 𝑞(𝑁𝑑 휀⁄ )(𝑥 − 𝑥𝑛)        𝑓𝑜𝑟 0 ≤ 𝑥 ≤ 𝑥𝑛
 

    𝐸𝑝(𝑥) = −𝑞(𝑁𝑎 휀⁄ )(𝑥 + 𝑥𝑝)        𝑓𝑜𝑟 −𝑥𝑝 ≤ 𝑥 ≤ 0
               (2.18) 
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where 휀 electric permittivity. Consequently, the built-in voltage 𝑉0 can be obtained by integration 

of the electric field E over the depletion layer [29]: 

 

                                               𝑉0 = −∫ 𝐸(𝑥)𝑑(𝑥)
𝑥𝑛

−𝑥𝑝

=
𝑘𝐵𝑇

𝑞
(
𝑁𝑎𝑁𝑑

𝑛𝑖𝑛𝑡
2 ).                                      (2.19) 

 

As soon as the built-in voltage is determined, the depth of the depletion zone, 𝑑0, can be obtained: 

 

                                                          𝑑0 = √
2휀𝑉0
𝑞
(
1

𝑁𝑎
+
1

𝑁𝑑
).                                                   (2.20) 

 

However, 𝑑0 is typically in the order of a few microns which limits the capability of the pn-junction 

for particle detection. Therefore, an external voltage, 𝑉𝑏 , has to be applied between the n and p 

regions such that −𝑉𝑏 < 0 on the p-side of the junction and hence equation (2.20) becomes [29]: 

 

                                                            𝑑 = √
2휀(𝑉0 + 𝑉𝑏)

𝑞
(
1

𝑁𝑎
+
1

𝑁𝑑
),                                            (2.21) 

 

which gives rise to a relatively thick depletion layer that can serve as sensitive volume for incident 

X-rays in semiconductor radiation detectors. If the polarity of the external voltage 𝑉𝑏 is reversed 

so that it is applied contrary to 𝑉0, the electric field within the depletion layer drops and a current 

flow across the pn-junction becomes possible. In this case, the diode is forward-biased. 
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Typically, energy-dispersive point detectors used for X-ray diffraction experiments in the white-

beam mode are realized as diodes with reverse-biasing. Moreover, the pn-junction is the basic 

component of a pnCCD detector and its amplifying on-chip electronics is formed by special 

arrangements of field effect transistors (FET). More details about pnCCD structure will be 

discussed in the next chapter. 

 

2.3.3 Scintillators 

Scintillators are materials in which large fractions of incident striking particles or radiation are 

absorbed and transformed into detectable visible or near visible light photons, later converted into 

an electric signal. They are used in many applications especially those require high energetic 

particles or hard X-rays that are not directly detectable by semiconductor detectors. 

 Depending on the forming material and light emission mechanism, there are two different types 

of scintillators, organic and inorganic [32]. While organic scintillators are aromatic hydrocarbon 

compounds containing a benzenic cycle like anthracene (C14H10) and naphthalene (C10H8) [33], 

inorganic scintillators are ionic crystals doped or not with an activator such as NaI(Tl), CsI(Tl), 

Bi4Ge3O12 and BaF2 [34]. The mechanism of light emission in organic scintillators, is a molecular 

effect. It proceeds by excitation of molecular levels in a primary fluorescent material, in which 

during de-excitation, bands of ultraviolet (UV) light is emitted. This UV light is absorbed in most 

organic materials with an absorption length of a few mm. A wavelength shifter formed by a second 

fluorescent material is then required to convert the UV light into visible light. The wavelength of 

the emitted light is a characteristic of the activator and it is possible to modify the final wavelength 

by varying the activator. 

 Rather than the molecular effect, the mechanism of inorganic scintillators is a lattice effect. The 

electrons in the valence band are bound at the lattice sites, while those in the conduction band are 

free to move throughout the crystal. If the incoming radiation transfers sufficient energy to the 

electrons in the valence band to move into the conduction band (leaving holes in the valance band), 

the passage of a charged particle through the crystal may ionize the crystal. If the incoming energy 

is not sufficient, the electron of the valence band will not reach the conduction band and will form 

a bound state, called exciton, with the hole. The excitons are located below the conduction band 
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in so-called exciton band (fig. 2.4). Finally, the passage of charged particle through the scintillator 

medium generates a large number of free electrons, free holes and electron-hole pairs which move 

around in the crystal lattice until they reach an activator center that exists in the scintillator and 

occupy energy levels in the gap between the conduction and valence bands. They then transform 

the activation center into an excited state. The subsequent decay of this excited state to the activator 

center ground state produces emission of light. 

 

 

 

 

In comparison to organic scintillators, inorganic scintillators have high density and high atomic 

number giving rise for high absorption of charged heavy particles, 𝛾 and X-rays. In addition, for 

moderate resolution requirements, plastic scintillators are adequate, for which energy resolutions 

of the order of 1% have been obtained for light particles of about 100 MeV energy [35]. NaI(Tl) 

and CsI(Tl) are the most commonly used inorganic scintillators with radiation detectors and they 

usually contain about 0.1% of Tl as activator. Because the color of the emitted light (table 2.1) is 

well matched to the spectral sensitivity of silicon photodiodes, which show excellent long term 

stability, CsI(Tl) is widely used for detecting both light charged particles and gamma rays and is 

Figure 2.4:  Electronic Energy Band of an ionic (inorganic) scintillator doped 

with an activator. 
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also used in this thesis. Excellent energy resolution has been reported for relatively small detectors 

using Csl crystals [36-38], as well as a good energy resolution for selected larger detectors [39]. 

 

Properties CsI(Tl) NaI(Tl) 

Density [g/cm3] 4.53 3.67 

Short decay time [ns] >1000 230 

Long decay time >200 [ms] 150 [ms] 

Peak emission [nm] 550 415 

Refractive index 1.8 1.85 

Light yield [photon/MeV] 5 x 104 4 x 104 

 

 

Particle detectors using NaI(TI) scintillators have a number of disadvantages. Since the crystal is 

hygroscopic such detectors may deteriorate with time when they are not hermetically sealed or if 

they are stored in air. The use of thick entrance windows for well sealing of the detectors leads to 

higher detection thresholds and a loss of resolution. The detectors usually employ photomultipliers 

for photon detection. However, they exhibit poor long term stability when operating in vacuum. 

Despite the possibility to monitor gain drifts with high accuracies, the procedures used are rather 

time consuming. In contrast, CsI(Tl) scintillators promise to overcome some of the difficulties 

shown above. They have superior thermal and mechanical properties. Since they are only slightly 

hygroscopic they do not have to be hermetically sealed. Furthermore, their spectral response is 

well matched to that of silicon photodiodes [40].  

Scintillators are characterized by their scintillation efficiency, 𝑅𝑠, scintillation yield, 𝑅𝑟, and 

photoelectric efficiency, 𝑅𝑝𝑒 . The scintillation efficiency is the ratio of the average number of 

emitted photons 〈𝑁𝑝ℎ〉 to the energy 𝐸𝑖 of the incident radiation absorbed by the scintillator:  

Table 2.1: properties of the inorganic scintillators, CsI(Tl) and Na(Tl). [41] 
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                                                                            𝑅𝑠 =
〈𝑁𝑝ℎ〉 

𝐸𝑖
.                                                    (2.22) 

The scintillation yield is defined as the ratio of the total energy of the emitted light, 〈𝑁𝑝ℎ〉ℎ𝑣, to the 

incident energy,  𝐸𝑖:  

 

                                                                𝑅𝑟 =
〈𝑁𝑝ℎ〉ℎ𝑣 

𝐸𝑖
= 𝑅𝑠ℎ𝑣.                                         (2.23) 

 

The ratio of the number of the incident radiation (e.g. X-rays) that have been absorbed by the 

material, 𝑁𝑎𝑏 to the total number of photons that have been detected, 𝑁𝑑𝑒𝑡  is defined as the 

photoelectric efficiency: 

 

                                                                     𝑅𝑝𝑒 =
𝑁𝑎𝑏 

𝑁𝑑𝑒𝑡
.                                                  (2.24) 

 

 𝑅𝑝𝑒 is maximal for X-rays of energy lower than 100 keV, where the interactions with the crystal 

(high-Z) are largely dominated by the photoelectric effect,  𝑅𝑝𝑒 ≈ 1. For higher energies, the 

photoelectric efficiency depends on various factors such as the incident energy, the absorption 

coefficients of the various interaction processes in the crystal, the mechanisms of energy 

deposition in the scintillator, the geometry of the experimental setup and the geometrical size of 

the detector. 

The shape of the scintillation pulse of the inorganic scintillator is characterized by a fast rise time 

of a few tens of nanoseconds and a decay which has two components: a short (fast) exponential 

decay, whose decay time constant, 𝜏𝑠, lies between a few and a few hundreds of nanoseconds which 

governs the main part of the pulse, and a long (slow) delayed component with a decay constant, 

𝜏𝑙 , of few hundred nanoseconds up to milliseconds [41]. The fast decay component determines the 
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time response of the scintillating material. The decay components define the number, N, of the 

photons emitted at time t, such that 

 

                                                                𝑁 = 𝐴𝑠𝑒
−𝑡
𝜏𝑠⁄ + 𝐴𝑙𝑒

−𝑡
𝜏𝑙⁄  ,                                  (2.25) 

 

where  𝐴𝑠 and 𝐴𝑙 are the relative magnitude of the short and long components, respectively. For 

CsI(Tl), the short decay constant 𝜏𝑠 > 1000 𝑛𝑠 is in contrast to 𝜏𝑠 ≈ 230𝑛𝑠 for NaI(Tl) (table 2.1), 

where 80% of the light intensity is emitted in 1 μs. The long decay constants for both materials are 

in the order of hundreds milliseconds. The existence of triplet states that contribute to the emission 

of scintillation light in CsI(Tl) with partially allowed transitions from the excited into the ground 

state of luminescence centers, leads to a slow decay time  (~1000 ns) relative to other inorganic 

scintillators  such as LaBr3(Ce) where the decay time is around 30 ns at room temperature [42]. 

During the absorption and emission in the scintillators, lattice vibrations take place which alter and 

broaden the shape of absorption and emission bands without changing the overall transition 

probability. The shape of absorption and emission bands can be determined from 

photoluminescence measurements in which the medium is excited by photons with energy 𝐸𝑝ℎ 

[43]. The luminescence caused by ionizing radiation is called radioluminescence and leads to 

several emission bands, because of the existence of several luminescence centers. Furthermore the 

absorption and emission spectra are shifted in energy against each other by a value called Stokes 

Shift, 𝐸𝑆𝑡𝑜𝑘𝑒, (fig. 2.5). This shift gives rise to minimize overlap and reducing the self-absorption, 

for an increasing coupling of the electronic states with lattice vibrations. In other expression, the 

Stokes Shift is specified as the energy difference between the absorption and emission band 

maximum and can be expressed by the Hyang-Rhys parameter, 𝐻 [44]:  

 

                                                                    𝐸𝑆𝑡𝑜𝑘𝑒 = (2𝐻 − 1)𝐸𝑝ℎ .                                       (2.26) 
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Generally the larger Stokes Shift is a result of a stronger coupling between electronic states and 

lattice vibrations (phonons). For CsI(Tl), 𝐸𝑝ℎ ≈ 11 meV  resulting in a Stokes Shift 𝐸𝑆𝑡𝑜𝑘𝑒 =

1.13 eV where 𝐻 = 52 [45].  

 

 

  

 

The temperature dependent absorption and emission (luminescence) bandwidth can be described 

by:  

 

                                                      𝛤(𝑇) = 2.35𝐸𝑝ℎ√𝐻. coth (
𝐸𝑝ℎ

2𝑘𝐵𝑇
) ,                                 (2.27) 

 

Figure 2.5: Configurational diagram in the harmonic approximation for a luminescence 

center in the ground and excited state [44]. 
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where 𝑘𝐵 and 𝑇 are as defined for eq. (2.16). The activator material play a main role in the phonon 

and emission energy, and hence, it defines the shape and the maximum position in the scintillation 

spectra. As an example, figure 2.6 shows the normalized scintillation spectra of undoped CsI, 

CsI(Tl) and CsI(Na) at room temperature. CsI(Tl) shows its maximal emission at the wavelength 

550 nm in contrast to 420 nm for CsI(Na) and 315 nm for undoped CsI.  

The decay time of CsI(Na) is faster than that of CsI(Tl), so that it is suitable for detector 

applications, which have to resolve high count rates. In contrast, CsI(Tl) has a larger Stokes Shift 

[45] which make the self-absorption lower than that in other scintillators like CsI(Na) and 

LaBr3(Ce).  

 

 

 

 

 

 

 

 

Figure 2.6: Normalized scintillation spectra of undoped CsI, CsI(Tl) and 

CsI(Na). CsI(Tl)  shows its maximum emission at the wavelength 550 nm 

in contrast to 420 nm for CsI(Na) and 315 nm for undoped CsI [36]. 
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2.4 Detection of the Scintillation Light 

As shown in chapter 5, a CsI(Tl) scintillator with an optimized thickness (700 µm) has been 

coupled to a pnCCD detector has an excellent quantum efficiency at the energy of the signal 

generated by CsI(Tl) scintillation light. The maximum intensity of the scintillation spectra of most 

of the scintillators are in the near ultraviolet and visible (UV−Vis) range. At the same time the 

detection area of pnCCD is formed by the silicon chip. In this section, the interaction between 

UV−Vis radiation with silicon will be discussed. 

To understand the optical properties of silicon, one needs to analyze its band structure, shown in 

figure 2.2. Photon absorption through electronic transitions between different bands can occurs 

only if the total energy and momentum of the system is conserved. As discussed in section 2.1, the 

interaction of photons with silicon mainly occurs by the excitation of electrons from the valence 

band or impurity states into higher available energy states. But there is also the probability for 

excitations within the same band [47]. For certain photon energies the joint density of states of the 

conduction and valence band becomes maximum. This leads to the so called Van Hove 

singularities in the joint density of states. Two regimes with an excitation energy E1 and E2 (see 

fig 2.2), give rise to Van Hove singularities, hence to characteristic points of the absorption of 

silicon at E = 𝐸1 and 𝐸2.  
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Since silicon is an indirect semiconductor, phonon has to participate in the absorption process 

when the incident photon energy is close to the energy gap Eg. Thus the excitation of an electron 

from the valence into the conduction band by photons with energies around the energy gap of 

silicon, Eg, is a second order process with a lower absorption coefficient compared to the first 

order direct transitions for photon energies ≥ 3.3 eV. The absorption coefficient of intrinsic silicon 

is shown in figure 2.7.  

When silicon is doped with impurities, the so called Mott transition occurs at doping 

concentrations of about 1018 𝑐𝑚−3[47]. With increasing doping concentrations electrons or holes 

localized on the donators or acceptors become free carriers. Due to a narrower energy gap in 

heavily doped semiconductors, their absorption coefficient becomes larger [49]. Moreover, at high 

doping levels the high density of charge carriers enables an additional absorption process, where 

a charge carrier transfers the suitable momentum to the excited electron instead of a phonon. A 

Figure 2.7: Absorption coefficient of intrinsic silicon at room 

temperature. Data are taken from [48]. 

from [42]. 
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third absorption process in heavily doped semiconductors can also occur which is the free carrier 

absorption, where electrons or holes are excited within the same band. These three processes lead 

to an increase of the absorption coefficient in doped silicon compared to intrinsic silicon in the 

energy range below 3.3 eV. The absorption coefficients of intrinsic and heavily doped silicon are 

displayed in figure 2.8. 

 

 

 

 

 

As can be seen in fig. 2.8, the absorption coefficient in boron and phosphor doped silicon at the 

wavelength of 400 nm is about twice as in intrinsic silicon, increasing to triple at 700 nm. This 

difference continues to increase for longer wavelengths such that at 1000 nm the absorption 

coefficient of the heavily doped silicon is larger by a factor of more than 10 times as that in intrinsic 

silicon. In pnCCD entrance window, the maximal doping concentration of silicon is at least one 

Figure 2.8: Absorption coefficient of intrinsic and phosphor or boron 

doped silicon at T=300 K. Figure is adapted from [50]. 
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order of magnitude lower than the doping concentration of silicon shown in Fig. 2.8. Hence, the 

absorption coefficient inside the p-doped part of the pnCCD entrance window is approximated by 

that of intrinsic silicon in the considered range from 300 to 1000 nm here. Intrinsic silicon becomes 

transparent for photon energies below E = Eg – Eph = 1.12 - 0.05 eV=1.07 eV (λ=1160 nm), 

whereas for heavily doped silicon the absorption coefficient increases slowly to longer 

wavelengths, due to free carrier absorption.  

The number of generated electron-hole pairs by absorbed UV-Vis photon is another important 

property one should consider for silicon. Figure 2.9 demonstrates the number of generated signal 

electrons in pnCCD per absorbed photon in the range 150 to 1050 nm. The data in this figure has 

been taken from [51]. 

 

 

 

 

Figure 2.9: Number of signal electrons generated in pnCCD by absorbed photons 

in the range 150 to 1050 nm [51]. 
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For incident photons with wavelength between 300 and 1000 nm which refers to the energy range 

from 4.1 to 1.2 eV, the number of measured signal electrons is almost constant and counts to 1. As 

the photon energy increased above 4.1 eV (𝜆 < 300 nm), the number of the generated electrons 

starts to increase up 2.5 electron/photon at 𝐸 = 8.2 eV (𝜆 = 150 nm) . 
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3 pnCCD detector 

 

P-n junction charge coupled device (pnCCD) is a solid-state detector and was initially designed 

and used for X-ray astronomy applications at European Photon Imaging Camera (EPIC) on the 

XMM-Newton satellite [52]. Due to its high sensitivity, good radiation hardness, high readout 

speed and many other advantages over other detectors, pnCCD has been utilized -along with its 

applications in space- for many synchrotron radiation applications such as crystallographic and 

material science applications [53-55]. Moreover, the pnCCD allows for energy dispersive Laue 

diffraction (EDLD) in the white-beam mode giving rise to a four-dimensional data volume output 

which is often not possible with other detectors used by conventional techniques and performed in 

the monochromatic mode. In this chapter, the concept and basic operation of the pnCCD as well 

as its physical properties are described. In particular, it will show how and with what energy and 

special resolution incident X-rays can be detected. 

 

3.1 Concept and structure of pnCCD 

PnCCD is a special type of CCD equipped with the p-n structure. While the depletion area of 

typical CCD is few microns near the surface, the full detector thickness of pnCCD is depleted in 

which it allows to find the proportionality between photon energy and size of the generated charge 

cloud. The charge cloud created by ionization of the detector material is stored as a function of 

energy of the incident radiation in individual pixels and then shifted from one pixel to the next one 

by applying and changing a voltage difference, until they reach a single readout node. The readout 

details will be shown later in a separate section of this chapter. In comparison with other CCDs 

where the shift registers are made up of metal oxide semiconductors (MOS), pnCCD with its p-n 

structure has the advantage to show a less risk of radiation damage due to ionizing radiation that 

cause accumulation of positive charges close to the oxide structure. 

The sideward depletion which is the main peculiarity feature of pnCCD detector is a concept that 

was initially proposed by Gatti and Rehak in 1983 [56]. With this principle the detector is 
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considered as depleted field effect transistor (DEPFET). This structure can be achieved by setting 

up two heavily doped p+ contacts separated by a weakly n- doped region, in addition to small but 

highly n-doped contact, n+, on the front side as shown in figure 3.1 to creates an Ohmic contact to 

the Si bulk and serves as a readout node for the generated charge. This “p-n-p” structure is 

considered as 2 p-n junctions with a common n bulk. The depletion of the bulk is achieved when 

an external high reverse bias 𝑉𝑏 is applied such that the p-sides are connected to the same negative 

electric potential and the n+ contact at the positive potential (fig. 3.1 (b)). If the same voltage is 

applied on both sides of p+, the potential minimum lies in the middle of the wafer. In case of 

pnCCD, different voltages are applied between the front and back side in a way that the potential 

minimum is shifted toward the front side. Hence, when x-rays hit the depleted region the generated 

electrons are shifted towards the potential minimum which is at the front side of pnCCD. 

The vertical extension of the depletion area can be derived from (2.21) with a condition of 𝑁𝐷 ≪

𝑁𝐴: 

                                                            𝑑 = √
2휀(𝑉0 + 𝑉𝑏)

𝑞𝑁𝑑
.                                                    (3.1) 

 

The sensitive volume of pnCCD is typically, as the one used in this work, formed of a double-

sided polished silicon wafer of 450 μm thickness. The whole sensitive volume is fully depleted by 

means of an external voltage in the range between 200 and 250 V.  
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The pnCCD is an energy-, position- and time resolved detector, and hence its front side where the 

signal charges are collected need to be pixelated. The pixel geometry of the front side is achieved 

by means of p+ boron implants in a form of parallel stripe patterns, while the unstructured back 

side is doped with homogeneous p+ concentration (fig. 3.2). The potential under the stripe-like 

patterns alter with a periodic form allowing for charges to transfer toward the readout anode. Each 

Figure 3.1: Principle of sideward depletion according to Gatti and Rehak [42]. (a) Only the intrinsic 

depletion zones of “p-n-p”-junctions have developed when no reverse voltage is applied. (b) For 

enhanced reverse voltage, the depleted region within the bulk is extended starting from the pn-

junctions on the wafer surfaces 
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strip forms a channel of the detector which defines one dimension of the position coordinates, 

while the second position dimension is defined by the time taken by the charge signal to be 

transferred along the channel (strip) from its stored gate to the readout anode. The readout process 

will be discussed in the section 3.3. 

 

 

 

 

 

 

 

3.2 Quantum efficiency 

The quantum efficiency 휀 of semiconductor radiation detector defines its sensitivity to the incident 

radiation. In other term, 휀 tells how many photons will be stopped by the detector sensitive area 

Figure 3.2: Cut through a fully sideward depleted pnCCD along one transfer channel. X-rays 

enter the detector unit from the back side and create electron-hole pairs within the Si bulk. The 

electrons drift to the front side, which has a pixel structure, and stored in potential minima and 

then transferred to the readout anode. Figure is adapted from [38]. 
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when irradiated by an incident beam. It can be described as the fraction of the detected photons 

intensity 𝐼𝑑𝑒𝑡 to the incident photons intensity 𝐼0, i.e. 

 

                                                                            휀 =
𝐼𝑑𝑒𝑡

𝐼0
⁄ .                                                                (3.2) 

 

At the same time the number of interacting photons equals to the difference between the intensity 

of incident photons and those traversing the active area as defined in equation (2.12): 

 

                                                           𝐼𝑑𝑒𝑡 = 𝐼0 − 𝐼 = 𝐼0(1 − 𝑒
−𝜇𝑥).                                               (3.3) 

𝜇 and 𝑥 are as defined in (2.12). By inserting (3.3) in (3.2) the quantum efficiency can be written 

as: 

 

                                                                          휀 = (1 − 𝑒−𝜇𝑥).                                                          (3.4) 

  

In real experiments, the silicon chip of pnCCD is equipped within an evacuated chamber with an 

entrance window with an attenuation coefficient 𝜇𝑤 and thickness 𝑡𝑤 (for eROSITA pnCCD, 

which is used in this work, the entrance window consists of a 200 µm Kapton foil, 70% carbon 

and 30% oxygen, in addition to a 10 µm thick graphite coating and 20 µm aluminum foil). The 

incident beam reaches the detector plane under an angle 2𝜃 (fig. 3.3) making a path length through 

the active Si layer with thickness 𝑡𝑆𝑖 equal to 𝑡𝑆𝑖 cos 2𝜃⁄ . These conditions add more contributions 

to the quantum efficiency, and equation (3.4) becomes:  

 

                                               휀(𝐸, 𝜃) = (1 − 𝑒−𝜇𝑆𝑖𝑡𝑆𝑖 cos2𝜃⁄ )𝑒−𝜇𝑤𝑡𝑤 cos2𝜃⁄ .                                (3.5) 
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Figure 3.3 shows the simulated quantum efficiency of pnCCD detector of 450 µm thickness in two 

cases: an ideal case without housing window and with incidence at 2𝜃 = 0 (blue curve), and real 

experiment with entrance window (red curve). The geometrical condition of the real experiment is 

illustrated in the figure. In the ideal case, the detector has almost 100% sensitivity for X-ray 

photons below 10keV. Above this energy the efficiency starts to diminish exponentially due to the 

finite thickness of the sensitive volume. It reaches a value of 4.5% at 45 keV and less than 2% at 

100 keV. Furthermore, the existence of the housing window in eROSITA pnCCD affects the soft 

X-ray photons. Photons with energy below 2.5 keV are totally absorbed before they reach the 

detector silicon chip, leading to almost 0% quantum efficiency in this energy range. The maximum 

quantum efficiency of this case is around 95% at 10 keV. The entrance window with the thickness 

mentioned above has no stopping power for photons with energy above 15 keV, and subsequently, 

the quantum efficiency of eROSITA system is the same as of the ideal pnCCD. 

Figure 3.3: Quantum efficiency of pnCCD vs. Energy. The housing window causes a loss 

in the quantum efficiency in the energy range below 15 keV. 
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In order to improve the quantum efficiency for hard X-rays, a novel type of pnCCD detector system 

has been developed. The new system is based on the coupling of CsI(Tl) scintillator to the silicon 

chip of pnCCD. It has been shown in 2.2 that the attenuation coefficient of CsI material for high 

energetic X-ray photons is larger than that of Si. On the other hand, Si shows a high sensitivity to 

the optical photons generated by the scintillators. Both gives rise to a high quantum efficiency in 

the order of 50% at 100 keV when the scintillator is coupled to the back side of pnCCD. The 

structure and properties of pnCCD + CsI(Tl) will be discussed in details in chapter 5.  

 

3.3 Read out  

3.3.1 Generation of charges and collection 

When a photon interacts with the silicon chip, it is converted into a cloud of electrons. This cloud 

is then drifted toward the pixels located at the front side. Depending on the position of the incident 

photon this charge cloud may not be stored within one single pixel (fig. 3.4(a)) [53]. Rather, it may 

impact with the boundary between two adjacent pixels and spread its charge over both. In such 

case the event is called ''double ''(fig. 3.4(b)). In the case of distributing over three or four pixels, 

the event is called “triple” or “quadruple” event, respectively (fig.3.4(c) and (d)). In order to 

distinguish real from parasitic impacts, only specific split events are valid, i.e. for the double event, 

the charge cloud generated by one X-ray photon can spread only over two adjacent vertical or 

horizontal pixels but not diagonally. For a valid triple event, the most intense pixel is positioned 

at the corner. In the quadrupole case the maximum and the minimum signals lies at the diagonals 

and not vertically or horizontally [54]. Some examples of invalid events are shown in figure 3.5. 

Such events are ignored in the data analysis. 
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The type of the event depends on the photon conversion position and on the charge cloud size 

which in turn depends on the converted photon energy. According to the discussions in chapter 2, 

Figure 3.4: Four possible events can take place at the of pixels level. Depending on its size, the charge 

cloud can be collected completely inside just one pixel (Single event), or it may spread over two, three 

or four adjacent pixels. In such cases the event is called double, triple or quadruple, respectively. 

Figure 3.5: Examples of invalid events 
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a 10 keV incident photon can produce about 3600 signal electrons, assuming that this photon 

undergoes a photoelectric interaction with silicon. This prediction has been justified with a good 

agreement by experiments performed by [54] in which 1750 signal electrons has been measured 

after a conversion of 6.4 keV photon and 4800 electrons for 17.5 keV photon. The size (rms) of 

these charge clouds were found to be between 8 and 10 µm, respectively. Generally, the possibility 

for an event to split over more than one pixel increases when the incident photon energy increases. 

The pixel size of pnCCD is 75x75 µm2, and hence, if an incident photon with energy in the order 

of 100 keV is converted into a charge signal which is typically in the order of 20 µm size, at a 

position aligned below a pixel center, there is no chance for  splitting and the event will be ”single”. 

Once the conversion process take place near the pixels border by a distance less than the radius of 

the charge cloud, the event will spread over the common-border pixels. 

 

3.3.2 Frame store 

If an X-ray photon interacts within the sensitive volume area during a charge transfer of a previous 

event, the position information of the new event can be lost. Such events are called “out-of-time 

events” [55]. In order to overcome this problem, a new pnCCD-based detector denoted as “frame 

store pnCCD” was designed and employed in 2002 for ROSITA satellite mission [56]. With this 

new design the detector is denoted as a frame store pnCCD. In this type, the total area of the 

detector is divided into two parts: the image area (IM) and the shielded frame store area (FS). The 

IM contains 384x384 pixels of dimension 75 x 75 μm2 distributed over 28.8 x 28.8 mm2. The FS 

area has the same number of pixels as in IM but with pixel size of 75 x 51 μm2 (fig.3.6). 
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By this way, the radiation can be detected and integrated at the image area and transferred quickly 

to the frame store area relative to the readout time taken for charge transfer from FS to the readout 

node. The signal, which is now stored in the frame store area, is transferred relatively slow to the 

CAMEX. The number of "out-of-time events" is reduced significantly when the detector is 

operated in the frame store mode. In this mode, the detection of photons in frame ‘n’ can be 

processed in the IM independently from the signal readout from the previous frame ‘n-1’ in the 

FS. The sensitive area of the frame store pnCCD can be extended to a double size by un-shielding 

the frame store area. The operation mode in this case is denoted as full frame mode. Despite the 

large sensitive area provided by this mode which is useful in many cases, it has a disadvantage for 

synchrotron radiation applications due to the high flux exposure and longtime readout which is 

twice as that in frame store mode. If the new event is detected during this longtime charge transfer 

then the position information is likely to be wrong or the resulting image is smeared. 

Fig.3.6: Scheme of eROSITA frame store pnCCD. The total detector area is divided into two 

parts: image area (IM), and frame store area (FS). The frame store area is shielded against 

any radiation exposure. While interaction of a photon is taking place at IM, the charge 

signal of the previous frame is stored temporarily in the FS before it proceeds to the CAMEX. 
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3.3.3 Charge transfer process  

After the charges are integrated inside the pixels as signal electrons, these signals are transferred 

toward the readout node. Three shift registers with varying voltages φ1, φ2 and φ3 in a specific 

sequence are needed to move the signals from one pixel to the next until they reach the CAMEX 

chip (fig. 3.7). The procedure of moving one integrated charge by one row is as follow: After the 

collection of the electrons, more positive voltage is applied to the registers φ1 and φ2 compared to 

φ3 which makes the potential for the electrons lower below registers φ1 and φ2, forcing the electrons 

to be trapped there. Next, φ1 is operated at lower voltage and φ3 at higher which drive the electrons 

away from the first register toward the second and third. Applying a higher voltage at φ1 and φ2 of 

the next pixel and lower voltage for φ3 of the current pixel drives the charges toward the pixel of 

the next row. This step by step procedure is shown in figure 3.7. The time taken for one shift of 

the voltage is 100 ns. For the movement of the signal charge from one pixel to another, six phase 

shifts are required which are equivalent to 600 ns. This leads to 230 µs for signal charge to travel 

384 pixels. The voltage of the applied pulses is typically between -20V and -15V relative to the 

substrate contact.  

During charge transfer process, a part of the moving electrons might be lost due to defects in the 

silicon crystal [57]. Another factor that can cause a loss of transferred charges is the imperfection 

in the potential structure of the shift registers. The fraction of the charges shifted to a given pixel 

is denoted by '' Charge Transfer Efficiency (CTE)'' and defined as: 

                                                                              𝐶𝑇𝐸 =
𝑞𝑖 + 1

𝑞𝑖
                                                (3.6) 

 

where qi and qi+1 are the numbers of charges before and after shift from row i to i+1, respectively.  
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The complement of CTE is denoted as charge transfer inefficiency 𝐶𝑇𝐼 = 1 −  𝐶𝑇𝐸, and gives the 

relative number of electrons which are captured by traps and fed to subsequent pixels. The CTI 

value of pnCCD measured by means of a monochromatic X-ray source is in the order of 10-5 [57]. 

 

3.3.4 Signal amplification and readout electronics 

Once the charge signals leave the channels and arrive the readout anode, they enter the Junction 

Field Effect Transistor (JFET). At this stage, the signals are amplified and the signal to noise ratio 

increases. The readout anode is connected with a Reset-FET gate which removes the collected 

charges and switch to a new frame by applying a steady voltage at the anode. The signals are 

Figure 3.7: Three-phase voltage sequence used to transport signal electrons from the image 

area to the frame store area. The charge transfer is performed within spatially and 

temporally varying potential wells. In the case of charge storage below one register, the 

electrons can be transferred by one pixel unit within 600 ns. In an alternative operation mode 

of the pnCCD, the charge is collected below two registers. Figure is taken from [43] 
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transferred to the First-FET which acts as preamplifier (fig. 3.8). Particularly, for high count rates 

at which many electrons are shifted to the anode, an incomplete reset may occur. This leads to 

charge avalanches at the first FET gate, constricting the transistor channel entirely and short-

circuiting the supply voltages of the first FET. Further sampling and processing then take place at 

the CAMEX. 

 

 

 

 

 

 

 

 

 

CAMEX is a special electronic chip designed for pnCCD to amplify and sample the signals 

received from the parallel channels. In pnCCD used by eROSITA, three CAMEX are located at 

the endpoints of 384 channels (each CAMEX connected to 128 channels). The input of CAMEX 

is connected to the JFET current source as shown in figure 3.8. It receives the absolute analogous 

signals [58]. These signals are proportional to the charge clouds arrived to the readout anode. The 

different stages of the CAMEX are shown in figure 3.9.  

Figure 3.8: Schematic view of on-chip electronics at the readout anode. Charge 

signals coming at the readout anode are amplified by the n-JFET and cleared by the 

MOSFET after each readout 
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The maximum detection of X-ray radiation can be achieved by controlling two voltage amplifier 

stages on JFET and CAMEX and using CDS-filters to prevent the low-noise signals from entering 

the sample and hold gate. The baseline signals are measured before the charge signals reach the 

anode which separates the collected signals from the noise. After the electronic processing, the 

signals are re-amplified and transported to PC by means of analog-to-digital converter (ADC). 

 

3.4 Spatial resolution 

The spatial resolution of the pnCCD mainly depends on the pixel size. Other factors related to the 

experimental conditions including frames rate, energy range and incident angles have to be taken 

into account. As the detector works on the principle of photon-charge conversion, the volume of 

the created charge cloud strongly contributes to the spatial resolution. Depending on the charge 

Figure 3.9: CAMEX diagram. Different stages for the signal processing:  After pre-amplifying at 

JFET, the signals filtered by passive low-pass and CDS filters before sampling and digitalizing 

and then serialized to the cable driver. Figure is taken from [32] 
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cloud diameter and the conversion position with respect to the pixel borders, the cloud may split 

over more than one pixel (see section 3.3.1). At the same time the size of the charge cloud is 

proportional to the photon energy in which a 6 keV photon creates a cloud of diameter about 8 μm, 

and about 12 μm for 25 keV photon [54]. This implies that for soft x-rays, the spatial resolution is 

much better than that in case of hard x-ray where the electron cloud size may exceed the pixel size. 

However, according to [59], the collected events can be localized with a subpixel resolution. The 

information about charges cloud size and their distribution over the pixels served as input to 

determine the 2D center of mass coordinates of the charges cloud. With this approach, a spatial 

resolution of 2 µm could be obtained for triple and quadruple events [54]. 

The scattering angle 2Ɵ of the incident photon with respect to the CCD normal influences the 

retrieved event position. The created charges at this point are drifted in the direction of the electric 

field (E) which is parallel to the normal (fig. 3.10). This phenomenon is so called Parallax effect 

[57]. The position of such events needs to be corrected by taking into account the chip thickness 

and on the interaction point in depth. For high energetic photons the conversion of photons take 

place near the store registers (in case of back illuminating detectors). Consequently, the deviation 

from the real position is smaller compared to those interacting near the back side. 

 

 

 

 

 

 

 

 

 

Figure 3.10: Parallax effects within pnCCD. The recorded position is usually 

different from the actual position due to the drifting of the generated charge cloud 

in a direction parallel to the applied electric field toward the pixel structure side. 
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Furthermore, during the readout process of a given frame, more photons keep hitting the sensitive 

area producing “out-of-time” events that causes a smearing of the image and results in wrong 

position information. In order to reduce the influence of this phenomenon, the detector is operated 

at fast frame rate and the radiation flux is often reduced as low as possible to a level commensurate 

with experiment requirements. 

It’s worth mentioning that for the pnCCD combined with scintillator, the light generated in the 

scintillator and detected by pnCCD is often spread over more than 5 pixels which makes the spatial 

resolution of the combination system worse compared to the case of the naked pnCCD [13]. This 

case will be discussed later in chapter 5.  

 

3.5 Energy resolution 

The energy resolution of registered electrons can be determined by measuring the FWHM of the 

Gaussian energy distribution of a spectral peak centered at energy E of a monoenergetic X-ray 

line. In addition to the peak energy, the CCD material and equivalent noise charge (𝐸𝑁𝐶) play a 

main role in determining the energy resolution of the detector. This can be explained by the 

following relation [60]: 

 

𝐹𝑊𝐻𝑀(𝐸) = 2.355𝑤√
𝐹𝐸

𝑤
+ 𝐸𝑁𝐶2 

 

where 𝐹=0.115 is the Fano factor for Si [61]. w=3.65 eV is the electron-hole pair creation energy 

in Si and 2.355 is the conversion factor between the standard deviation of a Gaussian and the 

FWHM. 𝐸𝑁𝐶 includes the different noises that are produced at different positions of electron (on-

chip electronics, amplifiers, CAMEX and the leakage current due to thermal conditions). Such 

noises are unavoidable for real detector. It can be reduced by cooling the detector to a low 

temperature (~ -30 0C). Furthermore, the low energetic photons such as optical photons affect the 

energy resolution and suitable materials are usually used as chamber entrance window to filter out 
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such noisy photons and prevent them from entering the pnCCD chamber. The FWHM for pnCCD 

was measured experimentally by [53] in term of energy using various X-ray fluorescence lines. 

With a signal threshold of 6 (  =9.3 e-) the FWHM was found to be between 200 eV and 280 

eV within the energy range between 6.4 and 17.4 keV. The measured lines with their respective 

FWHM are summarized in table 3.1. 

 

 

 

 

3.6 Time resolution 

The sum of the integration time (exposure time), charge transfer and readout times form the cycle 

time and the frame rate. This rate varies from one pnCCD model to another and from one mode of 

operation to another. For example, for pnCCD with 384x384 pixels operating in the frame store 

mode, the complete cycle time is 11.28 ms while for 256x256 modules this time is reduced to 7.5 

ms. Rising the exposure time leads to more integrating events. But at same time, this causes more 

out-of-time events. The frame rate and consequently the time resolution of pnCCD can be 

improved by means of pixel binning (timing mode). By this mode, the charges of several adjacent 

pixels are integrated together as they belong to one “large pixel”. The integrated charges are then 

transferred to the next “large pixel” and so on. For example, for 2-fold pixel binning, the charges 

from two rows are merged together and are transferred into the next two pixels and so on until they 

reach the readout node. 4,8,16 and more-fold binning is possible and this leads for a proportional 

reduction of the cycle time (half of the original time in case of 2-fold and quarter time for 4-fold 

binning) [62]. However, mixing of several pixels together distorts the position resolution of the 

Emission line Fe-K Fe-K Cu-K Cu-K Pb-L Rb-K Rb-K Mo-K 

E (keV) 6.4 7.05 8.03 8.9 12.6 13.3 14.9 17.4 

FWHM (eV) 212 210 218 221 243 249 260 280 

Table 3.1: Energy resolution of the pnCCD for different fluorescence energies at a signal threshold of 

6 described by the FWHM of the individual peaks containing only single events. Data has been taken 

from [53]. 
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produced image. Hence, the timing mode is advantageous for the applications with time resolved 

process where spatial resolution is of less importance. 
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4 Application of pnCCD in material science: 
single grain analysis of polycrystalline nickel 

 

Industrial components ranging from micron to a few meters in size are mainly composed of 

polycrystalline materials. Improving their mechanical properties requires better understanding of 

the material response during service, such as mechanical loading and deformation behavior of the 

collective and individual grains. Due to the specifics of the processes of manifacture 

polycrystalline materials may show a sharp distribution of orientation (texture),  varity of 

crystallographic structure (phases) and grain sizes (size effects). As a result, structure analysis of 

polycrystalline materials is required to understand  the complexity of the system. For example, 

during plastic deformation (mechanical loading) each grain responds differently to the external 

force due to its initial orientation. On the other hand, interaction with the surrounding grains play 

a role in which the response of an embedded grain is different from what is expected from an 

isolated grain [63]. Since inter- and intragranular interactions occur at the same time, an 

experimental technique is required to separate the individual response of each grain [64, 65].  

Today, the dominant set of tools for characterizing the microstructure of polycrystalline materials 

is electron microscopy (EM). However, despite its versatility, EM lacks the capability of probing 

the temporal evolution of orientation and strain fields in the bulk of micrometers to millimeters 

sized specimen. Recent advances in synchrotron-based X-ray imaging and diffraction techniques 

offer interesting possibilities for non-destructive 3D grain characterization of polycrystalline 

materials such as crystallographic structure, orientation and strain of individual grains [66].  

The pnCCD has been previously used to study perfect single crystals and to determine the 

crystalline structure and 3D strain [13, 67, 68]. In this chapter the benefits of utilizing pnCCD in 

energy-dispersive Laue diffraction experiments (EDLD) for the analysis of polycrystalline 

materials will be shown. The feasibility of resolving single grains from the polycrystalline matrix 

will be exhibited. Using ultra high energy X-rays and a broad X-ray beam, a large number of grains 

can be exposed simultaneous providing a reasonable number of Laue spots with sufficient 

intensity. The proposed method is fast and requires no sample rotation, hence, well suited for in 

situ experiments. It allows for probe large areas of heavily deformed samples and it is not limited 
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to grains located at the sample surface. The second advantage is the relatively flat Ewald sphere 

with a very low curvature which allows measuring complete crystallographic zones. As material 

system to probe the lattice strain distribution we used polycrystalline Nickel wires with an average 

grain size of 50µm. The possibility of extracting both local and global statistical information to 

gain deep insights into load partitioning in complex polycrystalline microstructures will be 

demonstrated. 

EDLD experiment using ultra-high X-ray energy has helped to elucidate the structure and 

mechanics of polycrystalline solids in the context of a wide range of problems. Abboud et al. 2017 

[4] has studied to determine the full strain tensor from an experiment with single shot x-ray 

exposure using two-dimensional energy dispersive detector (pnCCD). They have calculated the 

deviatoric and hydrostatic components of the elastic strain and stress tensors in a copper sample. 

Phillips et al. 2004 [5] have investigated the stress distribution in a polycrystalline Al film on a Si 

substrate during cyclic thermal loading. The presence of a stress gradient from the whisker root to 

the Sn parent material that drives the whisker growth has been confirmed as well by Choi et al 

2003 [6]. 

Using diffraction-contrast microscopy with mono-energetic x-rays, the mapping of lattice response 

and deformation of ductile polycrystalline material under an external load could be evaluated with 

high angular resolution [69, 70]. Energy dispersive Laue diffraction experiment using micro-sized 

beam has been used as an effective method to study the intra- and intergranular lattice distortions 

at the micro-scale [71]. With this method, many local grains can be irradiated at the same time by 

collimating a polychromatic X-ray beam to a spot size that can cover a specific number of grains. 

The diffraction pattern arising from the gauge region consists of a number of diffraction spots from 

each grain. From the location of these spots, the grain orientation and the deviatoric elastic strain 

within the illuminated gauge volume can be deduced. Fast acquisition rates of pnCCD and 

automated algorithms for the processing of data (diffraction patterns) allows for rapid mapping of 

relatively large areas [72, 73]. 

 

 

 



56 
 

 

4.1 Energy-dispersive Laue diffraction 

A polycrystalline Nickel wire of high purity (99.9 %) and of 0.5 mm in diameter and 20mm in 

length has been prepared and placed into a glass tube filled with Argon gas in order to reduce the 

number of grains by a heat treatment.  The specimen was subjected to an annealing at 850°C (65 

percent of melt temperature) for up to 20 hours resulting in a residual mean grain size of 50 µm. 

Finally, the wire was etched close to the center of specimen in order to further reduce the number 

of grains within the probing area and to control the breaking point during application of external 

mechanical stress. For the electrochemical etching we used a solution of 95% methanol and 5% 

HClO4 as electrolyte and Al and Sn as anode and cathode material, respectively. The etching did 

create a waist of about 80 µm in diameter. The samples were loaded in steps using a small-scale 

tensile device [74] and were investigated at displacements of 0, 40, 80, 120 and 200 μm. 

The EDLD experiment was performed at the energy-dispersive diffraction (EDDI) beamline of 

BESSY II in Berlin with white synchrotron radiation generated by a 7 T multipole wiggler. The 

experimental setup is shown in figure 4.1. The sample equipped at a straining device is installed 

on a translational stage for alignment. The pnCCD was equipped on a translation stage 78(2) mm 

behind the sample. A lead beam stopper was placed in front of the detector. A 25 mm thick 

aluminum plate was placed in between the exit window and sample in order to absorb the highly 

intense low energy part of the white incident spectrum. As a result, the applicable synchrotron 

spectrum was tailored to a band pass ranging between 30 to 130 keV. The size of the incident beam 

was reduced to 200 × 200 µm² by means of pinholes directed onto the gauge section. 
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An eRosita type pnCCD module with a pixel dimension of 75 x 75 μm2 and an energy resolution 

of 0.13 keV at 6 keV and 0.470 keV at 100 keV was used. The expected lattice strain resolution 

(d-value) depends on the spatial and spectral resolution of a diffraction peak. In this particular 

experiment the detector was placed in the forward scattering direction at a distance of 78(2) mm 

behind the sample, the corresponding accuracy in the measured Bragg angle (2ϴ) is in the order 

of 1x 10-3 degrees resulting in a resolution in d-value in the order of Δd/d=10-3-10-4 (<0.1%). Due 

to the small active area of the sensor chip (2.88 x 2.88 cm²), the available 2ϴ range is limited to 

±10.8o. 

Laue patterns were recorded in transmission geometry using the pnCCD operating in the single 

photon counting mode. However, the gauge section shows signs of residual strain as the Laue spots 

are spatially extended. Figure 4.2 (a) represent the Laue image from the bulk part, while 4.2 (b) is 

the thinned part. The recorded data sets consist of 300 dark frames (noise and offset correction) 

and 50,000 frames (at a frame rate of 100 Hz). The Ni fluorescence line (k-alpha peak) was used 

to correct for gain fluctuations between different detector channels as discussed in details in [72]. 

The streaks shown in figure 4.2 used for further analysis are identified by ellipses and numbers. 

Figure 4.1: EDLD experimental setup at EDDI beamline of BESSY II. The Ni sample was 
measured in transmission geometry using the pnCCD. The incident spectrum is tailored by 
inserting a 2.5 cm Aluminum cylinder on the beam path between sample and detector. 
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Other reflections with very low or much too high intensity (pixel saturation) were excluded from 

further data treatment. 

 

 

During data analysis of the recorded Laue patterns, one should keep in mind the consequences of 

a forward scattering experiment where 

variations in the Laue spots are influenced 

by experimental setup parameters: firstly, 

the active area of the detector used is 

relatively small, limiting the accessible size 

of  the reciprocal space (2ϴ) which is in 

close vicinity to the primary X-ray beam. 

Secondly, the incident X-ray beam energy 

spectrum ranges between 30 to 130 keV, 

and therefore, the accessible diffracting 

planes are nearly parallel to the incident X-

ray beam corresponding to Miller indices 

ranging between (-4<h, k, l<4). In figure 

4.3 the geometric diffraction condition 

(Ewald sphere) is presented. A reciprocal 

Figure 2.2: Laue pattern of the as-prepared sample (a) sample bulk, (b) gauge section. The circular 

shadow at the center is due to the use of lead beam stop between the detector and the sample.  

 

Figure 4.3: A representation of the diffraction geometry. 

A movement of the reciprocal lattice point along the 

radial direction dominates the movement along the 

azimuthal direction. 
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lattice point which fulfills the diffraction condition is shown. The Laue spot which corresponds to 

the associated lattice planes is the perspective projection (along the diffracted  𝑘1 vector) of this 

reciprocal lattice point on the detector. While the crystal is stationary the Laue spot on the detector 

is seen as a single point. A crystal rotation (around an arbitrary axis) by an angle ϴ corresponds to 

a variation of ∆𝜃𝑟𝑎𝑑𝑖𝑎𝑙  𝑎𝑛𝑑  ∆𝜃𝑎𝑧𝑖𝑚𝑢𝑡ℎ  around the circumference of circles 𝐶𝑟 or 𝐶𝑎 . As a result, 

the perspective projection of the reciprocal lattice point would also move on the detector with a 

value equivalent to either 𝑆𝑐𝑟 = 𝑅𝑐𝑟 ∗ ∆𝜃𝑟, 𝑆𝑐𝑎 = 𝑅𝑐𝑎 ∗ ∆𝜃𝑎  or both. However, since 𝑅𝑐𝑎 ≪ 𝑅𝑐𝑟 

the Laue spot on the detector moves preferable towards one direction 𝑆𝑐𝑎 ≪ 𝑆𝑐𝑟 therefore, the trace 

of the reciprocal lattice point due to deformation is always maximum along the radial direction but 

small in azimuthal direction. Laue microdiffraction streaking analysis as proposed by Ice and 

Barabash [8], hence, makes no sense for the used energies and experimental geometry of our 

experiment. 

To highlight on the subject further, a simulation was performed in which we generate a Laue 

pattern of a Ni crystal with the same conditions as in the experiment. The Laue pattern from perfect 

Ni single crystals is shown in figure 4.4 (a). The actual detector size is marked with a dashed gray 

box.  The angular position ‘𝜃’ of each Laue spot depends on the relative orientation of the 

corresponding lattice plane with respect to the incident beam as stated by Bragg’s Law. If the 

crystal rotates around the (x, y, z) axis by (α, β, γ) degrees, the angular position of Laue spots at 

the detector plane will follow the direction indicated by arrows as seen in figure 4.4 (b). Streaking 

is formed in case of a continuous rotation of the lattice plane because each pixel along the streaking 

fulfills the Bragg’s condition for a slightly different X-ray energy.   
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Comparing the simulation shown in figure 4.4 and the experimental Laue patterns shown in figure 

4.2 (b) one can say that the grains in the gauge section of the as-prepared sample were already 

deformed and every individual grain may be split into sub-grains rotated randomly with respect to 

each other. Supposing the interplanar distance, 𝑑, is constant across the reflection plane i.e. 

𝛥𝑑/𝑑 = 0, 𝐸 and θ over the streak should follow Bragg’s law as 𝐸 ~ 1/𝑑𝑠𝑖𝑛𝜃 while in case 𝑑 is 

changing by a value of ∆𝑑 at a specific position on the lattice plane, then a deviation from Bragg 

law will occur such that 𝐸~1 (𝑑 + ∆𝑑)𝑠𝑖𝑛𝜃⁄ . As an example, figure 4.5 shows (a) the change of 

𝐸 along streak 22 indicated in figure 4.2 and (b) the resulting 𝑑-values . The reference point has 

been chosen at 𝜃 = 5.71𝑜 where the respective d-value at this position satisfies a set of integer 

values of Miller indices using the lattice parameter of undeformed Nickel. At this point, the 

reference 𝑑-value was found to equal  1.285 Å. Between angles 5.6o and 5.68o, figure 4.5 (a) shows 

a constant deviation of energy by ∆𝐸 ≈ −150 eV less than what was expected according to 

Bragg’s law (red graph). This behavior could be explained by the constant aberration in 𝑑 from its 

reference value by ∆𝑑 = 0.006 Å within this angular range as shown in (b). In the range 5.71𝑜 <

𝜃 < 5.82𝑜 , ∆𝐸 fluctuate between 0 and -250 eV, accumulate with a fluctuation of ∆𝑑 between 0 

Figure 4.4: simulation of Laue pattern generated by Ni crystal with white X-ray beam ranging 

between 30 and 130 keV where in (a) the crystal is perfect while in (b) the crystal is randomly 

rotated from (0° ,0° ,0°) to (2°, 2.3°, 1.4°) in a step of 0.01°. 
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and 0.01 Å. In the third part of the strreak ranging between 5.82o and 5.95o, ∆𝐸 increased from 

about -100 eV to 300 eV while ∆𝑑 decreased from 0.005 Å to −0.02 Å. 

 

 

 

 

 

4.2 Indexation and grains identification 

Using the pnCCD, Laue spots were characterized by intensity 𝐼(𝑦, 𝑧, 𝐸) given in terms of the 

horizontal and vertical peak position within the detector plane (𝑦, 𝑧) and the peak energy, 𝐸. The 

pixel position (𝑦0, 𝑧0) = (192, 192) indicates the primary beam incident parallel to the y axis. The 

Bragg angle, 𝜃, is determined by  𝜃 = 𝑟 2𝐿⁄  where 𝐿 = 78(∓2) × 10−3 𝑚 is the sample to detector 

distance and 𝑟 = √(𝑦 − 𝑦0)2 + (𝑧 − 𝑧0)2 is the distance between a spot position at (𝑦, 𝑧) and the 

incident beam position at (𝑦0, 𝑧0). The energy profile of each spot is fitted by a Gaussian in order 

to find the exact 𝐸,  and its FWHM, ∆𝐸. The Laue patterns from the bulk part were used to calibrate 

the experimental setup parameters, specifically, the relation between the sample and detector 

coordinates as frames of reference. After calibration, the first part of data analysis procedure 

Figure 4.5: (a) Change of energy with angle along streak 22 where the red plot is how should be the 

change of energy with angle according to Bragg’s law. (b) Is the interplanar distance d along the streak 

calculated from the measured energies and angles given in (a) 
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(indexation and grain identification) was applied. Knowing 𝐸 and 𝜃 one can determine the d-value 

from the Bragg equation: 

 

                                                                        𝑑ℎ𝑘𝑙 =
ℎ𝑐

2𝐸 sin 𝜃
 ,                                                  (4.1) 

 

where h is the Planck’s constant and c the speed of light. Since the lattice parameter, a, of cubic 

Nickel is known (a= 3.52 Å) and d-value has been found, the square of Miller indices can be found: 

 

                                                            𝐻2 = ℎ2 + 𝑘2 + 𝑙2 = (
𝑎

𝑑ℎ𝑘𝑙
)
2

.                                     (4.2) 

 

Once 𝐻2 is determined, all possible combinations of ℎ𝑘𝑙 for each reflection can be listed taking 

into account the fcc structure of Nickel in which the three indices should be all even or odd. In 

order to find which Miller indices from the listed combinations is the correct, and to which grain 

each reflection belongs, the angle ∅𝑖𝑗 between two different reflections i and j should satisfy the 

relation: 

 

                                            𝑐𝑜𝑠( ∅𝑖𝑗) =
ℎ𝑖ℎ𝑗 + 𝑘𝑖𝑘𝑗 + 𝑙𝑖𝑙𝑗

√ℎ𝑖
2 + 𝑘𝑖

2 + 𝑙𝑖
2√ℎ𝑗

2 + 𝑘𝑗
2 + 𝑙𝑗

2

 .                               (4.3) 

 

This procedure was applied to the 38 Bragg reflections measured leading to an indexation and 

identification of 29 reflections classified to nine grains. As an example, peaks numbered by 7, 35 

and 38 correspond to Miller indices (-2 0 2), (-1 1-3) and (4 0 0) are generated by grain 4. All 

identified spots with their energies, Bragg angles and the corresponding grains are listed in the 
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first four columns of table 4.1. The numbers used to identify the spots in column 2 are the same in 

figure 4.2. The obtained interplanar distances, 𝑑, as well as the Miller indices ℎ𝑘𝑙 of all identified 

reflections are also listed in columns 5 and 6, respectively. The highest Schmid factor in each grain 

is also shown in the last column. The calculation procedure of the Schmid factor will be shown in 

the next section. 

Grain Spot number E (keV) Ɵ (deg)± 0.03o d(Å) Index 

hkl 

Max. 
Schmid 

factor(m) 

1 1 

13 

33 

36 

55.45(24) 

67.81(31) 

53.63(23) 

39.09(20) 

6,05 

4,1 

5,2 

8,95 

1,061(2) 

1,272(3) 

1,275(3) 

1,021(2) 

-3 -1 -1 

-2 0 -2 

-2 -2 0 

1 1 -3 

0.419 

 

2 2 

6 

32 

55.81(24) 

56.63(25) 

58.90(25) 

4,9 

6,15 

6,67 

1,292(3) 

1,021(2) 

0,903(2) 

-2 -2 0 

-1 -1 3 

0 4 0 

0.403 

3 3 

15 

31 

81.33(34) 

53.52(21) 

80.91(35) 

5,2 

4,17 

5,29 

0,841(2) 

1,595(3) 

0,831(2) 

2 -4 0 

0 -2 0 

4 -2 0 

0.401 

4 7 

35 

38 

60.52(21) 

68.34(26) 

92.16(37) 

4,71 

5,25 

4,51 

1,654(3) 

0,990(2) 

0,855(2) 

-2 0 2 

-1 1 -3 

4 0 0 

0.372 

5 8 

11 

14 

27 

66.33(25) 

67.07/27) 

64.46(25) 

64.23(24) 

3,05 

4,25 

3,22 

4,38 

1,750(4) 

1,245(3) 

1,712(4) 

1,261(3) 

-2 0 0 

-2 -2 0 

2 0 0 

2 0 2 

0.418 

6 9 

20 

22 

77.14(31) 

48.87(23) 

48.41(23) 

2,7 

5,75 

5,71 

1,710(4) 

1,264(3) 

1,285(2) 

0 0 2 

-2 0 -2 

2 0 2 

0.402 
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4.3 Determination of grain orientation and Schmid factors 

After verification of the lattice parameters of a particular grain the respective reciprocal basis 

vectors are calculated in two coordinate systems, namely the laboratory (lab) and the crystal 

coordinate system (cry). In the crystal coordinate system, the reciprocal lattice vector 𝐺ℎ𝑘𝑙 is 

 

                                                                 �⃗�ℎ𝑘𝑙 = ℎ𝑏1⃗⃗ ⃗⃗ +  𝑘𝑏2⃗⃗⃗⃗⃗ + 𝑙𝑏3⃗⃗⃗⃗⃗ ,                                            (4.4) 

 

where b1, b2 and b3 are the basic vectors of reciprocal lattice. Taking the geometry shown in figure 

4.1 into account, wave vectors of incident and diffracted beam are defined as: 

 

7 12 

17 

21 

93.21(37) 

81.97(33) 

91.25(36) 

2,21 

3,51 

3,1 

1,725(4) 

1,231(3) 

1,250(3) 

-2 0 0 

-2 0 -2 

-2 2 0 

0.438 

8 16 

28 

34 

90.43(35) 

43.62(22) 

77.91(28) 

3,84 

4,69 

5,13 

1,021(3) 

1,735(4) 

0,881(2) 

-1 1 3 

0 -2 0 

0 4 0 

0.465 

9 18 

24 

30 

46.32(23) 

51.31(24) 

69.82(26) 

4,5 

4,05 

6,31 

1,702(4) 

1,711(3) 

0,803(2) 

-2 0 0 

2 0 0 

1 -3 -3 

0.428 

Table 4.1: Classification of 29 Laue spots in 9 grains (columns 1 and 2). The Bragg energy, Bragg angle 

and the interplanar distances for each spot are shown in columns 3, 4 and 5, respectively. The calculated 

Miller indices are shown in column 6 while in column 7 the maximum Schmid factor for each grain is 

presented. 
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                                                                   𝑘𝑖⃗⃗⃗⃗ =
2𝜋

𝜆
(
−1
0
0
)                                                             (4.5) 

                                                                𝑘𝑓⃗⃗⃗⃗⃗ =
2𝜋

𝜆
(

𝑥′
𝑠⁄

𝑦′
𝑠⁄

𝑧′
𝑠⁄

)                                                            (4.6) 

 

where 𝑠 is distance between a position of Laue reflection with spatial coordinate (x', y', z') and a 

coordinate origin (𝑦0, 𝑧0), i.e. 𝑠 = √𝑥′2 + 𝑟 = √𝑥′2 + 𝑦′2 + 𝑧′2 with y’ = L , 𝑦′ = 𝑦 −

𝑦0 and  𝑧
′ = 𝑧 − 𝑧0. The scattering vector in lab coordinate system is defined as  

 

                                                    �⃗⃗�𝑙𝑎𝑏 = (𝑞𝑥, 𝑞𝑦, 𝑞𝑧) = 𝑘𝑓⃗⃗⃗⃗⃗ − 𝑘𝑖⃗⃗⃗⃗ = �⃗�                                         (4.7) 

 

Substituting equation (4.4) in (4.7): 

 

                                   (

𝑞1𝑥 𝑞2𝑥 𝑞3𝑥
𝑞1𝑦 𝑞2𝑦 𝑞3𝑦
𝑞1𝑧 𝑞2𝑧 𝑞3𝑧

)  = (

ℎ1 ℎ2 ℎ3
𝑘1 𝑘2 𝑘3
𝑙1 𝑙2 𝑙3

)(

𝑏1𝑥 𝑏2𝑥 𝑏3𝑥
𝑏1𝑦 𝑏2𝑦 𝑏3𝑦
𝑏1𝑧 𝑏2𝑧 𝑏3𝑧

)                (4.8) 

 

As the �⃗� vectors for any reflection can be calculated from the experiment geometry (equations 4.5-

4.7) and the Laue pattern at this stage is already indexed, the reciprocal lattice vectors �⃗⃗�1, �⃗⃗�2 and 

�⃗⃗�3 can be determined by solving equation (4.8) using three Laue reflections of a selected grain. 

Consequently, the real lattice vectors �⃗�1, �⃗�2 and �⃗�3 and their orientations in lab coordinate system 

could be found using the standard relations between the real and reciprocal vectors. As an example, 

here we show the deduced orientation matrix of unit cell for grain 4: 
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�⃗�1, �⃗�2, �⃗�3 = (
1.89 2.60 −1.37
−2.12 −0.05 −2.87
−2.09 2.29 1.49

) 

 

The evaluated lattice parameters: |𝑎1⃗⃗⃗⃗⃗|, |𝑎2⃗⃗⃗⃗⃗|, |𝑎3⃗⃗⃗⃗⃗|= (3.526, 3.465, 3.512) Å and angles (α, , ) = 

(89.02o, 88.24o, 90.03o) with an error of less than 2%. are in good agreement with the literature 

values for cubic lattice of Nickel Similarly, the lattice vectors and their orientations have been 

found for all other obtained grains. 

In order to determine the slip systems which may be excited during uniaxial load, we used the 

approach introduced by Schmid [75]. The Schmid factor defined as  𝑚 = cos 𝑘 × cos 𝜆 has been 

calculated for the various slip planes for the selected grains, where К and 𝜆 are the angles between 

the load axis and the slip plane and between the load axis and the slip direction, respectively.  

Following Schmid's law 𝜏 = 𝜎 × 𝑚 (𝜏 is the resolved shear stress and σ is the applied external 

force), the slip system with the highest Schmid factor is activated first followed by slip systems 

with slightly lower Schmid factors when the resolved shear stress exceeds the critical shear 

stress 𝜏𝑐. The slip planes and slip directions which are respectively, {111} and 〈110〉 for FCC 

materials are defining the possible slip systems. In order to estimate the actual angles between the 

applied stress and the slip plane directions and subsequently the Schmid factors one needs to 

transform the particular grain from crystal coordinate system into the lab coordinate system where 

the direction of applied force is defined. Hence, the Euler transformation matrix has to be 

calculated for every grain such that: 

 

                                      (

𝑎1𝑥 𝑎2𝑥 𝑎3𝑥
𝑎1𝑦 𝑎2𝑦 𝑎3𝑦
𝑎1𝑧 𝑎2𝑧 𝑎3𝑧

)

𝑙𝑎𝑏

= 𝐸𝑢𝑙𝑒𝑟. (

𝑎1𝑥 𝑎2𝑥 𝑎3𝑥
𝑎1𝑦 𝑎2𝑦 𝑎3𝑦
𝑎1𝑧 𝑎2𝑧 𝑎3𝑧

)

𝑐𝑟𝑦

                  (4.9) 

 

The detailed procedure to determine the Euler transformation matrix can be found in Abboud et. 

al 2017 [4]. 
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4.4 Grain selective structural changes under a tensile load 

Once the Laue spots indices were found and grains were identified, the response of each grain has 

been studied individually. As an example, the anlysis of the three Laue spots from grain 4 (spots 

7, 35 and 38 in figure 4.2) is presented. Based on the procedure discussed in section 4.3, the Schmid 

factors of the 12 possible slip systems of grain 4 were calculated and shown in table 4.2. 

 

Slip system 1 2 3 4 5 6 

Plane 

Direction 

Schmid factor 

(111) 

[101] 

-0.015 

(111) 

[011] 

0.384 

(111) 

[110] 

-0.399 

(111) 

[101] 

0.014 

(111) 

[011] 

0.006 

(111) 

[110] 

0.008 

Slip system 7 8 9 10 11 12 

Plane 

Direction 

Schmid factor 

(111) 

[011] 

0.413 

(111) 

[110] 

0.472 

(111) 

[101] 

-0.013 

(111) 

[110] 

-0.022 

(111) 

[101] 

0.043 

(111) 

[011] 

0.023 

 

 

While spots 7 (2̅02) and 38 (400) are spatially confined (figure 4.6 a, b) with one energy peak, 

reflection 35 (1̅13̅) is streaked, extending spatially over a 2𝜃 range [0.083 0.102] radians (figure 

4.6 c). At different positions along the streak a unique energy spectrum is calculated and a different 

lattice d-spacing is found as the case shown in figure 4.5 (b). Streaking of the Laue spots indicate 

the onset of lattice rotation governed by the rotation of the grain under constrained tensile loading. 

Examining the streak spectral distribution (𝐸 𝑣𝑠 𝛳) one can determine whether lattice rotation 

takes place while the lattice spacing remains constant or not. Changes in the grain orientation and 

lattice spacing is facilitated by the activation of particular slip plane with maximum resolved shear 

Table 4.2: Schmid factors of 12 slip systems for grain 4 
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stress. In case of two or more competing slip systems, the peak generally follows the resultant 

path. 

 

 

 

 

 

 

 

 

 

Based on the orientation of grain 4 and the external load direction the Schmid factor with the 

highest value corresponds to the (11̅1) slip plane in the [110] slip direction with a value of 0.472. 

Figure 4.7 shows a sketch of the unit cell, the measured diffraction planes and the slip plane with 

the highest Schmid factor (11̅1). The pronounced streaking seen in the Laue spot of plane (1̅13̅) 

can be attributed to its relative orientation with respect to the slip plane. While plane (1̅13̅) makes 

an acute angle (~30°) with respect to the slip plane, both the (2̅02) and (400) planes are ~90° and 

~60° respectively, making them resist slipping. 

Figure 4.6: 3 Laue spots from grain 4. The (2̅02) (a) and (400) (b) spots are sharp with a 

single energy peak, while the (113̅) (c) spot is streaking with a distribution of energy along 

its length and different value of lattice spacing 𝑑. 
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The sample has been exposed to tensile loading with displacements of 0, 40, 80, 120 and 200 µm 

corresponding to 0, 0.2 0.4, 0.6 and 1% engineering strain along the Ni wire main axis. The Laue 

patterns after each stretch are shown in figure 4.8 (a). This deformation procedure caused the Laue 

spots to streak. Before applying any load, the Laue spots show a distribution of streak length 

magnitudes. Figure 4.8 (b) shows that the majority of spots have streaked by less than 0.0087 rad 

(first bin). At 40 μm and above, the average streak length increases (first bin counts drop) and the 

distribution starts to “spread” to higher bins. At this point, and independent from the spectral 

distribution of the spots, one can say that, the spread indicates the presence of lattice rotation. 

 

 

 

 

 

Figure 4.7: Schematic drawing of grain 4 unit cell with the planes corresponding to the three 

collected reflections plotted alongside the most probable slip plane (11̅1). This figure shows 

graphically that the plane (1̅13̅) is easier to slide given the slip plane is activated. 
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For every pair of (𝐸, 𝛳) along the streak a lattice spacing value can be calculated according to 

Bragg’s Law. The distribution of 𝑑 along the Laue spot length is plotted in figure 4.9 for reflections 

(1̅13̅) (grains 4) at each stretching step. The distribution of 𝑑 along the streak length attributes to 

strain inhomogeneity within a grain. In term of d-distribution, two regions can be distinguished: 

the edges of the streak and its center. At the edges, maximum deviation from a mean value of d is 

detected. During deformation the internal of the grain is more stable as the mean value does not 

change much in comparison with the edges.  

 

 

 

 

Figure 4.8: (a) Laue pattern from the gauge section of the nickel wire as function of external stretch. 

(b) Histogram of streak length in radians for all collected spots at 5 different tensile strain steps. 

The streak length increases with larger strains. 
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The standard deviation Sd measures the spread of d from the mean value.  During deformation, Sd 

drops from 0.0046 to 0.0017 Å, almost 3 times indicating a relaxation process. The used standard 

deviation formula in terms of lattice spacing is given by: 

 

                                                            𝑆𝑑 =
√∑(𝑑 − �̅�)

2

𝑛
                                                            (4.10) 

 

where n is the number of measured points along a streak. The mechanics of deformation is a 

combination of rotational motion (change in the position of the reflection) and strain (change in 

the lattice spacing).  Different lattice spacings along a single streak are attributed to an 

inhomogeneous lattice strain across the grain.  

The same analysis was performed on all 38 reflections. The (𝐸, 𝛳)ℎ𝑘𝑙 relation was calculated and 

the (𝑑, 𝛳)ℎ𝑘𝑙 as well. The distribution of the d-values was found from Sd. At each loading step, the 

histogram of Sd was calculated and the results are summarized in figure 4.10. The decaying 

histogram, seen as a spread of the Sd to larger values, indicates higher variations in internal grain 

strain. For the 120 and 200 μm deformation plots, Laue spots become large and start to overlap 

Figure 4.9: changes in the lattice spacing of  (1̅13̅) planes of grain 4 at sample elongations 0 to 120 

μm. Above each figure the distribution width Sd is seen to decrease with each elongation step. 

Maximum variation of the change is visible at the edges of the Laue spot. 
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making it hard to distinguish single peaks. In contrast to the average response of the measured 

volume, the plane (1̅13̅) shows an opposite response. At higher loading steps, Sd decreases (figure 

4.11). In fact, the mean value of d remains the same but the standard deviation is reduced. This 

response shows that the local change of particular planes may differ significantly from the average 

response of the material depending on local conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Distribution of Sd [Å] at each loading step for all 38 reflections. As the external 

loading increase, the spread of d increases 

Figure 4.11: Distribution of Sd at each loading step for spot 35 (1̅13̅).  With loading step the 

spread of d decreases. This behaviour is opposite to the average response of the measured 

volume of the sample shown as in figure   
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4.5 Discussion 

The initial state of the Ni sample already indicates plastic deformation probably caused by sample 

preparation and sample mounting. This is of course not an ideal initial state to analyze deformation 

mechanisms under external perturbation, however, the sample still serves the intended purpose to 

show the capability of the technique. Hence, the aim of the work shown in this chapter is rather to 

introduce to the huge power of the energy-dispersive Laue technique than thorough analysis of the 

deformation behavior of the particular Nickel microwires. 

In the as-prepared state, Laue peak streaking towards the center of the detector is observed. This 

can well be explained by the used energy and transmission geometry, favoring streaking towards 

the direct beam. The observed streaking is different than the one observed in standard micro Laue 

diffraction setups [76-79]. A standard analysis of spot streaking directions is therefore not useful 

here. 

In contrast, the spectral analysis of the Laue spot energy offers unprecedented opportunities in data 

treatment. We exploit this energy resolution by measuring the local lattice spacing (hence, strain) 

and lattice strain distributions. First, we follow the lattice spacing of one specific Laue streak. It 

indicates local elastic strain inhomogeneity along the Laue peak. To further discuss the origin of 

the local variations in lattice spacing it is important to note, that the diffraction signal measured at 

the detector stems from the entire illuminated grain. Hence, the inhomogeneous lattice spacing as 

shown in figure 4.9 is representative for the inhomogeneous distribution of lattice strains across a 

single grain in the polycrystalline matrix. Such strain inhomogeneities arise from the local 

environment, e.g. neighboring grains and their orientation, phases, triple junctions, twins and et 

cetera [80-82]. Since the technique provides Laue diffraction spots of many grains simultaneous 

the described technique allows for a high throughput characterization tool which can be used to 

calibrate material models used for instance in crystal plasticity and finite element modelling [83]. 

The advantage of this technique is that the single grain properties of a severely deformed crystallite 

embedded in the often-complex matrix can be used for calibration. Within this study we used a 

relatively large x-ray beam which prevents an analysis of the local grain environment. However, 

with smaller x-ray beam sizes we will be able to identify the local environment as well. 
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Due to its high throughput capability the technique can easily be used to scan an entire sample and 

analyze the lattice strain distribution across the entire sample. At low applied deformation (40µm 

and lower), the samples clearly show a small variation in observed lattice strains. However, during 

ongoing deformation the lattice strain distribution spreads. The spread can be explained by the 

random orientation of grains and measured reflections – which in some cases are aligned 

perpendicular to the straining axes and in others parallel. Hence, an overall increase of lattice strain 

distribution can be observed. Due to the full crystallographic information the method can provide 

orientation dependent strain distributions, which might be very beneficial to directly measure the 

strain heterogeneity of materials with huge anisotropy (e.g. hexagonal materials like Mg). 
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5 PnCCD coupled to CsI(Tl) scintillator 

 

Most charge coupled devices (CCDs) are made of silicon (Si) with typical active layer thicknesses 

of several microns. In case of a pnCCD detector the sensitive Si thickness is 450 µm. However, 

for silicon-based detectors the quantum efficiency for hard X-rays drops significantly for photon 

energies above 10 keV. This drawback can be overcome by combining a pixelated silicon-based 

detector system with a columnar scintillator. In this chapter we report on the characterization of a 

low noise, fully depleted 128x128 pixels pnCCD detector with 75x75µm2 pixel size coupled to a 

700 µm thick columnar CsI(Tl) scintillator in the photon range between 1 to 130 keV. The 

excellent performance of this detection system in the hard X-ray range is demonstrated in a Laue 

type X-ray diffraction experiment performed at EDDI beamline of the BESSY II synchrotron taken 

at a set of several GaAs single crystals irradiated by white synchrotron radiation. With the 

columnar structure of the scintillator, the position resolution of the whole system reaches a value 

of less than one pixel. Using the presented detector system and considering the functional relation 

between indirect and direct photon events Laue diffraction peaks with X-ray energies up to 120 

keV were efficiently detected. As one of possible applications of the combined CsI-pnCCD system 

we demonstrate that the accuracy of X-ray structure factors extracted from Laue diffraction peaks 

can be significantly improved in hard X-ray range using the combined CsI(Tl)-pnCCD system 

compared to a bare pnCCD. 

 

5.1 Spectroscopic imaging of hard X-rays 

Imaging of high energy X-ray photons in astronomy, medicine, crystallography and other 

applications requires imaging systems with high detection efficiency. The proper choice of a 

particular detector system depends on the energy range of interest, expected signal and background 

levels, required energy and spatial resolution, and other factors. Silicon (Si) and Germanium (Ge) 

are examples of 2D solid state detectors with excellent energy resolution and charge transport 

properties. However, their low quantum efficiency at high energy photons limits their application 
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for hard X-ray and γ-ray detection (above 10 keV) because of the relatively low atomic number 

(Z=14 for Si and Z=28 for Ge) [84]. Furthermore, the small band gap Egap of these two 

semiconductors – especially Ge with Egap=0.68 eV requires detector operation at low temperatures. 

Other materials with high atomic number such as Cadmium Telluride (CdTe) and Cadmium Zinc 

Telluride (CdZnTe) have been considered as promising semiconductors for hard X-ray and ɣ-ray 

detection with high quantum efficiency, typically in the range between 10 and 200 keV [80]. A 

large band-gap energy (Egap=1.44 eV) allows for operation at room temperature. However, the 

crystal quality of these materials is far below the level achieved with silicon. Problems and the 

status of development of these compound semiconductor detectors were reviewed in [85]. The 

quantum efficiency (QE) of a 450 µm thick Si-based detector system reduces to about 1% at 100 

keV.  A novel X-ray imaging system has been developed recently by PNSensor GmbH in Munich. 

It is based on a combination of a micro-columnar Thallium doped Cesium Iodide (CsI(Tl)) 

scintillator with a silicon pnCCD detector [86]. CsI scintillators doped with Thallium (Tl) has a 

high stopping power for 𝛾 − 𝑟𝑎𝑦𝑠 compared to Si and Ge due to its high mass density of 4.5 g/cm3 

and high atomic number of 𝑍𝐶𝑠 = 55 and 𝑍𝐼 = 53. It has a high light yield of about 60 

photons/keV [87] and its emission spectrum is in the visible range with a peak maximum located 

at about 550 nm [46]. Figure 5.1 shows the QE of a pnCCD (Si) and for CsI(Tl), each having a 

thickness of 450 µm and 700 µm, respectively. It becomes obvious that the combination of both 

materials will enlarge the usable range of high QE towards 100 keV and beyond. 

 

 

 

 

 

 

 

 Figure 5.1: Quantum efficiency of a 450µm Si, and for 700µm of CsI(Tl).  
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5.2 Configuration of the combined system and the detection process 

The growth of large area micro-structured Cesium Iodide scintillators has been improved over the 

past years. They are commercially available from various vendors with active areas up to 

40 × 40 cm2. The columnar CsI scintillator utilized in this chapter originates from Hamamatsu 

[88]. With its structure, columnar CsI scintillator has the capability to channel scintillation light 

towards the exit surface through total internal reflections, reducing the divergence of visible 

photons emitted from the scintillator back to the silicon photon detector. In addition, this structure 

helps to reduce the depth of interaction dependent blurring, and results in a narrow spatial 

resolution. As schematically shown in figure 5.2, the scintillator with a size of 10 × 10 × 0.7 mm3 

is attached to the back side of a 450 µm thick pnCCD through a 50 µm thin silicone protection pad 

covered with an optical grease. 

 

 

 

The fully depleted pnCCD operates by front side illumination through the shift register structure, 

while the scintillator is coupled to the non-structured, homogeneously sensitive back side of the 

pnCCD. The back-illumination geometry of the system gives the pnCCD a high capability to 

absorb all incident photons with energies between 0.5 and 15 keV within the silicon chip “direct”, 

Figure 5.2: The structure of the detection system. In this configuration the detector is front 

illuminated (pixels side), the low energetic photons below 15keV are almost totally absorbed by 

the CCD. X-rays with higher energies are stopped by scintillator 
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whereas X-ray photons of higher energy traverse the silicon and reach the CsI(Tl) layer, generating 

optical photons where a significant number is back reflected and absorbed by the silicon sensor 

and allow for “indirect” X-ray detection. In our synchrotron experiments we used a test pnCCD 

with 128x128 pixels operated in a frame store three-phase transfer mode. Structure and function 

of the system were tested by radioactive sources and the results are discussed in details in [86].  

When X-rays impinge on the pnCCD they convert their total energy to free charge carriers and 

heat. As mentioned in chapter 1, although the band gap energy of Silicon is E=1.12 eV, the mean 

energy needed to generate an electron-hole pair is 3.67 eV. The generated electrons are directly 

guided to a low capacitance readout node. This leads to a lower physical limit of the measurable 

energy resolution in Silicon at 10 keV to be FWHM =  153 eV (at noise threshold σ =5.5 e-). 

At the scintillator level, X-rays hitting the CsI material are equally exciting electrons from the 

valence to the conduction band or to the activator states of the dopants, here Tl. They recombine 

through the activator levels in forbidden band gap emitting a photon with a wavelength of 550 nm 

[10]. The photons are isotropically radiated from their position of generation but a significant 

number of them is back reflected towards the silicon photo-detector. Those photons that do not 

reach directly the photo-detector and do not match the total reflection conditions of the scintillator-

pnCCD system are lost. The quantum efficiency for the optical photons in the radiation entrance 

window of the pnCCD, including the absorption in the separating silicon pad and the optical grease 

is approximately 85% for photons coming from the scintillator. 

Comparing the two detection processes of pnCCD and CsI(Tl) one can conclude that: (1) 273 

signal electrons per keV photon energy deposited in the silicon of the pnCCD are delivered while 

(2) we get 51 (experimental value in this work is 47) electrons per keV from the CsI signal, at the 

same incident energy. The direct conversion in the Silicon leads to a 5.4 (experimental value in 

this work is 5.8) times higher output signal compared to the indirect signal from the CsI [86]. But 

the very important difference between the two detection schemes for our application in 

crystallography is the 45% quantum efficiency at 100 keV of the CsI(Tl) compared to less than 

1% for silicon. In this sense the physical properties of CsI and Silicon as hard X-ray detectors are 

complementary and extend the excellent performance of bare silicon towards hard X-ray range. 
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5.3 Laue Diffraction Experiment 

The number of the signal electrons generated by the direct and indirect events as well as the energy 

resolution of the system will be investigated in this section by means of an energy-dispersive Laue 

type diffraction experiment. Aiming to produce multiple monochromatic X-ray sources 

illuminating the detector in a single measurement, multiple randomly oriented GaAs [111] wafers 

with thickness of 300 µm were attached together and illuminated by a white spectrum of high 

energy X-ray radiation. Due to their random orientation, it produces a large number of Laue spots 

of very different photon energy simultaneously. Figure 5.3 shows the setup of the experiment 

performed at the EDDI beamline of the storage ring BESSY II in Berlin. The beamline provides 

white synchrotron radiation ranging from 1 up to about 130 keV (see section 4.1). Two 

perpendicular slits allow for collimating the beam to a size of 100 × 100 µm². The bunch of GaAs 

samples were mounted at a distance of 20 mm apart from the sensitive area of pnCCD and were 

kept at a room temperature. In order to operate the detector in the so called single photon counting 

mode [53], the primary beam was attenuated by 11 cm of Aluminum (Al) to reduce the X-ray flux. 

 

 

 

 

Figure 5.3: Laue diffraction experiment setup at EDDI beamline of the storage ring BESSY 
II in Berlin. The white spectrum used for the experiment is tailored by setting a 11cm thick 
Al absorber in front of the sample.   
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In this setup the average count rate was about 33,300 events /s recorded with a frame rate of 370 

Hz. The presence of the Al absorber cuts off the low energetic photons of the incident beam 

generating an incident spectrum ranging from 40 to 140 keV. The energies of Cs and I K-α1,2 lines 

were used to calibrate the pnCCD channels from analog to digital unit (ADU) to energies. More 

details about the calibration will be discussed later in section 5.4. The photon events were extracted 

from the raw data using an event detection threshold of 4σ, where σ=5.5 e- is the equivalent noise 

charge in the selected gain mode of the detector including thermal and electronic noise 

components.  

 

5.4 Detection and conversion efficiency of X-rays in Si and CsI(Tl) 

According to the discussion in section 3.3.1, the signal charges generated by the directly detected 

photons are collected by the pnCCD either in one pixel (single pixel events) or distributed over 

neighboring pixels (double, triple and quadruple pixel events). These split events occur if the 

landing point of the generated electron cloud with respect to the pixel boundaries is located close 

to the corner of a pixel. Below 10 keV the charge cloud radius generated by a single X-ray photon 

is in the order of 10 µm (r.m.s). However, in the indirect detection case, the cloud is the sum of 

many scintillation photons detected as one event, resulting in cloud size that typically spreads over 

more than 10 pixels. The different signal cloud radius can be used to distinguish between direct 

and indirect events. 

The complete direct and indirect Laue patterns of GaAs samples recorded by the pnCCD are shown 

in figure 5.4. Both of the intensity images shown are results of integration of over 106 single frames 

allowing for the spectral analysis of all spots based on sufficient photon statistics. The conversion 

homogeneity of the detector area was tested by tracking a single pattern over the whole sensitive 

area. It has been shown that the same signal value fluctuates at each scan step with an average 

standard deviation of 0.3% for the direct signal and 1.5% for the indirect signal where the largest 

deviation of the indirect signal is found near the boundaries of the detector (5 pixels beside the 

boundaries). The latter is due to the fact that a part of the scintillation photons can escape the CsI-

pnCCD interface which is reducing the size of the photon cloud measured in the pnCCD. In the 

blue marked areas of the images shown in figure 4, air has been trapped between the pnCCD and 
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the optical pad, so that the transmission of scintillation photons through the interface into the 

pnCCD is reduced to ~70% compared to the remaining parts of the interface. This air inclusion 

disappeared after two days of vacuum of 10-6 mbar. Because of the different energy and the 

different pixel size covered by the clouds of direct X-ray photons on one hand and indirect 

scintillator photons on the other hand one can create separate Laue pictures of direct (a) and 

indirect (b) events. As shown in figure 5.4, most of the spots are detected directly and indirectly at 

the same time. Nevertheless, some other spots cannot be identified properly in the direct Laue 

pattern because of the low QE of Si above 90 keV (QE about 1%) but they clearly appear in the 

indirect event pattern 

 

 

 

 

 

 

 

 

 

 

Few high energy spots denoted by “Xi” in figure 5.4 (b) could not be detected directly by the 

pnCCD or they were detected but with very low count rate which is not sufficient for accurate 

analysis. However, as discussed in section 5.2, these high energy photons transmit through the 

silicon chip and interact with CsI(Tl) and the scintillation photons are then detected by pnCCD 

with a QE of about 45% at an X-ray energy of 100 keV.  

Figure 5.4: Integrated intensity image from the detector system (128x128 pixels) including 

Laue spots with their (a) direct and (b) indirect energies. 
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In order to determine the energy of the incoming photons that detected indirectly, one needs to 

find the relation between the generated indirect signal and the incoming energy.  The mean number 

of signal electrons, �̅�𝑒 , generated by an incident X-ray photon with energy, E, after an interaction 

in Si or in CsI(Tl) is given by [50]: 

 

                                                                              𝑁𝑒
𝑑𝑖𝑟
=
𝐸

𝑤𝑆𝑖
                                                          (5.1) 

for Si, and  

                                                         𝑁𝑒
𝑖𝑛𝑑𝑖𝑟

=
𝐸

𝑤𝐶𝑠𝐼
. 𝑇. �̅� = �̅�𝑒ℎ. �̅�. �̅�                                            (5.2) 

 

For CsI (Tl). Here 𝑤𝑆𝑖 = 3.67 eV is energy required to create the electron-hole pair in Si, 𝑤𝐶𝑠𝐼 =

14 eV is the mean energy to create an eh-pair in CsI, �̅�𝑒ℎ is the mean number of eh-pairs created 

in CsI, �̅� is the mean conversion efficiency of eh-pairs inside the scintillator into scintillation 

photons and �̅� is the mean conversion efficiency of scintillation photons into signal electrons. 

The values of 𝑁𝑒
𝑑𝑖𝑟

and 𝑁𝑒
𝑖𝑛𝑑𝑖𝑟

were calculated from equations 5.1 and 5.2 for the energy range of 

35 keV up to 130 keV where 𝑇 = 𝐿 × 𝑤𝐶𝑠𝐼 = 60 photons/keV ×  14 eV = 0.84, where L is the 

light yield of CsI(Tl), and 𝜂 = 0.78 [16]. The calculated values of Ne were plotted with the 

measured values at several energies ranging between 57 and 90 keV shown in figure 5.5.  
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In contrast to the low QE of Si in the hard X-ray 

energy range, the conversion of the X-ray energy into 

signal electrons is more efficient in Si compared to 

CsI(Tl). This circumstance leads to a higher “signal 

to noise” ratio, and hence a better energy resolution 

for directly detected X-rays inside the pnCCD. 

As the number of the generated indirect signal 

electrons per keV is known (fig. 5.5), A linear 

relation between the measured indirect ADU signal 

and incident energy can be extracted. For example, if 

two spots are detected directly at energies of 61.7 and 

73.3 keV and at the same time they create 2806 and 

3358 electrons respectively as indirect signals, these 

Spot Xi Incident energy 
(keV) 

X1 99.78 

X2 126.54 

X3 111.7 

X4 107.53 

X5 95.56 

X6 117.39 

X7 112.46 

X8 107.6 

Figure 5.5: Number of signal electrons generated by direct and indirect event for several 

X-ray energies. The measured values are also linear fits to the measured data 
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Table 5.1: Energies of the spots Xi (detected 

indirectly) shown in figure 5.4 (b)   
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values can be used to define a relation between the measured indirect signal and the corresponding 

direct energy. Subsequently, any indirect signal can be referred to its corresponding incident 

photon energy even if the direct signal is not detected. By this way the incident energies of the 

spots marked in Fig.5.4 (b) by Xi has been found and listed in table 5.1. 

 

5.5 Energy Resolution for direct and indirect events 

The photons registered in the pnCCD can be approximated by a Gaussian energy distribution with 

a FWHM defined in equation (3.8), while for the indirect signal from CsI(Tl) scintillator the 

relative energy resolution is given by [50]: 

 

      𝑅 =
𝐹𝑊𝐻𝑀

𝐸
= 2.35√𝑣(𝑁𝑒) ≈ 2.35√

𝐹𝐶𝑠𝐼

�̄�𝑒ℎ
+ 𝑣(𝑇) + 𝑣(𝜂) +

1 − �̄��̄�

�̄�𝑒
+
𝐸𝑁𝐶𝑒𝑙

2

�̄�𝑒
2         (5.3) 

 

where 𝑣(𝑁𝑒) is the relative variance of the measured signal electrons, 𝐹𝐶𝑠𝐼 = 0.28 is the Fano 

factor in CsI, 𝑣(𝑇) and 𝑣(𝜂) are the variances of the efficiencies T and 𝜂 respectively. 

For large bulk CsI(Tl) scintillators the relative energy resolution can be approximated by 𝑅 =

𝑅𝑇(𝐸 = 50~200 keV) ≈ 2.35√𝑣(𝑇) = 0.08 [50]. The FWHM(E) can be determined by 

FWHM(E) = R × E. Because of the spread of the indirect events over more than 10 pixels, the 

noise threshold should be as low as possible to prevent the loss of scintillation photons at the event 

boundaries. In order to determine the direct and indirect FWHM(E) of a Laue spot, direct and 

indirect events are separated by their event size. In addition, there is a background generated by 

X-rays, which are Compton scattered in the sample. These Compton scattered X-rays are 

homogeneously distributed over the pnCCD. The background could be determined by taking a 

spectrum of an area where no Laue spots are involved and subtracting it from the recorded spot 

spectrum. Both areas should be of the same size. 
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An example of a spectrum inside a Laue spot is shown in figure 5.6 (a) (in ADU units), where the 

indirect peak is located at low ADU channel numbers (low energy) next to its escape peak, while 

the direct peak is located close to the ADU channel 15,500. Since the whole events with sizes 

between 1x1 and 10x10 pixels are counted in this spectrum, both direct and indirect events are 

included. The K-α CsI(Tl) fluorescence peaks each hold two energy lines, K-α1 and K-α2. The 

iodine peak at 5155 ADU contains signals from the direct conversion of photons with energies of 

28.32 keV and 28.61 keV. The cesium fluorescence peak at 5635 ADU holds signals from of 30.63 

keV and 30.97 keV photons [89]. These direct fluorescence lines are served for the calibration of 

the channel numbers for the direct events (from ADU to eV).  Figure 5.6 (b) displays the calibrated 

indirect Bragg peak at 83 keV with FWHM of 14.3 keV (17%) (see inset), whereas the FWHM 

for the direct peak is equal to 670eV (0.79%) determined by Gaussian fit to the measured 

intensities. 
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Figure 5.6: (a) Non-calibrated spectrum of a Bragg peak containing direct and indirect peaks in 

ADU unit (b): calibrated indirect spectrum with the photo peak at 83 keV of the spot with a 

FWHM of 15.3keV and a noise threshold of 4σ with σ=5.5 e-. The FWHM of the direct peak for 

the same spot is 670 eV. 
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Several spots with energies between 57 and 90 keV were selected and their FWHM of respective 

direct and indirect peaks have been determined and shown in figure 5.7. The experimental values 

(red and blue dots) are compared to values calculated by eqs. 3 and 4 (black dots).  

 

 

 

 

 

 

 

 

 

Figure 5.7 shows the measured FWHM in the energy range between 57 and 90 keV. The energy 

resolution of directly detected events is between 550 eV (0.9%) and 675 eV (0.7%). For indirect 

events, the FWHM is between 10.5 keV (18.5%) and 14.8 keV (16.5%). The signal threshold of 4 

ENC was used for the data analysis where ENC is σ=5.5 e- (r.m.s). For directly detected X-rays, 

the difference between the measured FWHMs to the calculated values (determined by equation 

3.8) in figure 5.7 (a) originates mainly from an imprecise gain correction. The gain and cte (charge 

transfer efficiency) values have been determined in a previous measurement with a radioactive 

source with known X-ray energies. In case of indirectly detected X-rays, there is an additional 

intrinsic contribution of the CsI(Tl) columns to the energy resolution (compared to the calculated 

values using equation 5.3 in figure 5.7 (b) for a bulk CsI(Tl) scintillator), due to an increase of 

surface effects at the CsI columns, such as a decrease of light yield close to the boundaries, because 

of a larger surface to volume ratio compared to bulk CsI(Tl). 

 

Figure 5.7: Measured FWHM and calculated physical limit of the energy resolution from 

equations 3.8 and 5.3 for directly (a) and indirectly (b) detected X-rays, respectively. 
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5.6 Potential of pnCCD + CsI(Tl) for hard X-ray structure analysis  

The use of hard X-rays for energy-dispersive Laue diffraction offers several advantages for 

structure analysis. The Ewald sphere is essentially flat over the solid angle covered by the detector 

allowing for access to a larger reciprocal space volume [90]. Therefore, comparing with 

experiments in 10 keV range the density of Laue spots significantly enhanced within a relatively 

small detector area. Moreover, owing to the increased attenuation length, samples of millimeters 

thickness can be probed, which increases the scattering volume, facilitates sample preparation and 

provides true bulk sensitivity. In order to demonstrate the potential of our approach for structure 

analysis using hard X-rays, we performed a transmission Laue diffraction experiment under the 

same experimental conditions as shown in section 5.3 and calculated the structure factor 𝐹ℎ𝑘𝑙 

which is an essential quantity for structure determination and refinement. 

Here we used a single GaAs [111] sample instead of multiple wafers used before. 40 Laue spots 

have been recorded by taking detector frames at several positions around the incident beam center 

in order to virtually simulate a larger detector window. All recorded spots are shown in figure 5.8. 

As a first step of data analysis for this experiment, the theoretical values of the structure factors 

moduli, |𝐹ℎ𝑘𝑙𝑡ℎ𝑒𝑜|, will be calculated for some Bragg reflections. Later on, the experimental values 

of these structure factors moduli, |𝐹ℎ𝑘𝑙
𝑒𝑥𝑝|, will be determined from the measured intensities, once 

from the direct detection and another from the indirect detection of these spots. Finally, the 

experimental and theoretical values have to be compared in order to determine the achieved 

accuracy in structure factor determination using the new approach. 
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Since the Miller indices of the Bragg peaks can be determined from measured Bragg angles and 

Bragg peak energies the structure factor can be determined from Bragg peak intensities. In order 

to index a certain spot, an energy spectrum of the Laue spot within an area of 10 x 10 pixels is 

extracted and the Bragg angle is determined based on scattering geometry. The interplanar distance 

𝑑 can be calculated using Bragg law (equation (4.1)) as the Bragg angle Ɵ and diffraction energy 

𝐸ℎ𝑘𝑙 are known. At the same time, it is a function of the Miller indices ℎ𝑘𝑙 and the lattice parameter 

𝑎, and so from equation (4.2) the value of ℎ² + 𝑘² + 𝑙² can be calculated as well. In order to 

determine the correct signs of Miller indices of any Bragg reflection ℎ𝑘𝑙 in relation to all other 

reflections, we measured the angular relations between neighbored reflections. On the other hand, 

in a cubic system the angle between every two Miller planes ℎ𝑖𝑘𝑖𝑙𝑖 and ℎ𝑗𝑘𝑗𝑙𝑗 is determined by 

equation (4.3). Using this equation, the correct signs of all measured ℎ𝑘𝑙 are obtained by 

comparing all inter-planar angles of the measured reflections determined geometrically from 

experiment. The obtained indices of all measured Bragg reflections are shown in figure 5.8. 

Figure 5.8: Laue pattern of a GaAs single crystal with their 
corresponding Miller indices. The Laue spot energies were detected 
between 42keV and 95keV. 
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For zinc-blende structure, 𝐹ℎ𝑘𝑙𝑡ℎ𝑒𝑜   is given by: 

 

                                                  𝐹ℎ𝑘𝑙
𝑡ℎ𝑒𝑜  = 4[𝑓𝐺𝑎𝑇𝐺𝑎  +  𝑓𝐴𝑠 𝑇𝐴𝑠𝑒

𝑖 (𝜋 2⁄ )(ℎ+𝑘+𝑙)]                                    (5.4) 

 

where 𝑓𝐺𝑎 and 𝑓𝐴𝑠 denote the atomic form factors of a stationary Ga and As atom which can be 

found in the international Tables for Crystallography (2004, Vol. C) [91]. 𝑇𝐺𝑎 and 𝑇𝐴𝑠 are the 

temperature-dependent Debye-Waller factors of Ga and As, respectively. For a given atom, 𝑗, the 

Debye-Waller factor 𝑇𝑗 is given by: 

 

                                                                          𝑇𝑗 = 𝑒
−𝐵𝑗

𝑠𝑖𝑛2𝜃
𝜆2
⁄
 ,                                                       (5.5) 

 

with  being the wavelength of the diffracted spot, 𝜃 is the Bragg angle and 𝐵𝑗 is the so-called 

temperature factor. Assuming that 𝐵𝑗  is the same for all atoms in the crystal, 𝐵𝑗 ≈ 𝐵, 𝐵 is usually 

determined from the plot of  ln (𝐼ℎ𝑘𝑙 ∑ 𝑓𝑗
2

𝑗⁄ ) against 𝑠𝑖𝑛2𝜃 𝜆2⁄  commonly called the Wilson plot 

[92-94] with 𝐼ℎ𝑘𝑙 denoting the mean intensity of the of all measured reflections in the shell with 

the midpoint 𝑠𝑖𝑛2𝜃 𝜆2⁄  and ∑ 𝑓𝑗
2

𝑗  has to be understood as the respective average values evaluated 

at the mean of the upper and lower limits of the considered resolution shell. 

Therefore, reflections appear if ℎ, 𝑘 and 𝑙 are all even or odd. Considering the summation of 

ℎ, 𝑘 and 𝑙, one finds three different sets of structure factors, |𝐹ℎ𝑘𝑙𝑡ℎ𝑒𝑜| 

 

        |𝐹ℎ𝑘𝑙
𝑡ℎ𝑒𝑜|

2
= {

16(𝑓𝐺𝑎𝑇𝐺𝑎 + 𝑓𝐴𝑠𝑇𝐴𝑠)
2   𝑓𝑜𝑟 ℎ + 𝑘 + 𝑙 = 4𝑛

 16(𝑓𝐺𝑎𝑇𝐺𝑎 − 𝑓𝐴𝑠𝑇𝐴𝑠)
2   𝑓𝑜𝑟 ℎ + 𝑘 + 𝑙 = 4𝑛 + 2

                    16(𝑓𝐺𝑎
2 𝑇𝐺𝑎 + 𝑓𝐴𝑠

2 𝑇𝐴𝑠)     𝑓𝑜𝑟 ℎ + 𝑘 + 𝑙 = 4𝑛 + 1 𝑜𝑟 4𝑛 + 3

} (5.6) 
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where n is an integer. It can be seen from equations (5.6) that planes with ℎ + 𝑘 + 𝑙 = 4𝑛 have 

stronger reflections over those with summation of 4𝑛 + 1, 4𝑛 + 3 or 4𝑛 + 2. 

Experimentally, the structure factor depends on the intensity of the Bragg peak and other factors 

as shown in the equation below:  

 

                                                                        |𝐹ℎ𝑘𝑙
𝑒𝑥𝑝|

2
=

𝐼ℎ𝑘𝑙
𝐶𝐼0𝐿𝑃𝐴

                                                            (5.7) 

 

where C denotes a scale factor, 𝐼0 the intensity of the incident white X-ray beam at the diffraction 

wavelength, 𝐼ℎ𝑘𝑙 = 𝐼 휀⁄  the intensity of the Bragg peak with 𝐼 being the measured integrated 

intensity of this reflection and 휀 the energy- and angular-dependent quantum efficiency of the 

interacting medium. 𝐿 is the Lorentz factor takes into account that in real X-ray diffraction 

experiments, the Bragg condition cannot only be fulfilled by one specific wavelength  and one 

single incident angle 𝜃, but within narrow wavelength and angular bands enclosing these values. 

In our case of a spatially fixed crystal exposed to white X-rays is defined as [95], 

 

                                                                               𝐿 = (
𝜆

𝑠𝑖𝑛𝜃
)
2

.                                                              (5.8) 

 

𝑃 is the polarization factor arises from the polarization effect associated with the nature of the 

incident beam that can be written as [57]: 

 

                                                       𝑃 =
1

2
(1 + 𝑐𝑜𝑠22𝜃) −

1

2
𝜏 cos 2𝜌 𝑠𝑖𝑛22𝜃 .                               (5.9) 
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While the first term of equation (5.9) denotes the contribution of an unpolarized X-ray beam, the 

second term describes the attenuation of the scattered intensity due to the polarization of the 

synchrotron radiation. 𝜏 is the degree of polarization given by the ratio of the difference between 

the parallel and perpendicular components of polarization direction (relative to the plane of the 

electron orbit in storage ring) to their summation: 

 

                                                                          𝜏 =
𝐼𝑝𝑎𝑟 − 𝐼𝑝𝑒𝑟

𝐼𝑝𝑎𝑟 + 𝐼𝑝𝑒𝑟
.                                                            (5.10) 

 

However, the perpendicular component 𝐼𝑝𝑒𝑟 is almost vanished for bending magnet radiation and 

hence 𝜏 ≈ 1 The angle 𝜌 denotes the position of the Laue spot on the detector plane such that: 

 

                                                                       𝜌 = 𝑎𝑟𝑐 tan
𝑧

𝑥
.                                                            (5.11) 

 

In our detection range the applied polarization factors have values between 0.9 and 1. The last term 

in (5.9) A takes into account the absorption effect along the path of the diffracted beam inside the 

crystal. 

In order to normalize the experimental values to the respective |𝐹ℎ𝑘𝑙𝑡ℎ𝑒𝑜| the incident beam profile 

was considered for the calculation of 𝐼0 and the scale factor C was defined by means of a least-

squares method taking into account only strong reflections. The diffraction intensity 𝐼ℎ𝑘𝑙 integrated 

either from the direct peak of the spots or from the indirect peak is corrected by 𝐼ℎ𝑘𝑙 = 𝐼 𝑄𝐸𝑝ℎ⁄ , 

where 𝐼 is the measured intensity of the spot, and 𝑄𝐸𝑝ℎ is the photoelectric contribution of the 

quantum efficiency of Si and CsI(Tl) for the direct and indirect detection, respectively. The 

integration of each Bragg spot has been performed within a detector area of 10x10 pixels including 

the intensities of pile-ups and the escape peaks, while the Compton and the background events 
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were excluded. However, this calculation contains systematical and statistical errors, 𝜎𝑠𝑦𝑠 and  

𝜎𝑠𝑡𝑎𝑡 respectively such that: 

  

                                             𝜎𝑠𝑦𝑠 =
𝐼

𝑄𝐸𝑝ℎ
2 × 𝜎𝑄𝐸𝑝ℎ  and 𝜎𝑠𝑡𝑎𝑡 =

√𝐼

𝑄𝐸𝑝ℎ
                                       (5.12) 

 

where 𝜎𝑄𝐸𝑝ℎ  is the error in 𝑄𝐸𝑝ℎ which is calculated from the respective attenuation coefficients 

of Si and CsI(Tl). 

Since the quantum efficiency of Si in hard X-ray range is very low compared to photons from 

CsI(Tl) registered in low energy range, both systematical and statistical errors of the direct peak 

intensities are much larger compared to the errors determined for the indirect peaks. As shown in 

figure 5.9, the total error in the direct peak intensities is between 19% for 42keV spot and 40% for 

95keV whereas the intensities calculated from the indirect Bragg peak are in the range between 

1% and 2.2% in the same energy range 

 

 

 

 

 

 

 

 

Figure 5.9: Total error propagation for primary intensity of Laue spots calculated from direct 

peak (black squares) and from indirect peaks (red dots). For the direct detection case, the error 

reaches a value of 40% at 95 keV, while for the indirect case it doesn’t exceed 2.2% at the energy.  
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The comparison between all 19 evaluated experimental and theoretical structure factor magnitudes 

is visualized in Figure 4.10. It can be seen that the agreement depends on the type of the considered 

Bragg peak: structure factor moduli. For strong reflections fulfilling ℎ + 𝑘 + 𝑙 = 4𝑛, 4𝑛 +

1 or 4𝑛 + 3 the agreement between both is approximately 18% using the direct peak intensities 

and around 3% using the indirect intensities. 

 

 

 

For the weak reflections with h + k + l = 4n + 2, the deviation for the direct case is in the order 

of 35% using the direct energies and 15% for the indirect case. This improvement in accuracy of 

structure factor determination is mainly caused by the much higher quantum efficiency of silicon 

in the energy range of indirect counting. Therefore, using the pnCCD with CsI(Tl) the accuracy of 

structure factor determination in hard X-ray range can be as good as in low energy range close to 

15 keV 

Figure 10: Experimental structure factor calculated    from the intensity of the direct peaks 

(black dots) and from indirect peaks (red dots) V.s. theoretical values   extracted from hkl 

values of the spots. 
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6 Structure analysis of SrLaAlO4 by means 

of EDLD using ultra high x-ray radiation 

In the previous chapter it has been shown that the energy resolution of the directly detected Laue 

peaks with energies ranging between 40 and 90 keV is in the order of 0.7% and 0.9% while the 

energy resolution of the indirect detection of these peaks is between of 16.5% and 18.5%. 

Furthermore, the scattering intensities of these peaks were determined from their indirect detection 

with an error of less than 1.5%. This achievement makes the combined system favorable for 

structure analysis in hard X-ray range.  

Using energy-insensitive area detectors and pink X-ray beams, the structure analysis in 

macromolecular crystallography [96, 97] and Laue micro-diffraction of inorganic samples [98, 99] 

is possible only with considering prior knowledge of the material. On the other hand, energy-

dispersive point detectors (EDDs) enable measurement of a complete energy spectra but detection 

of different Laue spot positions requires detector movement along the plane of detection in order 

to detect the spots sequentially. This strategy is generally time consuming. Other detectors like the 

PILATUS or XPAD detector do not perform a precise measurement of the X-ray signal amplitude, 

but they count the number of measured signal amplitudes above a given discriminator threshold 

[100, 101]. In a white X-ray spectrum or in a spectrum with several X-ray lines they cannot be 

used as a reliable, simultaneous energy dependent X-ray counter. Simultaneous indexation of 

several Laue reflections is impossible. In contrast, pnCCDs allow for an efficient combination of 

two-dimensional position and energy resolution of incident X-rays. So far, the pnCCD has been 

used for crystal structure analysis in the energy range between 5-35 keV except in [67] where the 

structure of GaAs has been determined using pnCCD without scintillator in hard X-ray energy up 

to 130 keV. In addition to well-detected low energetic spots the high energy Laue spots could be 

detected with a very low counting statistic. At the end the structure factors of the high energetic 

reflections were calculated with an average deviation more than 11% compared to the theoretical 

values. However, it has been shown in [13] that this accuracy can be improved to less than 1.5% 

when the structure factor determination is mainly based on the indirect detection of the peaks when 

the pnCCD is coupled to CsI(Tl) scintillator. The use of hard X-rays for Laue diffraction 
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experiments profits from the fact that the part of the Ewald sphere that is cut by the detection plane 

is rather flat, accessing a large reciprocal-space volume simultaneously [2, 102]. In this way, the 

density of Laue spots to be collected by the relatively small pnCCD detector area is significantly 

enhanced compared   to previous experiments. Furthermore, the lower photoelectric interaction at 

the hard X-ray leads to less radiation damage in crystalline materials [103]. 

The solid state physics group of University of Siegen is equipped with a frame store module 

pnCCD combined with a CsI(Tl) scintillator with the specifications shown in chapter 5 and the 

camera is used for hard X-ray applications such as crystal structure determination, single grain 

analysis of polycrystalline samples and texture analysis. In this chapter we show the determination 

of unit cell parameters and orientation of tetragonal SrLaAlO4 crystal without any prior 

information by means of energy dispersive Laue diffraction experiment using the pnCCD + CsI(Tl) 

detector system and white  X-ray energy ranging between 40 and 130 keV. It will be demonstrated 

that the spatial resolution and spectroscopic performance of the indirect detection of this hybrid 

detector in this energy range is sufficient for precise determination of unit cell parameters and 

lattice vectors orientation. For fast data analysis, a GPU-based algorithm was applied which 

executes all recorded reflections in parallel and in real time [104]. 

 

6.1 Experiment setup and data collection 

The investigated crystal with orientation [001] was fixed in front of the detector and illuminated 

by a 100x100 µm2 wide beam provided by EDDI beamline (see section 5.3) such that the 

experiment has been performed in a transmission geometry. In this setup, the direction of the beam 

toward the sample is considered as the (−𝑦) direction, whereas the plane containing the detector 

is taken as the 𝑥, 𝑧 plane. In order to avoid radiation damage, the detector was operated in the 

single photon counting mode. The primary white X-ray beam with energy range [1-130 keV] was 

attenuated by means of 1 cm thick of aluminum plate. The presence of the Al absorber in front of 

the sample cuts off the photons with energy below 40 keV. In order to simulate a larger detector 

window virtually, an area of 5 x 3 cm2 of the x-z plane at a distance L=6 cm in front of the sample 

has been scanned by the detector. The average count rate was about 33000 events/s within the 

entire sensitive area such that the detector was operated at a frame rate of 400 Hz. The event 
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detection threshold was set to 4𝜎where 𝜎 = 5.5 𝑒− is the equivalent noise charge in the selected 

gain mode of the detector including thermal and electronic noise components. 

A scheme of the collected Laue pattern is shown in figure 6.1 in which about 130 spots have been 

recorded. Generally, Laue spots with energies less than about 90 keV were detected directly by 

pnCCD. In contrast, spots with energies higher than 90 keV cannot be directly detected by the 

pnCCD due to the low quantum efficiency but they are detected indirectly after interaction with 

the scintillator. Once a photon interacts directly with pnCCD and converts to an electron cloud, it 

can be collected as single pixel event or distributed over neighbor pixels (double, triple or 

quadruple pixel event) depending on the cloud size (proportional to the photon energy) and 

conversion position (see section 3.3.1). However, when the photon is detected indirectly, the 

generated electron cloud is a result of the sum of many scintillation photons which typically spread 

over more than 10 pixels. The widespread and the high statistic of the indirect event gives rise to 

a well-defined peak center. 

 

 

 

 

 

 

 

 

 

 Figure 6.1: Laue pattern generated by SrLaAlO4 crystal recorded by the pnCCD + 

CsI(Tl). Some of the Bragg reflections were detected directly and indirectly at the 

same time, while some others with higher energies were just detected indirectly. 

The Energy and Bragg angle (E(keV), 2ϴ) are shown beside some spots. 
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6.2 Spectral analysis  

The spectrum integrated over all events is shown in figure 6.2 in ADU units. It contains the direct 

detections of K-α and K-β emission lines of Sr and La (elements of the illuminated crystal) located 

at 1793, 2010, 4252, 4830 and 4950 ADU corresponding to 14.1, 15.8, 33.2, 37.8 and 38.7 keV, 

respectively. The spectrum includes also the K-α and K-β lines of I and Cs (elements of the 

scintillator) located at 3647, 4125, 3950 and 4472 ADU corresponding to 28.4, 30.7, 32.2 and 34.9 

keV, respectively.  

These direct peaks were resolved with an energy resolution between 0.75% and 0.9% at the 

selected gain of the detector and they have been served for the calibration of the channel numbers 

(from ADU to eV) while the peak between 250 and 750 ADU is the result of the convolution of 

their indirect peaks.  
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Figure 6.2: Spectrum of all direct and indirect events. 
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In order to identify the Bragg energies, the spectra of all detected spots were extracted from an 

area of 5x5 pixels around the center of each spot. In case the Laue spot is detected directly and 

indirectly at the same time, the respective spectrum will contain two Bragg peaks, one at the energy 

corresponds to the direct detection of the spot, and another peak at lower energy (typically between 

1 and 35 keV) corresponding to the indirect detection. After calibration the peak positions can be 

converted to the corresponding incoming photon energy. Figure 6.3 shows two examples of the 

recorded spectra of two different types of spots, where (a) is the spectrum of a spot detected 

directly, and (b) for another spot detected indirectly. The events with size between 1x1 and 10x10 

pixels (non-recombined events) measure the direct and the indirect events, respectively. The Bragg 

peak from the direct detection in (a) is located at energy 66.9 keV with a FWHM of 539 eV, while 

the peak referring to the indirect detection is located at 10.42 keV with a FWHM of 2.07 keV 

represented in the energy scale of the direct events. 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 (b) is an exemplary spectrum of the indirectly-detected spots. This spectrum does not 

contain the direct peak due to its high energy while its indirect peak appears at energy of 14.6 keV. 

This peak is overlapping with K-α and K-β lines of Sr at 14.1 and 15.8 keV, respectively. The 

spectrum also contains the indirect fluorescence peak at 4.2 keV followed by escape peak from the 

Figure 6.3: spectra of two Laue spots given by pnCCD, where (a) was detected directly and 

indirectly at the same time while (b) was just detected indirectly.  
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indirect Bragg peak at 8.99 keV. The direct peaks of the fluorescence lines between 27 and 37 keV 

are also visible in this spectrum. The energy of the indirect Bragg peak is proportional to the energy 

of the incident photon and hence one need to find the relation between the incident photon energy 

(direct energy) and the indirect energy which is usually depend on the selected gain of the detector. 

The energies of all spots that are detected directly and indirectly at the same time, like the case of 

(a), are used to find the functional relation. The direct energies of all indirectly-detected spots then 

can be identified and the intensities of these spots can be calculated from the indirect peaks taking 

into account the quantum efficiency of CsI(Tl) at the incident energy as well the escape and pile 

up peaks. As example, the direct photon energy of the spectrum shown in (b) was determined to 

be 92.5 keV. It is noteworthy that no Compton events are involved in the indirect spectra since 

Compton electrons can’t spread over more than 1 pixel whereas only events with size larger than 

10 pixels are included in these spectra.  

 

6.3 Calculation of lattice parameters 

As soon as the spots energies are identified, a scattering vector �⃗� for each Bragg reflection can be 

assigned by the difference between the outgoing and incoming wave vectors:  

 

                                                                                �⃗� = �⃗⃗�𝑓 − �⃗⃗�𝑖                                                            (6.1) 

such that    

                                                                |�⃗⃗�𝑓| = |�⃗⃗�𝑖| = 2𝜋 𝜆⁄ = 𝐸 ħ𝑐⁄                                              (6.2) 

 

where 𝜆 is the wavelength of the spot, E its energy, ħ is the Plank constant and c is the speed of 

light. Every Laue spot collected by the detector is characterized by the intensity, I, energy, E, and 

three dimensional coordinates, 𝑥, 𝑦 and 𝑧 
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                                                                  ħ𝑐�⃗� = ħ𝑐 (

𝑞𝑥
𝑞𝑦
𝑞𝑧
) =

𝐸

𝑠
(
𝑥

𝑦 − 𝑠
𝑧
),                                     (6.3) 

 

with 𝑠 being the distance between the sample and the Laue spot at the detector plane:  

 

                                                                     𝑠 = √(𝑥2 + 𝑦2 + 𝑧2.                                                  (6.4) 

 

In our experiment the measured part of the reciprocal lattice of the crystal is confined in a cuboid 

with ranges −13 ≤ 𝑞𝑥 ≤ 13 Å−1, −4 ≤ 𝑞𝑦 ≤ 0 Å−1 and  −8 ≤ 𝑞𝑧 ≤ 8 Å−1. The error 𝛿�⃗� 

depends on the precision of position and energy of the spot such that:  

 

                                       𝛿𝑞𝑥 =
|𝑥|

𝑠

𝛿𝐸

ħ𝑐
+

𝐸

𝑠3ħ𝑐
[(𝑦2 + 𝑧2)𝛿𝑥 + |𝑥𝑦|𝛿𝑦 + |𝑥𝑧|𝛿𝑧] ,             (6.5) 

                                  𝛿𝑞𝑦 =
(𝑠 − 𝑦)

𝑠

𝛿𝐸

ħ𝑐
+

𝐸

𝑠3ħ𝑐
[(𝑥2 + 𝑧2)𝛿𝑦 + |𝑦𝑥|𝛿𝑥 + |𝑦𝑧|𝛿𝑧] ,         (6.6) 

                                       𝛿𝑞𝑧 =
|𝑧|

𝑠

𝛿𝐸

ħ𝑐
+

𝐸

𝑠3ħ𝑐
[(𝑥2 + 𝑦2)𝛿𝑧 + |𝑧𝑥|𝛿𝑥 + |𝑧𝑦|𝛿𝑦] ,             (6.7) 

 

The energy of the reflections has been resolved with a standard deviation ranging between 0.6 and 

0.8% considering the Gaussian fit to the measured Bragg peak energy. The high intensities of the 

reflections due to the indirect detection improve the spatial uncertainty to less than one pixel size. 

Consequently, using equations (6.5), (6.6) and (6.7), the components of the scattering vector �⃗� 

associated with the reflections could be resolved with absolute accuracies of  𝛿𝑞𝑥 < 0.15 Å-1, 

𝛿𝑞𝑦 < 0.08 Å-1 and 𝛿𝑞𝑧 < 0.15 Å-1. The scattering vector corresponding to the evaluated peak 

centers in terms of position and energy is equal to a reciprocal lattice vector of the sample as shown 

in equation (4.4). 
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In order to find the lattice constants of SrLaAlO4, we applied the method used in [105] in which 

the Minkowski-reduced basis [106] of the measured reciprocal lattice has been computed by 

crystallographic reduction [107, 108] and least-square refinement of sets of three non-collinear 

scattering vectors {�⃗�1, �⃗�2, �⃗�3} providing a complete indexation of all recorded reflections. Because 

of the large number of events included in each reflection which requires a relatively long execution 

time, a new GPU-based algorithm has been developed and used for the computing of this method 

[109]. Depending on the parallel computation technique, a speed-up factor up to 4 comparing with 

the serial algorithm. This algorithm has the Single Instruction Multiple Threads (SIMT) style [110] 

and consists of two stages: (1) Parameters calculations: in which the essential parameters (e.g. 

energy, diffraction angle, d-spacing, possible Miller indices list etc.) for each localized reflection 

are calculated. Each thread processes a single reflection saving the final output in a data container 

for further calculations. (2) The main core: in which the main method is applied. The localized 

reflections are divided into threefold subsets covering all possible mutations. Using the output 

generated by the previous stage, each subset is processed by a single thread. The reciprocal basis 

vectors are then obtained:  

 

�⃗⃗�1 = (
1.51
0.16
−0.73

)Å,  �⃗⃗�2 = (
0.34
1.29
1.01

)Å,  �⃗⃗�3 = (
0.19
−0.31
0.33

)Å 

 

and hence the basis vectors in the real crystallographic axes can be calculated: 

 

�⃗�1, �⃗�2, �⃗�3 = (
3.34 0.78 4.98
0.38 2.91 −7.93
−1.61 2.25 8.45

) 

 

Subsequently, the lattice constants and the enclosed angles of the crystal are defined:  
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|𝑎1⃗⃗⃗⃗⃗| = 3.73 Å      α1=89.640 

|𝑎2⃗⃗⃗⃗⃗| = 3.76 Å     α2 =90.210 

|𝑎3⃗⃗⃗⃗⃗| = 12.61 Å   α3 =89.980 

 

The evaluated data are in good agreement with the literature values of the tetragonal structure of 

SrLaAlO4 with a standard deviation of 0.1, 0.2 and 0.7% for the lattice constants and of 0.02, 0.23 

and 0.4% for the enclosed angles, respectively. This accuracy is better than that obtained 

previously in [105] where white synchrotron radiation with energy less than 35 keV was used. 

This improvement can be correlated to the higher number of Laue spots detected within a wide 

range of energy and the improved cunt rate of these spots due to the improvement of the detector 

quantum efficiency. Once the lattice parameters have been determined, the Laue pattern can be 

indexed entirely by projecting the measured �⃗�𝑖vector of each reflection onto the basis vectors �⃗� 

using Laue equations: 

 

                                            ℎ𝑖 =
�⃗�𝑖. �⃗�1
2𝜋

, 𝑘𝑖 =
�⃗�𝑖 . �⃗�2
2𝜋

, 𝑙𝑖 =
�⃗�𝑖. �⃗�3
2𝜋

                               (6.8) 

 

The obtained Miller indices of some selected spots are shown later in table 6.1. Some spots spectra 

contain two peaks at energies E and 2E corresponding to the first and second orders reflections. In 

this case only the first order reflection has been taken into account and the Miller indices are 

calculated based on this energy. However, in case E is less than 40 keV (the lower limit of the 

incident energy), only the second order reflections (2E) can be scattered from the crystal as E has 

been absorbed by Al absorber. This leads to a second order Miller indices. For example, spot (-6 

4 -6) has an energy of 63.3 keV appeared at angle 22.90 instead of (-3 2 -3) reflection at the same 

angle with an energy 31.65 keV as this energy is not included in the used energy range.  
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6.4 Structure factor 

As discussed previously, the magnitude of the structure factors 𝐹ℎ𝑘𝑙 can be calculated 

experimentally with a relatively high accuracy when the intensities of the reflections are extracted 

from the indirect peaks rather than the direct peaks. It’s challenging to calculate the structure 

factors experimentally with an error as low as possible. It can be seen from equation (5.7) that the 

error in the structure factor calculation of a given ℎ𝑘𝑙 reflection is strongly depending on the error 

propagation from the intensity calculation. This includes the systematical and statistical errors in 

equation (5.12). The relative error to the calculated diffracted intensity 𝐼ℎ𝑘𝑙 can be written as: 

 

                                            
𝜎𝐼ℎ𝑘𝑙
𝐼ℎ𝑘𝑙

=

𝐼ℎ𝑘𝑙. 𝐸
𝐸2

× 𝜎𝐸 +
√𝐼ℎ𝑘𝑙. 𝐸
𝐸

𝐼ℎ𝑘𝑙
=
𝜎𝐸
𝐸
+

1

√𝐼ℎ𝑘𝑙𝐸
                           (6.9) 

 

Which makes the quantum efficiency is the main factor affects the precision of 𝐼ℎ𝑘𝑙 calculation 

and subsequently the accuracy of structure factor determination.  

Table 6.1 shows a list of the recorded reflections with their Miller indices, Bragg angles, Bragg 

peak energies, interplanar distances and the experimental structure factors with their standard 

deviations. As discussed before, the standard deviation, 𝜎𝐹 depends on the deviation in the 

intensity calculation which itself strongly depends on the quantum efficiency of the detection 

material as well on the intensity of the spot (equation 6.9) such that the higher efficiency and higher 

intensity leads to higher precision. For the aim of having the best possible accuracy in the 

calculation of the structure factors, the diffracted intensities 𝐼ℎ𝑘𝑙  have been extracted from the 

indirect peaks where the detected intensities, 𝐼, are much higher than those found in the direct 

peaks. The results show that 𝜎𝐹(%) doesn’t exceed a value of 2,5%. The precision of 𝐹ℎ𝑘𝑙 increases 

as the Bragg peak energy get higher reaching a value of 0,9% for the reflection -3 1 -4 at E= 41,7 

keV but 2,5% for reflection -1 -5 0 at E= 129,1 keV. The obtained accuracy is much better than 

those obtained by similar experiments using bare pnCCD [67, 68, 105] and is in good agreement 
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with the results obtained in [13] where pnCCD + CsI(Tl) detector system has been used for the 

structure analysis of GaAs. 
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h k l 2θo E(keV) d(Å) Fhkl σF(%) 
-6 4 -6 22,9 63,3 0,49 22,1 1,4 

-7 4 -7 23,6 68,9 0.44 1,9 1,5 

-5 3 -6 18,3 65 0,60 14,5 1,2 

-4 2 -6 11,07 84,4 0,76 31,2 2,0 

-3 -1 -4 14,1 46,6 1,08 27,9 1,1 

-1 5 0 13,6 73,4 0,71 24,6 1,6 

-2 3 -3 8,6 83,8 0,98 24,1 1,8 

-3 0 -5 6,3 102,6 1.10 22,9 2,1 

-4 -2 -6 8,7 107 0,76 31,6 2,0 

-3 -3 -4 9,5 90,6 0,82 21,8 1,7 

-1 -5 0 8,13 122,9 0,71 25,7 2,4 

2 -3 5 6,6 113,8 0,94 19,7 2,3 

2 -4 6 10,8 86,2 0,76 32,4 1,6 

-3 1 -4 15,7 41,7 1.08 28,2 0,9 

2 -1 5 11,8 43,9 1,37 27,5 1,1 

3 -2 7 7,6 106,8 0,88 7,25 2,2 

5 -1 12 11,1 108,7 0.59 1,1 2,1 

5 3 12 11,7 112,7 0,53 0,9 2,2 

4 4 10 12,5 99,2 0,57 3,8 1,9 

4 3 9 8,5 129,1 0,64 2,6 2,5 

4 3 11 17,8 64,6 0,62 21,6 1,3 

4 -1 11 18,2 55,9 0,68 25,9 1,2 

4 -3 11 15,1 77,1 0,60 21,7 1,6 

4 1 11 19,3 52,7 0,70 25,1 1,2 

6 -5 17 16,1 112,7 0,39 10,3 2,3 

6 5 17 19,0 95,4 0,4 11,1 2,0 

-6 -4 -6 19,8 73,1 0,48 21,5 1,5 

-4 1 -5 18,2 47,1 0,84 17,9 1,1 

4 5 11 14,7 89,9 0,51 15,9 1,9 

-4 -1 -5 17,0 50,4 0,83 18,5 1,1 

6 -1 15 13,5 108,7 0,48 8,4 2,2 

 
Table 1: Miller Indices, Bragg angles, energies, interplanar distances and the 

experimental structure factors with their percent standard deviations of the detected 

reflections 
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7 Summary and Conclusion 
 

In this thesis few applications of pnCCD using white hard X-ray synchrotron radiation have been 

demonstrated. The presented results are based on two major innovations:  

i. Considering the 4-dimensional data volume of the detector the characterization of several 

single grains in the polycrystal is possible at their same time and can be analyzed under 

external load. The deformation process of a polycrystalline nickel wire under an external 

tensile loading has been investigated by means of energy-dispersive Laue diffraction 

(EDLD) experiment using white hard X-ray synchrotron radiation and energy-dispersive 

pnCCD detector. 

ii. Coupling of a columnar CsI(Tl) scintillator with pnCCD silicon detector extends the 

detectable energy range towards 100 keV which is very attractive for the analysis of metals 

and other technical materials. The performance of pnCCD coupled to columnar structured 

CsI(Tl) scintillator in the hard X-ray range was tested. The quantum efficiency and energy 

resolution of the combined system have been found showing an extreme improvement of 

the efficiency at the hard X-ray energy range comparable to the case of bare pnCCD. This 

enhancement was employed in structure analysis of single crystals in which the Lattice 

parameters, unit cell orientation and the structure factor moduli were determined with a 

high accuracy relative to the expected values.  

Advances in 2DED X-ray detectors make it possible to exploit the complete polychromatic 

spectrum of high-brightness synchrotron sources in the development of energy dispersive and 

spatially resolved X-ray techniques. In chapter 4 we have described the applicability of EDLD in 

the characterization of polycrystalline materials. In a single shot experiment, Laue diffraction 

images are analyzed to obtain the crystal symmetry, lattice orientation and lattice strain distribution 

at the sub-grain level. The fact that, this technique does not require sample rotations in order to 

probe different lattice planes is a great advantage whenever high spatial resolution is required or 

the sample crystal structure is not known.  
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In situ tensile loading was applied to investigate the deformation behavior of a group of 9 grains. 

Spatial elongation, i.e. streaking of the Laue spots was observed and linked to gradual rotation of 

the lattice planes. The streaking magnitude differs between lattice planes depending on the 

orientation of the grain and hence the slip system. As an example, from grain 4, the planes that is 

close to being parallel to the slip system shows the largest streaking. While other 2 lattice planes 

from the same grain show confined spatial distribution. By analyzing the energy profile of the 

streak, we could determine the change in the lattice spacing d, and the distribution width of d. The 

results document that EDLD is a powerful technique to study heterogeneities in applied material 

systems. 

The constraint of using silicon-based detectors for hard X-ray applications due to their low 

quantum efficiency for high energetic photons (above 10 keV) could be overcome by combining 

a pixelated silicon-based detector system with a columnar scintillator. In chapter 5 the 

characterization and performance of pnCCD coupled to columnar structured CsI(Tl) scintillator in 

the hard X-ray range have been investigated. The main advantage of this combination over the 

bare pnCCD is the improvement of the quantum efficiency for hard X-rays. It has been increased 

from 1% at 100 keV for the naked pnCCD to about 45% at the same energy using the new 

combined system. Performing a Laue type diffraction experiment, using multiple GaAs samples 

many Laue spots were generated. Following the Bragg equation these spots appear at different 

energies ranging between 55 and 120 keV. Spots with energy larger than 90 keV could be 

identified properly only from the indirect signal because of the high QE of CsI compared to Si. 

The energy resolution of the system for different peaks within this energy range was investigated. 

For the direct peaks the resolution was found in the order of 0.7% and 0.9%, while for their 

corresponding indirect peaks the resolution was found between 16.5% and 18.5%. The combined 

detector shows a high potential for hard X-ray structure analysis compared to the bare pnCCD. 

The errors in the intensities calculation from the direct peaks were between 19% and 40% in the 

energy range from 42 to 95 keV, whereas the error decreased to the order of 1.5% when the 

intensities were calculated from the indirect peaks in the same energy range. The structure factors 

of several high energetic reflections from a single GaAs wafer were determined using both direct 

and indirect signals from the respective Bragg peaks.  In the indirect case, the deviation of 

experimental structure factors from theoretical ones was in the order of 3% for the strong 
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reflections and 15% for the weak reflections in contrast to 18% and 35% in the case of direct 

detection. 

In chapter 6 we demonstrated the structural analysis of SrLaAlO4 using ultra high white X-ray 

energy ranging between 40 and 130 keV using pnCCD detector coupled to CsI(Tl) scintillator. The 

analysis was performed without any prior information. After a scan of an area of 5x3 cm2 around 

the beam center, about 130 Laue spots have been detected. Reflections with energies higher than 

90 keV were detected indirectly while those with lower energies could be detected directly and 

indirectly at the same time. Using the advantages of detecting spots at high energies with high 

intensity and with high position resolution the lattice parameters of the tetragonal unit cell could 

be determined with accuracy better than 0.7% for the basis vectors and less than 0.4% for the 

enclosed angles. Subsequently the Laue pattern could be indexed and the structure factors have 

been determined from the integrated intensities of the indirect peaks with a standard deviation 

between 0.9% and 2.5% for the spots in the energy range [40-130] keV. The achieved results of 

this work constitute a promising base for further crystallographic applications and structure 

analysis at ultra-high X-ray energies using the pnCCD coupled to columnar structure CsI(Tl) 

scintillator. 
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