Università degli Studi di Bari Aldo Moro
DIPARTIMENTO INTERATENEO DI FISICA
Corso di Laurea Magistrale in Fisica della Materia ed Applicata

Tesi di laurea magistrale

Assessment of the ultimate spatial
resolution of Mönch 03 Detector using
interpolation algorithms

Relatori:

Laureando:

Dott. Francesco Loparco
Dott.ssa Anna Bergamaschi

Davide Serini

Anno Accademico 2016-17

Contents

Introduction

5

1 X-Ray hybrid semiconductor detectors

8

1.1

1.2

1.3

Interaction of X-rays with matter . . . . . . . . . . . . . . . . . . .

8

1.1.1

Photoelectric absorbtion . . . . . . . . . . . . . . . . . . . . 10

1.1.2

Compton scattering . . . . . . . . . . . . . . . . . . . . . . . 12

1.1.3

Pair production . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.1.4

Photon attenuation . . . . . . . . . . . . . . . . . . . . . . . 15

Physics of silicon detectors . . . . . . . . . . . . . . . . . . . . . . . 16
1.2.1

Semiconductors . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.2.2

Doped semiconductors . . . . . . . . . . . . . . . . . . . . . 19

1.2.3

p-n junction . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.2.4

Biased junction . . . . . . . . . . . . . . . . . . . . . . . . . 23

X-Ray Hybrid semiconductor detectors . . . . . . . . . . . . . . . . 25
1.3.1

Charge generation, drift and diffusion in the semiconductor
detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.3.2

Detection of generated charge in the X-Ray hybrid pixel detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1

Contents

2 X-ray detector development at the Swiss Light Source: the Mönch
33

Hybrid Pixel Detector
2.1

2.2

Synchrotron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.1.1

Synchrotron source . . . . . . . . . . . . . . . . . . . . . . . 34

2.1.2

Synchrotron light . . . . . . . . . . . . . . . . . . . . . . . . 36

2.1.3

X-ray detectors developed at the Swiss Light Source . . . . . 38

Mönch 03 Hybrid Pixel Detector . . . . . . . . . . . . . . . . . . . . 40
2.2.1

The readout chip . . . . . . . . . . . . . . . . . . . . . . . . 41

2.2.2

Mönch 03: towards high resolution imaging applications . . 42

3 High Resolution Imaging concepts
3.1

3.2

High Resolution Imaging concepts . . . . . . . . . . . . . . . . . . . 44
3.1.1

Photon Finder . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1.2

The η variable . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.1.3

η distribution and charge sharing . . . . . . . . . . . . . . . 50

Raster Scan Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2.1

Experimental setup . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.2

Data processing . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.3

Gain calibration and noise characterizzation . . . . . . . . . 56

4 Position interpolation algorithms
4.1

4.2

44

60

General purpose of the Position Interpolation Algorithms (PIAs) . . 60
4.1.1

The flat-field condition . . . . . . . . . . . . . . . . . . . . . 61

4.1.2

The Bhattacharyya distance measurement . . . . . . . . . . 64

The Linear Interpolation Algorithm (LIA) . . . . . . . . . . . . . . 65
4.2.1

The algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2.2

The step-by-step analysis . . . . . . . . . . . . . . . . . . . . 67

4.2.3

The reconstructed image . . . . . . . . . . . . . . . . . . . . 69

2

Contents

4.2.4

The “theoretical” reference positions . . . . . . . . . . . . . . 70

4.3

PIAs based on the η-distribution histogram rebinning . . . . . . . . 73

4.4

The Global Interpolation Algorithm (GIA) . . . . . . . . . . . . . . 75

4.5

4.6

4.7

4.4.1

The algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.4.2

The reconstructed image . . . . . . . . . . . . . . . . . . . . 79

The Position Dependent Interpolation Algorithm (PDIA) . . . . . . 80
4.5.1

The algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.5.2

The reconstructed image . . . . . . . . . . . . . . . . . . . . 84

The Position Refined Interpolation Algorithm (PRIA) . . . . . . . . 85
4.6.1

The algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.6.2

The reconstructed image . . . . . . . . . . . . . . . . . . . . 89

Estimation of the spatial resolution of Mönch using the LIA . . . . 90

5 Study of the spatial resolution of the Mönch 03 Detector
5.1

5.2

93

General studies of the performances of the PIAs . . . . . . . . . . . 93
5.1.1

Analysis of the interpolated positions: general purpose . . . 94

5.1.2

Resolution Analysis . . . . . . . . . . . . . . . . . . . . . . . 94

5.1.3

The Linear Interpolation Algorithm (LIA) . . . . . . . . . . 95

5.1.4

Global Interpolation Algorithm (GIA) . . . . . . . . . . . . 101

5.1.5

Position Dependent Interpolation Algorithm (PDIA) . . . . 107

5.1.6

Position Refined Interpolation Algorithm (PRIA) . . . . . . 113

5.1.7

Summary of Results . . . . . . . . . . . . . . . . . . . . . . 119

Application of the PIAs using a real test object . . . . . . . . . . . 121
5.2.1

The test object . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.2.2

Experimental tecnique . . . . . . . . . . . . . . . . . . . . . 123

5.2.3

The reconstructed Image . . . . . . . . . . . . . . . . . . . . 123

3

Contents

Conclusions
Bibliography

127
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4

Introduction

The aim of this thesis work is the assessment of the ultimate spatial resolution of
Mönch 03 detector using interpolation algorithms.
Moench (Micropixel with enhanced pOsition rEsolution usiNg CHarge integration) is a research project currently under development in the SLS Detector Group
at the Paul Scherrer Institut (Villigen,Switzerland). It is a charge integrating
hybrid-pixel detector with 25 µm pixel pitch which aims to push the development
of hybrid pixel detectors to its limits in terms of dynamic range, position resolution, energy information and low energy detection.
The Mönch 03 prototype-detector was not developed for a specific application, but
is a tool to test the limits of hybrid pixel detector technology when the pixel dimensions are reduced, thus significantly improving the noise and the spatial resolution.
In this thesis work, Mönch has been tested in order to prove that it can be a
good candidate for X-ray high resolution imaging applications. Indeed, the small
pixels size of the system provides a good intrinsic spatial resolution. Furthermore
this characteristic facilitates also the charge sharing between neighboring pixels
and this effect can be exploited to gain additional information about the photon
absorption position.
These characteristics, combinined with the low electronic noise obtained by Mönch,
allow to implement some different Position Interpolation Algorithms (PIAs) that
permit to improve the final spatial resolution of the detector.
5
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The general purpose of these algoritms is to exploit the information related to the
charge sharing between neighboring pixels to reconstruct the photon hit position
with an accuracy better than the physical pixel pitch. This information can be
studied by the generalizzation for 2-dimensional systems (pixel detectors) of the
η − variable (commonly used for strip detectors). So, each PIAs implemented
is based on the idea that is possible to study and elaborate the η distribution
H(ηx , ηy ) in order to evaluate the position corrections for the impinging photon
with respect to the geometrical center of the cluster (ensemble of neighboring pixels on which the signal is shared) with a “subpixel precision”.
Each PIA implemented will be tested thanks to an experiment designed explicitly
for evaluate the ultimate spatial resolution achievable with Mönch.
Finally, the potentialities of the Mönch prototype detector will be tested in an
application of imaging of absorption with a real test object.

In Chapter 1 an overview of the physics of the semiconductor detectors focused
on the X-ray hybrid pixel detectors, will be presented.
In Chapter 2 the main concepts about synchrotron radiation with reference to
the Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI, Villigen Switzerland) will be discussed. An overview of the hybrid X-ray detectors developed by
the SLS Detector Group will be also presented focusing in particular on the main
characteristics of Mönch 03 hybrid pixel detector used for this work.
In Chapter 3 the main concepts toward the high resolution imaging applications achievable with Mönch 03 detector, will be explained.
In the second part of this chapter the experimental setup to test the spatial resolution of Mönch 03 detector and also the data-processing after the acquisition will
be discussed in detail.
In Chapter 4 the Position Interpolation Algoritmhs (PIAs) implemented to
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test the ultimate spatial resolution achievable with Mönch detector will be analyzed. Their general purposes, their potentiality and their limits will be discussed
in detail.
In Chapter 5 the analysis to estimate the final spatial resolution of Mönch
03 prototype-detector using the Position Interpolation Algorithms (PIAs) will be
presented. First of all, some studying of the interpolated positions in order to
test the performances of the PIAs, will be presented. Finally, the results of the
application of the algorithms implemented on a real test object will be showed.

Il presente lavoro di tesi è stato svolto in stretta collaborazione e supervisione del
SLS Detector Group del Paul Scherrer Institut (Villigen, Switzerland).
Ricerca svolta con il contributo dell’Università degli studi di Bari ai
sensi del D.L.gs n. 68 del 29-03-2012 .
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Chapter

1

X-Ray hybrid semiconductor
detectors
The development of X-ray detectors is a broad research field, since there are a
great variety of scientific applications based on X-rays, like crystallography, high
resolution microscopy, material science, biology and medical imaging.
X-rays are a form of electromagnetic radiation with energies in the range from
100 eV to 100 keV: X-rays with high photon energies above 5–10 keV are called
hard X-rays; while those with lower energy are called soft X-rays.
This thesis will focus on semiconductor detectors, that allow the direct conversion of X-rays into a misurable electric signal. This chapter will describe the main
interaction mechanisms of X-rays with matter and will present an overview of the
physical principles of silicon detectors.

1.1

Interaction of X-rays with matter

The interaction of X-rays with matter can be described using the wave-particle
dualism and the concept of photons: as for charged particles, an interaction with
electromagnetic radiation can be studied with the detection of photons. A photon
8
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that interacts with the target can be completely removed from the incident beam
and the beam of photons that cross a medium results attenuated in intensity.
The attenuation of the incident beam can be expressed by the following relation:
I(x) = I0 e−µρx

(1.1)

where I0 is the initial beam intensity, I(x) is the intensity after a path-length x, µ
is the mass absorption coefficient of the material and ρ is the material density.
The mass absorption coefficient is related to the cumulative cross section σtot :
µ=

NA
σtot
A

(1.2)

where NA =6.022×1023 mol−1 is the Avogadro’s number and A is the atomic weight.
The total or cumulative cross section σtot is the sum of all cross sections of the
possible interactions of photons with matter.
These interactions are:
• Thomson and Rayleigh elastic scattering (coherent scattering);
• Photoelectric effect;
• Compton scattering (incoherent scattering);
• Pair production.
Thomson and Rayleigh scattering (coherent scattering) are processes in which
photons interact with matter without appreciable transfer of energy.
In these processes, a free electron oscillates in response to the electric field of
an incident elctromagnetic wave. The oscillating electron emits radiation at the
same frequency of the incident wave so that the effect of this phenomenon is the
redirection of some incident photons with small scattering angles and without
transfer of energy to the medium.
The total cross section of Thomson scattering is given by the equation:
σT =

8π 2
r
3 0

9
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where r0 is the classical electron radius r0 = e2 /mc2 ∼ 2.82 × 10−13 cm [1].
The main mechanisms of energy deposition by photons in matter are photoelectric absorption, Compton scattering and pair production. Their cross sections
depend on the incoming photon energy as shown in Fig.1.1.
In the next section will treat these processes more in detail.

Figure 1.1: Cross sections of the main interaction processes of photons with silicon as a
function of photon energy [2]
The photoelectric cross section exhibits an edge at energy E ∼ 1.838 keV (silicon K-edge)

1.1.1

Photoelectric absorbtion

The photoelectric effect is a process in which a photon is absorbed by an electron
to which it transfers its energy. To explain this phenomenon in 1905, Einstein
10
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proposed a model which the incident light consists of discrete quanta (“photons”),
each with an energy given by Eγ =hν. A photoelectron is produced when the
photon energy is completely absorbed by a single electron that is extracted from
its atomic shell.
To ensure energy and momentum conservation, the absorbed photon cannot
interact with a free electron, but must interact with a bound electron in an atom.
The photoelectron is emitted only if the photon energy exceeds the binding energy
of the electron on its shell (so the photoelectric effect is a threshold process).
The probability of producing a photoelectron is strongly dependent on the atomic
number Z and the energy hν of the photons. It is largest for heavy materials (high
Z ) and photons of energy just above the minumum threshold energy required. The
total cross section of photoelectric absorption is proportional to [3]:
σ∝

Z4
hν 3

(1.4)

Although the probability of photoelectric absorption decreases with increasing
photon energy, there are sharp discontinuities in the cross-section curve. These are
called “absoption edges” and they correspond to the binding energies of electrons
in atomic shells. In Fig.1.1 is shown the K-absorption edge for silicon at E ∼
1.838 keV. For photons with energy just above the edge of a shell, the photon
energy is just sufficient to undergo the photoelectric interaction with electron from
that K-shell.
If the photon ejects a core electron, an electron from an outer shall may fill
the vacancy. The energy that corresponding to the transition can be emitted as
a fluorescence X-ray or can be transferred to an electron in n outer shell that
will be ejected (Auger electron) as shown in Fig.1.2. The ratio between the two
competing processes is called fluorescence yield and depends on the atomic number.
In particular, for higher Z materials (Z >31) the fluorescence emittance is the
dominant process [4].

11
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Figure 1.2: Photoelectric effect.
The incident photon is absorbed and the energy is transfered to a bound electron.
(a) the electron is ejected from the shell;
(b) an electron from an outer shell may fall in the vacancy;
(c) the transition energy can be emitted as a fluorescence X-Ray or as an Auger
electron.

1.1.2

Compton scattering

Compton scattering is the inelastic-inchoerent scattering of a photon with an electron. In the Compton scattering, the incident photon is deflected through an angle
θ with respect to its original direction and shows a reduction in energy (reduction
in photon’s frequency). In his experiment in 1922, Compton observed that the
wavelength shift (∆λ) depends only on θ and it is independent on the incident
photon wavelenght λ.
The photon transfers a portion of its energy to the recoil electron. The energy

12
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transfered to the recoil electron can vary from zero to a large fraction of the incident
gamma ray energy, because all scattering angles are allowed.
It is possible to describe the Compton effect using the quantum nature of light.
In the Compton’s quantum model a photon of initial energy Eγ =hν and momentum hν/c is scattered by a stationary, free electron (see Fig.1.3). After the
collision, the photon is scattered at an angle θ with an energy hν 0 and momentum hν 0 /c. The struck electron recoils at an angle ϕ with total energy E’ and
momentum P’. Conservation of total energy in the collision requires that:
hν + me c2 = hν 0 + E 0

(1.5)

The conservation of the momentum’s components in the horizontal and vertical
directions gives the following equations:
hν
hν 0
=
cos θ + P 0 cos ϕ
c
c

(1.6)

hν 0
sin θ = P 0 sin ϕ.
c

(1.7)

13

1.1 Interaction of X-rays with matter

Figure 1.3: Compton scattering of photon with initial energy Eγ =hν and momentum hν/c
from an electron initially free and at rest with energy me c2 (a).
As a result of the collision, the photon is scattered at an angle θ with reduced
energy hν 0 and momentum hν 0 /c. The electron recoils at angle ϕ with total
energy E’ and momentum P’ (b).

Solving equations 1.5, 1.6 and 1.7 for ν 0 one finds that:
hν 0 =

hν
.
1 + (hν/me c2 )(1 − cos θ)

(1.8)

Using 1.8 the Compton shift (i.e. the change in wavelenght of the photon) is given
by:
∆λ = λ0 − λ = c

1
ν0

−

1
h
=
(1 − cos θ).
ν
me c

(1.9)

Thus the shift does not depend on the incident photon frequency ν, but only on the
scattering angle. The magnitude of the shift at θ = 90◦ , λC = h/me c = 0.0243 Å,
is called Compton wavelength.
The quantum-mechanical theory of Compton scattering based on the specific
photon-electron interaction, gives the Klein-Nishima formula for the differential

14
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cross section [3]:

de σ KN
de σ T
= F KN
.
dΩ
dΩ

(1.10)

The differential scattering cross section represents the probability per unit of solid
angle that a photon, passing normally through a layer of a material containing one
electron per unit area, will be scattered into a solid angle dΩ at angle θ. The factor
F KN is the Klein-Nishima form factor (F KN → 1 for low photon energy Eγ  E0,e )
and

de σ T
dΩ

is the Thomson differential scattering cross section (see eq.1.3).

The integral of eq.1.10 over the whole solid angle is the Compton collision cross
section σC and gives the probability that a photon will have a Compton interaction
per electron:
Z
σC = 2π

1.1.3

de σ KN
sin θdθ.
dΩ

(1.11)

Pair production

In general, pair production is a phenomenon where energy is directly converted to
matter. A photon with energy at least twice the electron rest energy (Eγ = 2me c2 ∼
1.02 MeV) can be converted into an electron-positron pair in the field of an atomic
nucleus when it is traveling through the matter.
When pair production occurs in a nuclear field, the massive nucleus recoils with
negligible energy and therefore the photon energy is converted into the mass energy
2me c2 plus the kinetic energies T+ and T− of the e+ /e− pair. Pair production
becomes a relevant phenomenon with increasing photon energy and the probability
increases with atomic number approximately as σP P ∝ Z 2 .
Pair production needs at least 1.02 MeV energy, so does not occur in the X-rays
energy range.

1.1.4

Photon attenuation

The cumulative cross-section of interaction of a photon with an atom is equal to
the sum of partial cross-sections of the three processes mentioned above:
σtot = σP H + σC + σP P
15
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where:
• σP H is the Photoelectric cross section;
• σC is the Compton cross section;
• σP P is the Pair production cross section.
It depends on the photon energy and on the absorber material, as shown in Fig.1.4.
At small photon energies, the photoelectric effect dominates, while Compton scattering dominates at intermediate energies. The Compton scattering probability
also increases with decreasing atomic number of the target material. Finally,
electron-positron pair production dominates at high energies.
For X-rays with energy range from 100 eV to 100 keV, the dominant processes
are the photoelectric effect and the Compton scattering.

Figure 1.4: Main processes of interaction of photons with matter in dependence of the
atomic number of the absorber material and of the photon energy.
For X-rays with energy range from 100 eV to 100 keV, the dominant processes
are the photoelectric effect and the Compton scattering.

1.2

Physics of silicon detectors

Pixel and strip silicon detectors have a wide field of application. They have been
developed in high energy physics as position detectors for charged particles (“trackers”) and they can also be used to detect X-rays.
16
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1.2.1

Semiconductors

The energy levels of valence electrons in a solid crystal lattice are organized in
bands. The band structure describes the range of energies allowed or forbidden
for an electron within the solid, and determines several properties of the solid,
such as thermal and electrical conduction. Fig.1.5 shows an example of the band
structures of different kinds of solids.

Figure 1.5: Solid band structures for insulators, semiconductors and metals

Silicon is a semiconductor material and in its crystalline form has a small
energy gap beetween the valence and the conduction bands Eg = 1.1 eV. At
room temperature, a small amount of electrons in the valence band may acquire
enough thermal energy to pass in the conduction band. When an electron reaches
the conduction band, it leaves a vacancy in the valence band (called “hole”) that
participates to the conduction processes as a positive charge carrier.

17
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Figure 1.6: Crystal structure of Silicon

In absence of external electric fields, the thermal motion of carriers in the
~ is applied,
semiconductor is random. On the other hand, when an electric field E
~ with a “drift velocity” given by:
the carrier motion is driven by E,
~
~vn = −µn E

(1.13)

~
~vp = +µp E

(1.14)

where µn and µp are the electron and hole mobilities.
Fig.1.7 shows the dependence of carrier velocities on the electric field intensity
in silicon:
• if E . 103 V /cm the drift velocity increases almost linearly with the electric
field intensity. The values of the mobilities are given by the slopes of the
curves and are µn ' 1300 cm2 /(V s) and µp ' 500 cm2 /(V s) for silicon;
• if E & 103 V /cm the drift velocity saturates and the mobility is roughly
inversely proportional to E.
The density of the drift currents driven by electrons and holes are given by:
~ = σn E
~
J~n = −en~vn = enµn E

(1.15)

~ = σp E
~
J~p = +en~vp = epµp E

(1.16)

18
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Figure 1.7: Carrier velocities in silicon as a function of the applied electric field

where n (p) are the densities of electrons (holes) and σn (σp ) are the conductivity
coefficients. The total current density in the semicondutctor is given by the sum
of eq.1.15 and eq.1.16:
~
J~tot = J~n + J~p = e(nµn + pµp )E.

(1.17)

The resistivity is given by the inverse of the conductivity:
ρ=

1
1
=
σ
e(nµn + pµp )

(1.18)

At room temperature (T = 300 K) with intrinsic Si n = p = ni ' 1.5 · 1010 cm−3
[5].

1.2.2

Doped semiconductors

It is possible to increase the intrinsic conductivity of a semiconductor adding up
on the crystal structure small amounts of “dopant atoms” (typical concentration
used are 10−5 ÷ 10−8 atoms).
Two types of doping are possible:
• type-n: the free electrons are increased adding up “donor atoms” (pentava19
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lent atoms like P,As,Bi). Electrons in excess from the donor atoms occupy
energy levels in the forbidden band gap and can easily acquire energy to
reach the conduction band. (Fig.1.8.a)
• type-p: the holes are increased adding up “acceptor atoms” (trivalent atoms
like B,Al,Ga). The deficiency of electrons from the acceptor atoms creates
holes in the valence band and energy levels in the forbidden band gap near
the valence band: holes can therefore acquire energy and contribute to conduction. (Fig.1.8.b)

Figure 1.8: Types of doping in the simplified 2D Si lattice:
a) type-n: using pentavalent dopant atoms;
b) type-p: using trivalent dopant atoms.

The “mass action law ” for the doping semiconductor can be expressed as:
np = ni 2 .

(1.19)

Indicating with ND the concentration of donor impurities in n-type doping, we can
assume that n ≈ ND . Therefore, from the eq.(1.19), it follows that:
n ≈ ND ⇒ p = ni 2 /ND  n.
On the other hand, in the type-p doping, indicating with NA the concentration
of acceptor impurities and using the assumption that NA  ni , we observe a
20
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predominance of holes with respect to electrons:
p ≈ NA ⇒ n = ni 2 /ND  p.
Introducing values of n (p) in the eq.1.18, the resistivity for the type-n doping Si
is given by:
ρn =

1
1
=
σ
eND µn

(1.20)

ρp =

1
1
=
σ
eNA µp

(1.21)

and for the type-p doping Si is:

1.2.3

p-n junction

A p-n junction is a system consisting on two electrically neutral type-n and type-p
Si crystals in contact. In the contact zone there is a gradient of concentration due
to the different doping which causes a diffusion motion of carriers according the
Fick’s law: holes diffuse into the n-region and electrons diffuse into the p-region.
As a consequence, there is an excess of negative charges in the p region (acceptor
ions) and an excess of positive charges in the n region (donor ions).
The total current that flows through the junction is given by the contribution
of the diffusion transport of electrons and holes The total current that flows into
the junction is given by the contribution of the diffusion transport by electrons
and holes:
itot = ip,dif f + in,dif f 6= 0.

(1.22)

Ionized atoms in the area between the p and n region generate an electric field
that contrasts the diffusion motion until the equilibrium regime with itot = 0 is
reached. The charged region created is called “depletion layer ”.
With reference to Fig.1.9, indicating with dp the width of the depletion layer in
the p-region and dn the width in the n-region, it is possible to write the following

21
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equation:
eNA dp A = eND dn A ⇒ NA dp = ND dn

(1.23)

where A is the section of the crystal.
Eq.(1.23) shows that the area of the depletion layer is inverserly proportional to
the concentration of the doping impurity.
The contact potential,difference due to the fixed charges in the depletion layer, is
[6]:
V0 = VT ln

NA ND
ni 2

where VT is given by the Einstein’s relation VT = kT /e (VT = 26 mV a 300K). In
silicon at room temperature V0 = 0.72 V .
The charge density, the potential and the electric field across the junction can
be evaluated using the Poisson’s equation (Fig.1.9):
d2 V
ρ
=−
2
dx
ε
where ρ is the density of electric charge, ε = ε0 εr is the absolute dielectric constant
of the medium (where ε0 is the dielectric constant of vacuum and εr is the relative
dielectric constant of Si).

22
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Figure 1.9: Junction p-n scheme: density of electric charge, electric field and electric potential across the junction

1.2.4

Biased junction

A biased junction is obtained appling an external voltage Vbias across the junction
as in Fig.1.10.
• In the forward biased junction, the p-side is kept at a positive voltage with
respect to the n-side. In this way the potential barrier across the junction
decreases: the motion of majority carriers is favoured causing a current that
flows across the junction.
• In reverse biased junction the p-side is kept at a negative voltage with respect
to the n-side. The applied voltage has the same sign of the contact potential
(in general VB  V0 ) thus making the width of the depletion layer increase.
In this case the motion of carriers is forbidden and there is only a small
amount of current flowing across the junction ("leakage current") due to
statistical fluctuations and to intrinsic impurities of the crystal.
The p-n junction can be used as a particle detector because when a ionizing
particle crosses the detector or a photon is absorbed, the energy released causes
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Figure 1.10: types of biased junctions

the creation of electron-hole pairs (e-h pairs) whose number is proportional to the
released energy. Pairs created in the depletion layer (“active detection zone”) can
be collected by electrodes thanks to an applied electric field that makes charge
carriers drift without recombination. Current due to particles can be measured,
amplified and filtered by a proper “front-end electronics”. On the other hand,
charge carriers produced outside the depletion layer will recombine with the free
carriers.
Using a fully depleted reverse biased p-n junction, the width of the active detection zone will increase and the collected signal will be higher. The bias voltage
applied that allows the condition of total depletion Vdepl depends on the geometric
characteristic of the device and on the doping concentration, and is given by [6]:
Vdepl = ND

ed2
d2
=
2ε
2ερµn

(1.24)

where d is the thickness of the depletion zone (which corresponds to the whole
detector thickness).
If no particles cross the detector or photons are absorbed, there is a small
current flowing across the junction. This current is called “leakage current” and
represents a background noise for the detector. The leakage current is due to e-h
pairs generated by thermal motion drifting under the action of the electric field.
The leakage current consists of two different contributions:
• a current Jgen due to the charge generated inside the depletion layer.
• a current Jdif f due to the charge generated in the neutral Si near to the
depletion layer and diffusing into it.
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Assuming that in the depletion layer n, p  ni , it is possible to show that:
Jgen =

eni d
2τd

(1.25)

where τd is the mean lifetime of the minority carriers in the depletion layer (holes
in the n-region and electrons in the p-region) and d is the thickness of the depletion
layer.

√
√
We note that Jgen ∝ d and d ∝ Vbias (if Vbias < Vdepl ), so Jgen ∝ Vbias .
Indicating with τn and τp the mean life of electrons in the p-region and holes in
the n-region, the thickness of the layer in which the carriers are diffused is given
by:
p
Dn τn
p
Lp = Dp τp

Ln =

where Dn and Dp are the diffusion costants for electrons and holes respectively.
The densities of the electron and hole currents driven by diffusion are evaluated
as:

np
Ln
τn
pn
= e Ln .
τn

Jdif f,n = e
Jdif f,p

In standard operation, the detector usually is completely depleted, so Jdif f ≈ 0
and the leakage current is given only by Jgen that is constant and depends on the
detector thickness.

1.3

X-Ray Hybrid semiconductor detectors

In semiconductor detectors the sensor can be segmented in “strips” (1D segmentation) or “pixels” (2D segmentation). Detectors based on semiconductor tecnology
often use p+ - n junctions with a strong doping asymmetry. The junction is made
with low impurity concentration of donors on the n-side and high concentration
of acceptors on the p-size. Assuming NA ≈ 1015 cm−3 and ND ≈ 1012 cm−3 , the
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depleted layer thickness is dp ≈ 0.4 µm on the p+ -side and dn ≈ 300 µm on the
n-side, for a biasing voltage Vbias = 100 V. The doped p+ -type Si allows to deplete
the active detection zone and shifts it on the n-region. The detector sensor is built
starting from a n-doped high resistivity silicon wafer on which p+ strips or pixels
are implanted. Each sensor segment is metallized and electrically connected to a
read-out channel.
The back-plane of the detector is a layer of highly doped n+ silicon, in order to
prevent the depletion zone to reach the end of the detector. The n+ -doped backplane is metallized by an alluminium backside kept at stable high-bias voltage [6].
Hybrid detectors consist of a separate conversion and electronics layer in contrast
to monolithic detectors (Monolitic Active Pixel Sensors MAPS) on which a single
layer serves both as conversion and electronics. Hybrid detectors allow to optimize
the read-out electronics and the sensor separately and therefore offer the freedom
in the choice of the sensor material and thickness.
The read-out electronics is an application specific integrated circuit (ASIC) bonded
to the sensor. Commonly the electronic read-out system is wire-bonded to the
sensor for strip detectors, whereas bump-bonding is used for pixel detectors.
For hybrid pixel detectors, the electrodes on p+ -doped pixels are connected to the
redout electronics by means of indium bumps of a few micrometers size. Typically
a solder bump is grown on each pixel on the readout chip and sensor chips have
solderable Under-Bump Metallisation (UBM) (Fig.1.11) [7, 8].
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Figure 1.11: Cross-section of a hybrid pixel detector [8]

To choose the electronic read out system, it is necessary to consider the capacitive couplings that are established inside the Si sensor:
• Cbackplane that is the capacitance associated to the depletion layer which, in
condition of total depletion, is given by [5]:
Cbackplane

r
dQ
eND ε
A
=
=A
=ε
dVbias
2Vbias
d

where A is the strip (pixel) area and d is the thickness of the depletion zone.
For A = 10−2 mm2 and d = 300 µm, Cbackplane ≈ 30 pF.
• Cinterstrip (Cinterpixel ) that are the capacitances describing the coupling between the strips (pixels). The capacitive interstrip couplings depend essentially on detector geometry. They are proportional to the lenght of the strip
(lenght of the pixel’s sides) and depend also to the distance between the
implants and the metalizations.
In Fig.1.12 it is shown the general model of electrical network that can be used
to describe the strip/pixel coupling network in the detector. The capacitance
of a strip (pixel) towards next-to-the-closest neighbours can be usually neglected
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since it is quite smaller than the capacitance of a strip (pixel) towards its closest
neighbours [9].

Figure 1.12: Model of electrical network describing the capacitive couplings of strips/pixels
considering the coupling with the two “closest neighbours”.
- Cb and Rb represent the strip(pixel)-to-backplane resistive-capacitive coupling;
-C1 and C2 represent the interstrip(interpixel) capacitive coupling between
electrodes connected on strips (pixels);
-Cc is the capacitance associated to the metallizzation of the strip/pixel.

1.3.1

Charge generation, drift and diffusion in the semiconductor detectors

X-rays or ionizing particles impinging on a silicon sensor will deposit energy. In
silicon, thanks to the small energy gap, electron-hole (e-h) pairs are produced. The
mean value of energy needed to create one e-h pair in Si is <∆E> = 3.6 eV .
Pairs created will be collected by electrodes thanks to the applied electric field that
makes charge drift without recombination. In particular, holes will be collected at
p+ pixels or strips (cathodes) while electrons will be collected on the back-plane
(anode).
During the drift, electrons and holes will also diffuse inside the sensor with a
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gaussian profile. The gaussian diffusion profile is given by:
 x2 
1
dN
=√
exp −
dx
N
4Dt
4πDt
where dN/N is the fraction of carriers in the elementary path lenght element dx at
distance x from the production point after a time t; D is the diffusion coefficient
for carriers and is given by
D=

kT
µ.
e

In Si Dn ≈ 34.6cm2 /s for electrons and Dp ≈ 12.3cm2 /s for holes at T = 300K [5].
The root mean square ("RMS") of the gaussian distribution is given by:
σ=

√

s
2Dt =

2

kT d2
.
e Vbias

For example, assuming d = 300 µm and Vbias = 100 V, σ ∼ 7 µm.
The widening of the gaussian distribution has an immediate consequence on
the localization precision (see Fig 3.2). If the strip/pixel pitch is not significantly
larger than σ, the carriers can be collected by several strips or pixels (charge
sharing effect); instead when the pitch increases, less charge sharing will occur as
the area over which the charge is fully collected by a single pixel/strip increases
[10].
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Figure 1.13: Charge sharing for neighbors strips.
A cluster of charge carriers produced inside the sensor will diffuse inside the
detector volume as the carriers migrate towards the electrodes. The signal
produced may be collected by several strips.

1.3.2

Detection of generated charge in the X-Ray hybrid
pixel detectors

The charge carriers generated in the sensor by X-rays or ionizing particles are collected by the electrodes. The electrical pulse collected on the electrodes is caused
by induced charges due to the motion of carriers.
The induced charges on each electrode vary continuously, yielding a current signal in the external readout circuit as soon as the charges carriers begin to move
inside the active detection zone. The Schockley-Ramo theorem [11], states that
instantaneous electric current induced on the generical m-th electrode is given by:
~ w,m
im = −q~v (t) · E
~ w,m is
where q and ~v (t) are the charge and the velocity of the moving carriers and E
called “weighting field ”, and is the electric field obtained from Poisson’s equation,
setting unit voltage on the m-th electrode and all others electrodes of the system
at ground.
The signal generated is amplified and detected by the read out electronic con30

1.3 X-Ray Hybrid semiconductor detectors

nected on each pixel (strip). There are two major methods to detect the amplified
signal:
• Single-photon counting;
• Charge-integrating.
Single-photon counting detectors are sensitive to single photons: the front-end
electronics is designed such that the charge generated by each absorbed photon
will generate a voltage pulse proportional to it and therefore to the energy of the
absorbed photon. The peak amplitude of the voltage pulse is compared to a global
threshold voltage Vth using a comparator . If the signal exceeds the threshold a
counter ” is incremented: the threshold Vth has to be carefully calibrated with
different known monochromatic X-ray beams in order to obtain the correct conversion from voltage to energy (Fig.1.14a).
Charge-integrating detectors continuously integrate the charge collected from
the sensor during the acquisition time and the analog value is then read out by
an external Analog-to-Digital Converter (ADC ). They need the dynamic range
to adapt the signal detected while keeping the electronic noise at a level that is
negligible compared to the Poisson fluctuations given by the number of detected
photons.
Charge integrating detectors permit to overcome the limit of photon counters in
applications with Free-Electron Laser (FELs) where the incident photons arrive
at the same time as a bunch (∼ 10−15 s). The bunch is shorter than the front-end
electronic response of counting detectors (that have a response time ∼ 10−7 s) and
therefore more photons per frame could create a signal pile-up and be counted as
a single photon (Fig.1.14b).
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Figure 1.14: Working principles of hybrid pixel detectors:
-a Single-photon counting ;
-b Charge-integrating.

An interesting application for charge integrating detectors is the “single photon
regime”. When the detector operates in condition of low flux and fast frame rate,
it is possible to detect (on average) less than one photon per pixel. In this case
it is possible to extract additional information per photon detected: first of all
the deposited charge can be related to the photon energy for each pixel and it
is helpful for applications where accurate energy information is required (energyresolved measurements). It is also possible to improve the natural spatial resolution
of the detector by exploiting the charge sharing effect for high-resolution imaging
requirements.
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2

X-ray detector development at the
Swiss Light Source: the Mönch
Hybrid Pixel Detector
In the first part of this chapter the main concepts about synchrotron radiation
with reference to the Swiss Light Source (SLS) at the Paul Scherrer Institute will
be discussed. An overview of the hybrid X-ray detectors developed by the SLS
Detector Group will be also presented.
The second part will be focused on the Mönch 03 hybrid pixel detector used
for this work.

2.1

Synchrotron

A synchrotron is a particle accelerator that accelerates electrons to almost the
speed of light. As electrons are deflected through magnetic fields, they emit an
electromagnetic radiation mostly in the X-ray energy range. The light produced
can be channelled into experimental workstations where it is used for research
applications.
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Thanks to the particular proprieties of synchrotron light, synchrotrons are fundamental instruments for research and development in various scientific fields.

2.1.1

Synchrotron source

Synchrotron radiation is emitted by electrons accelerated to relativistic speeds
(v ∼ c) and forced to change direction under the action of a magnetic field. The
electromagnetic radiation is emitted in a narrow cone in the forward direction,
tangent to the electron’s orbit.
Electrons are emitted from a source (a heated filament in an electron gun)
and are accelerated by a linear accelerator (linac) into an evacuated booster ring,
where they undergo further acceleration. After that, they are injected into an outer
storage ring. The electrons are kept in closed circular paths around the storage
ring by a series of bending magnets at arc sections.
The electrons deflected through the magnetic field emit electromagnetic radiation in tangent direction by bremsstrahlung (synchrotron light). The spectrum of
this synchrotron radiation is continuous and extends from the THz region up to
the hard X-ray region.
Since electrons lose energy by emission of synchrotron radiation, a radio frequency
source is used to supply the right amount of extra energy every time electrons pass
through it in order to keep them into the storage ring.
The synchrotron radiation emitted is captured and focused to a specific wavelength
into external beamlines positioned downstream the emission axes.
The beamlines are optimized for different experiments and therefore the optics
of each beamline is different. Usually they are equipped with a monochromator
that filters the broad synchrotron spectrum to one narrow band spectrum with an
energy resolution down to δE/E = 10−4 [13].
In Fig.2.1 is shown a schematic view of the most important components of a
modern synchrotron source.
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Figure 2.1: Schematic view of the most important components of a modern synchrotron
source [13]

In addition to the bending magnets, in modern third generation synchrotrons,
insertion devices (IDs) are used to increase the intensity of the synchrotron radiation. An ID is an array of dipole magnets with alternating polarities, placed
in the straight sections between the bending-magnet arc segments. It operates by
forcing the electrons to execute an oscillatory path in the plane of the storage ring.
While traversing the ID, the electron beam follows an undulated trajectory and
emits synchrotron radiation. There are two types of insertion devices:
• multipole wiggler (MPW ) in which a cone of light is emitted at each bend
in the “wiggle” so that the radiation cones do not overlap and reinforce each
other. The intensity of the final radiation cone increases with the number of
bends (see Fig.2.2a).
• ondulators in which the electron beam undulates with lower amplitude than
in the MPW; therefore interference effects are observed among the radiation
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cones emitted from electrons crossing different dipoles. Only certain wavelengths of the emitted radiation are enhanced by positive interference and is
possible to tune them by changing the gap between the magnets.
The intensity of the resulting X-ray beam depends on the square of the
number of dipole magnets in the ID (see Fig.2.2b).

Figure 2.2: schematic of insertion devices used in modern third generation synchrotrons:
a) multipole wiggler;
b) ondulator.
MPW and Ondulators differ in the size of the excursions from a straight path
that electrons execute.

2.1.2

Synchrotron light

Synchrotrons facilities generate a wide energy spectrum of electromagnetic radiation tunable from the far infrared to the hard X-ray regime, with intensities many
orders of magnitude greater than those produced by laboratory-based sources (XRay tubes). The radiation emitted is extremely coherent and highly polarized.
The first important propriety that allows to use the synchroton light in a many
applications is the high brightness.
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Brilliance essentially determines how the flux of the photons emitted is distributed
in space and angular range and determines the smallest spot onto which an x-ray
beam can in principle be focused.
It is defined as the flux per unit source area and unit solid angle and is normally
expressed in [13]:
Brillance =

photons/second
area)(0.1%bandwidth)

(mrad2 )(mm2 source

(2.1)

In the last years, there has been an increase in the brilliance available also
thanks to the development of X-ray Free Electron Lasers XFELs. High brilliance
allows to monochromize with still high fluxes compared to X-ray tubes. The
bunched time structure for synchrotron is ∼ 20 ps and ∼ 20 fs for XFELs. (see
Fig.2.3) [13].

Figure 2.3: A historical graph showing the enormous increase in brilliance starting in the
second half of the 20th century.
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The FELs operation principle is based on the self-amplified spontaneous emission (SASE). Because of the interaction of the electrons with the synchrotron
radiation they emit, a longitudinal density modulation (microbunching) develops
together with a resulting exponential growth of the radiation power along the
undulator [14] [15].
SASE free-electron laser uses a monoenergetic electron beam and a very long,
high-quality undulator, typically of the order of a few hundred metres in length.
These characteristics provide a radiation emitted by FELs with peak brilliances,
a degree of coherence, and pulse durations that are many orders of magnitude
superior to radiation from third-generation sources.
The microbunching formation process can be explained as follows: in the laboratory frame of reference, the electron interacts with two fields, its own emitted
radiation and the static undulator magnetic field. In the rest frame of the electron,
however, relativistic effects transform the static undulator field into a counterpropagating wave with a wavelength equal to the relativistically (Lorentz) contracted
undulator period, which is exactly equal to the radiation wavelength. This interferes with the copropagating emitted field, resulting in a standing wave which
exhibits the spatial potential responsible for the bunching. The light waves emitted by the electron bunches will line up in phase to reinforce and amplify the
light’s brilliance and intensity [13]. The light intensity grows exponentially along
the undulator until the process saturates, bringing the beam to its highest possible
intensity. This amplification operates only within a very narrow bandwidth around
the ondulator resonant wavelength. By the time the light beam emerges, its initial
peak intensity is amplified by more than a factor of a billion. This enormous factor
results from the fact that the emission from the electrons in a given microbunch is
coherent. The very short pulse duration of light emitted by all the microbunches
is in the order to picoseconds down to tens of femtoseconds.

2.1.3

X-ray detectors developed at the Swiss Light Source

The Swiss Light Source (SLS ) at the Paul Scherrer Institut (PSI ) in Switzerland
is a third-generation synchrotron light source. With an energy of 2.4 GeV, it
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provides photon beams of high brightness for research in materials science, biology
and chemistry. [16].
The SLS Detector group at PSI aims to develop X-ray hybrid detectors for
synchrotron beamlines applications. The group deals all the aspects concerning
with the development of detectors: from the design of sensors and the read out
electronics, to the assembes of the detector and the development of data acquisition
systems and software.
The Single Photon Counting detectors (SPC) developed by the SLS Detector
Group are routinely used at synchrotron facilities all over the world for scientific experiments. During the last few years the group research’s focus has moved
towards Charge Integrating (CI) systems for XFELs and for energy-resolved measurements and high-resolution imaging. The main interests in detector research
are the optimization of position resolution by making pixels smaller and by using
the charge sharing effect to obtain the maximum information about the absorption
position of the photon [17].
In the Tab.2.1 is shown a complete list of the detectors developed by the SLS
Detector Group with their main characteristics. All the detector names, except
for AGIPD, are acronyms referring to Swiss mountains.

39

2.2 Mönch 03 Hybrid Pixel Detector
Detectors developed by the SLS Detector Group
Detector

Readout

Pitch

Frame Rate (kHz)

Noise

(µm)

(Continuous/Burst)

(e )

Applications

−

MYTHEN

SPC

Strips

50

1 / 10

250

XRPD

PILATUS

SPC

Pixels

172

0.02 / 0.3

120

PX,SAXS,CDI

EIGER

SPC

Pixels

75

8 / 24

120

PX,SAXS,CDI

GOTTARD

CI

Strips

50

45 / 1000

150

XFEL,BPM

JUNGFRAU

CI

Pixels

75

2/2

120

XFEL,PX

MOENCH

CI

Pixels

25

6/6

35

Imaging,XRF,RIXS

AGIPD

CI

Pixels

200

1 / 4500

280

EU-XFEL

Table 2.1: A complete list of the detectors developed by the SLS Detector Group with their
main characteristics.
Noise can be translated from electrons unit into energy units by considering 1e− = 3.6 eV.
*Applications acronyms: XRPD X-Ray Powder Diffraction, PX Protein Crystallography,
SAXS Small Angle X-ray Scattering, CDI Coherent Diffractive Imaging, XFEL X rays Free
Electron Laser, BPM Beam Position Monitors, XRF X Ray Fluorescence spectroscopy, RIXS
Resonant Inelastic X ray Scattering.

2.2

Mönch 03 Hybrid Pixel Detector

Moench (Micropixel with enhanced pOsition rEsolution usiNg CHarge integration) is a research project currently under development in the Detector Group at
SLS. It is a charge integrating hybrid pixel detector with 25 µm pixel pitch which
aims to push the development of hybrid pixel detectors to its limits in terms of dynamic range, position resolution, energy information and low energy detection [18].
Several prototypes have been developed in the last years by the SLS Detector
Group. Mönch 03 is the latest prototype developed (Fig.2.4) and consists of an
array of 400 × 400 pixels in a sensor area of 1 × 1 cm2 . The sensor is a 320 µmthick n-doped high resistivity silicon wafer: the n+ -doped back-plane is kept at
stable high-bias voltage (full depletion is reached at around 70 V bias), while the
25 µm pixel pitch p+ -doped electrodes are connected to the readout electronics by
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means of indium bumps of a few micrometers size [7].
Charges collected by pixels are integrated in parallel and fully independently
by each single pixel in the Application Specific Integrated Circuit (ASIC ) and the
final analog signals are digitized by external Analog-to-Digital-Converters (ADCs).
The ASIC and sensor design, as well as the bump bonding are performed by the
SLS Detector Group.

Figure 2.4: Mönch 03 prototype developed by the SLS Detector Group at Paul Scherrer
Institut in Switzerland

2.2.1

The readout chip

The basic pixel architecture of Moench 03 is shown in Fig.2.5.

Figure 2.5: Simplified diagram of the basic pixel architecture of Mönch 03
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It consists of:
• a charge sensitive preamplifier (CI preamp): two different capacitors can be
switched into the feedback loop to obtain two different gain values (Cf bLG
for Low Gain and Cf bHG for High Gain);
• a correlated double sampling stage (CDS stage): to remove low frequency
noise coming from the preamp and to provide further statically selectable
signal amplification. The CDS can operate with variable gain 1,2 (to extend
the dynamic range) and 4 (for low noise applications).
• a storage capacitor : to store the CDS output signal in order to give the pixel
the ability to be continuously sensitive. After storage, the previous stages
are available again for processing the next input.
The voltage stored on the storage capacitor is driven to a column buffer : the signal
produced by every column buffer is serially multiplexed to a common single-endedto-differential-off-chip-buffer.
Pixels are readout in parallel over 32 groups of 25 columns (“supercolumns”)
and 200 rows each. Each supercolumn of 5000 pixels is readout by a 40 MHz ADC,
with a maximum frame rate capability of about 6 kHz.

2.2.2

Mönch 03: towards high resolution imaging applications

The aim of this work is to show that, using the interpolation alghoritms which will
be explained in the next chapter, it is possible to reach with Mönch 03 detector a
sub-pixel spatial resolution for the position of absorbed photons.
The Mönch detector prototype was not developed for a specific application,
but is a tool to test the limits of hybrid pixel detector technology when the pixel
dimensions are reduced, thus significantly improving the noise and the spatial
resolution [19]. The small pitch of 25 µm of the detector ensures a good intrinsic
spatial resolution. Furthermore, one of the main strength of Mönch 03 is the low
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electronic noise. The read-out chip design has been optimized for applications
in single photon regime (low flux applications) in order to use Moench for highresolution imaging. In these conditions it is convenient to set the CDS gain at the
highest value. This ensures the best signal-to-noise ratio in order to obtain the best
energy resolution and highest accuracy when applying interpolation algorithms.
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High Resolution Imaging concepts
In this chapter the main concepts toward the high resolution imaging applications
achievable with Mönch 03 detector, will be explained. First the concept and advantages of operating with a charge integrating detector in single photon regime
will be presented.
In the second part of this chapter the experimental setup to test the spatial resolution of the Mönch 03 detector and also the data-processing after the acquisition
will be discussed.

3.1

High Resolution Imaging concepts

The Mönch 03 prototype with a pixel pitch of 25µm can be used for imaging applications with micron resolution.
The small pixel size of this system facilitates charge sharing between pixels, which
can be exploited to gain additional information about the photon absorption position and the photon energy.
When X-rays are absorbed in a silicon a semiconductor detector ions pairs are
produced in silicon. Incident photons are converted to charge clouds within the
sensor and are transported to the collection electrodes by the applied electric
field. During their drift motions, charge carriers diffuses within the sensor with
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a gaussian profile with a width that depends on the charge mobility, the applied
bias voltage and the absorption depth (See Chapter 1 ).
When the detector pitch is comparable to the width of the gaussian diffusion
profile, the charge can be collected by several strips or pixels. The information
derived from the study of the charge sharing phenomenon allows to estimate the
position of the charge center of mass deposited in the sensor in order to to improve
the detector spatial resolution [10]. Furthemore, the summation of the charges collected by the pixels among which sharing occurs (clustering) is required to evaluate
the correct radiation energy.
The analog read-out chain of charge integrating detectors introduces noise to
the signal and integrates dark current during exposure. In the read-out signal
this shows up as a “signal pedestal ” with a gaussian shape, which is dependent on
exposure time and sensor conditions. A simple way to remove the signal pedestal
is to acquire dark-images without illumination and subtract the average signal
levels from the recorded photon data. The disadvantage of this method is that
during long data acquisition the pedestal can drift (e.g. by temperature changes).
Therefore, tracking the pedestal over time is beneficial. All pixels, that are not
part of a cluster, are considered as a part of the dark-image and can be used to
update the pedestal as a moving average [7].

3.1.1

Photon Finder

To analyze single-photon absorption events in which charge sharing occurs among
neighboring pixels, a dedicated cluster finding algorithm (“photon finder ”) has
been implemented. The photon finder is effective only in low flux applications in
which on average the detector is illuminated with less than one photon per frame
in a 3×3 pixel cell (single-photon regime). Operating the detector in single-photon
regime permits to analyze the detected charge ratio of a pixel cluster in order to
obtain a finer position resolution than the physical pixel pitch [7].
The photon finder performs the clustering for each event, by identifying for
each frame the cluster whose signal is above a noise threshold.
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Indicating with (i, j) the position of a generic pixel in the i-th row and j-th column in the detector matrix, the k × k cluster centered on the pixel (i, j) is built
considering the k × k pixels around it. The cluster charge Qcluster will be given by:
Qcluster =

X

Ql,m

(3.1)

l,m∈cluster

where Ql,m indicates the charge collected by the pixel in the l-th row and m-th
column and the summation extends over all pixels in the cluster.
A cluster is selected by the photon finder algorithm if Qcluster satisfies the
following condition:
Qcluster > kcσi,j

(3.2)

where:
• k is the cluster-size;
• σi,j is the electronic noise of center pixel (i,j) expressed in ENC;
• c is the noise threshold.
The actual value of the parameter c is a compromise between efficiency and false
positive events and is usually between 3 and 5 [20].
In the present work c=5 and k =3 have been choosen. This means that the selected
cluster has size 3×3 and its charge must exceed the noise of at least 5σ.
In single photon regime additional constraints for adjacent pixels are applied
to ensure that only one cluster is extracted per photon hit without overlapping.
In particular, in case of overlapping clusters, only the cluster corresponding to the
pixel with local maximum amplitude is selected.
Fig.3.1 shows the photon finder graphical output for one frame in single photon
regime. The algorithm provides a first estimation of the photon position based on
the pixel associated to the center of the selected cluster.
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Figure 3.1: Graphical interface for photon finder alghoritm:
• on the left a region of the matrix of 400×400 pixels of Mönch 03 detector
with raw data without photon finder processing;
• on the right three 3×3 clusters are selected by the photon finder.
The colour scale rappresents the charge collected by each pixel (dark blue lowest
value, red highest value).

3.1.2

The η variable

A tool to analyze the charge cloud distribution is represented by the η variable,
commonly defined in one dimension (for strip detectors) as:
η=

SR
SR + SL

(3.3)

where SR(L) is the signal on the right(left) in the strip cluster (see Fig.3.3) [9].
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Figure 3.2: Charge sharing for neighborn strips.
The incident photon is converted to a charge cloud that diffuse within the sensor:
it may be collected by several strip.

It is possible to generalize the definition of the η variable in 2 dimensions for
pixel detectors in different ways. For this thesis work, two different definitions for
the η variables (called η2 and η3 ) are used.
The starting point for generalized definitions of the η variables in 2 dimensions is a
3×3 cluster provided by the Photon Finder Alghoritm (PFA). For each 3×3 cluster,
four 2×2 sub-clusters, each including a corner pixel, according to the scheme of
Fig.3.3, are built. The 2×2 sub-clusters with the higher charge is then selected.

Figure 3.3: 2×2 sub-cluster built starting from the 3×3 cluster recognized by the PFA:
In this example, the cluster includes the pixel 16, 17, 18, 23, 24, 25, 30, 31, 32.
The 2×2 sub-cluster possible are the following:
-TOP LEFT (pixels: 23, 24, 30, 31);
-TOP RIGHT (pixels: 24, 25, 31, 32);
-BOTTOM LEFT (pixels: 16, 17, 23, 24);
-BOTTOM RIGHT (pixels: 17, 18, 24, 25).
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The η2 variable is defined starting from the selected 2×2 sub-cluster as:


η2,x =

Q2,1 +Q2,2
P2 P2
i=1
j=1 Qi,j


η2,y =

Q1,2 +Q2,2
P2 P2
i=1
j=1 Qi,j

(3.4)

where Qi,j is the signal on the pixel in the i-th row and in the j-th column of the
sub-cluster (i, j = 1, 2) (see Fig.3.4.a).
The η2,x and η2,y variables can take values between 0 and 1 where η2,x = 0 (η2,x = 0)
means that the largest fraction of the charge of the cluster is on the top (right)
pixels of the sub-cluster. In practice, the η − distribution can be extended beyond
the range η2,i=x,y ∈ [0, 1] since the pixel charge reading Ql,m might be negative
after the pedestal subtraction correction.
To define η3 the whole 3×3 cluster is used. The vector η3 is defined following
the scheme in Fig.3.4.b as:


η3,x =

η3,y =

P
P
−1·( 3i=1 Qi,1 )+1·( 3i=1 Qi,3 )
P3 P3
Qi,j
P i=1 j=1 P
−1·( 3j=1 Q1,j )+1·( 3j=1 Q3,j )
P3 P3
i=1
j=1 Qi,j

(3.5)

where Qi,j is the charge on the pixel in the row i-th and in the column j-th on the
3×3 cluster recognized by the PFA (i, j = 1, 2, 3).
The η3,x and η3,y can take values between -1 and +1 where:
• η3,x = −1 (+1) means that the photon hits close to the bottom (top) of the
cluster;
• η3,y = −1 (+1) means that the photon hits close to the left (right) of the
cluster;
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Figure 3.4: Definitions of generalized η variables in reference to 3.4 and 3.5:
• on the left the η2 def. in reference to the sub-cluster 2×2;
• on the right the η3 def. in reference to the principal 3×3 cluster recognized
by PFA.

3.1.3

η distribution and charge sharing

Fig.3.5 shows an example of the η-distribution H(ηx , ηy ) obtained by using the
η2 definition (eq.3.4), for 8 keV photons in a “flat illumination condition” over
the entire detector (with Vbias = 90 V). The maxima close to the corners of the
distribution are due to the photons absorbed close to the center of the pixels,
where most of the charge is collected by a single pixel due to the limited charge
sharing in those areas.
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Figure 3.5: histogram of the two dimensional η2 distribution H(ηx , ηy ) obtained for 8 keV
photons in a “flat illumination condition” over the entire detector

Fig.3.6 shows the H(ηx , ηy ) obtained by using the η3 definition (eq.3.5) in the
same experimental conditions. In this case the distribution presents a maximum at
the center, that corresponds to photons absorbed close to the center of the pixels
according to the def.3.5.

Figure 3.6: histogram of the two dimensional η3 distribution H(ηx , ηy ) obtained for 8 keV
photons in a “flat illumination condition” over the entire detector

Each interpolation algorithm implemented in this work is based on the idea
that is possible to use the η distribution H(ηx , ηy ) in order to evaluate the position
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corrections for the impinging photon with respect to the geometrical center of the
cluster, with a subpixel precision.
The obtainable position resolution using the H function is however not uniform
across the pixel surface: the resolution depends on where the photon hits the pixels.
When the photon interacts near the borders between pixels, the charge sharing is
higher and the algorithm is more accurate, while the resolution degenerates the
closer the hit point is to the center of the cluster.

3.2

Raster Scan Analysis

The data used for this thesis work were taken at the cSAXS – X12SA beam line
(Coherent Small-Angle X-ray Scattering) at the SLS by the SLS Detector Group.
This experiment was planned in order to investigate the ultimate spatial resolution
of Mönch 03, using interpolation alghoritms based on the η−distribution rebinning.
In Tab.3.1 the main technical data for cSAXS – X12SA beam line at the Swiss
Light Source are shown.
cSAXS – X12SA beam line: Technical Data
Energy range

4.5 ÷ 18.5 keV

Energy resolution

δE/E < 0.02%

Spot size on sample (horizontal × vertical) variable from 1.5 × 0.8 mm2 to 25 × 10 µm2 *
*Smaller beam sizes are possible using Fresnel zone plate lenses.

Table 3.1: Main technical data for cSAXS – X12SA beam line at the Swiss Light Source.

A complete description of tecnical characteristic of cSAXS – X12SA beam line can
be found in reference [21].

3.2.1

Experimental setup

In this experiment a Fresnel zone plate (FZP) is used as a focusing lens in order
to have an extremely focalized spot of 100 nm size.
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A FZP is a circular diffraction grating device used to focus light. Unlike lenses
or curved mirrors, the FZP uses diffraction instead of refraction or reflection. It
consists of a set of alternate opaque and trasparent radially symmetric rings, known
as Fresnel zones. Light hitting the zone plate will diffract around the opaque zones
[22].
The FZP has more than one diffraction order and consequently it has more than
one focus point with the negative diffraction orders even resulting in diverging
beams.
When a FZP is used as a focusing lens, normally only the first diffraction order
is kept and all other orders have to be blocked by a order sorting aperture (see
Fig.3.7).

Figure 3.7: Fresnel Zone Plate [23]:
- a) focusing X-rays with a FZP diffracting grate;
- b) diffraction orders of a FZP circular grating without and with order sorting
aperture (first order rays in red).

The Mönch 03 detector is put at the Talbot distance 1 (z ) and an order sorting
aperture is used to block the negative diffraction orders. The detector is moved by
1
When a plane wave is incident upon a periodic diffraction grating, the image of the grating
is repeated at regular distances away from the grating plane. The regular distance is called the
Talbot length, and the repeated images are called Talbot images.
The “Talbot effect” was a natural consequence of Fresnel diffraction and that the Talbot length
2
can be found as zT = 2aλ where a a is the period of the diffraction grating and λ is the wavelength
of the light incident on the grating [24]
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2 piezoelectric motors in order to scan an area of 25 µm × 25 µm with 6 keV X-rays
around the “reference pixel ” (304,203). It is scanned in groups of 130 steps (in
each step 10000 frames were taken) on the x-direction and moved up on y-direction
after each step group. The step pitch is 0.2 µm both in x and y.
The experimental setup is shown in Fig.3.8.

Figure 3.8: Raster Scan experimental setup diagram.

In Tab.3.2 are shown the main experimental features for the Raster Scan.
Mönch 03 Calibration
Photon energy

6 keV

Vbias

70 V

Spot size

100 nm

Scan pitch

200 nm

Raster Scan area

25 µm × 25 µm

Pixel start

(304, 203)

Table 3.2: Main experimental features for the Raster Scan

3.2.2

Data processing

Before using the interpolation algorithms implemented for this work (that will be
discussed in the next chapter), it is necessary to prepare the data for the analysis.
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The first part of the analysis consists in recognizing the hit pixels for each
event. In single photon regime on average there is less than one photon per frame
and it is possible to implement the photon finder (PFA) that assigns the hit pixel
for each event.
The first part of the analysis consists in recognizing the hit pixels for each
event. In single photon regime on average there is less of one photon per frame
and it is possible to implement the photon finder (PFA) that assigns the hit pixel
for each event. A static 7×7 cluster is built around the “reference pixel ” (304,203),
in order to reduce the data set to analyze from 400 × 400 to 7 × 7 pixels.
In Fig.3.9 it is shown the pixel numbering scheme that I have used in my analysis
and that will be used as convention during this thesis.

Figure 3.9: Pixel numbering for the 7×7 cluster centered on the “reference pixel ” (304,203).
The rectangle correspond approximately to the scanned area

To implement correctely the PFA, it is necessary a preliminary noise evaluation
pixel by pixel.
The analog read-out chain of the detector introduces a noise to the signal and integrates dark current during exposure. In the read-out signal this is showed up as
a signal pedestal with a gaussian shape, which is dependent on exposure time and
sensor conditions. This noise is evaluated considering the signals acquired pixel
by pixel in absence of illumination. The data passed to the PFA are corrected
with the subtraction of the mean of the gaussian pedestal. A time-tracking of the
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pedestal can be done in order to consider its drift during the entire data-acquisition
time (e.g. the temperature could change). The pedestal value is update considering the pixels that are not part of a cluster recognized by the PFA as part of the
dark-image.
In order to evaluate the interpolated positions of the impinging photons, it is
necessary to “prepare” the data in the following way:
• assign for each pixels hits its center coordinates (xc , yc ) in reference to the
Pixel 24 (xc = 0, yc = 0) (pixel on which the scan started);
• assign for each event its “corner coordinates” (dX, dY ) in reference to the dynamic 2×2 cluster: top-left (−1, +1), top-right (+1, +1), bottom-left (−1, −1), bottomright (+1, −1);
• consider in the analysis only the event whose the sum of the signal of the
2 × 2 cluster has a value between a minumum and maximum thresholds in
order to consider only the single photon events.
For each event the PFA is applied to select the 3 × 3 cluster on which the
interpolation algorithms will be applied.

3.2.3

Gain calibration and noise characterizzation

In order to determine the energy of absorbed photons, a precise gain calibration is
necessary. It consists in renormalizing the data with a gain correction G considering the different pixels response for photons with the same energy. The gain G
needs to be determined for each pixel of the Mönch detector (in this case only for
the pixels in the static 7 × 7 cluster considered for the analysis). It is evaluated
as the signal pulse height expressed in analog-digital-converter units (ADC units)
and converted into energy. The gain correction value is therefore determinated by
fitting, with a gaussian model, the spectra of the response signal for the events
extracted by the photon finder alghoritm on which the photon hits the pixel and
considering only the single photon counts (using a threshold). In this case the
56

3.2 Raster Scan Analysis

gaussian mean µ is the pixel response of 6 keV impinging photons. The correct estimation of the G factor is done evaluating the spectra of the 3 × 3 cluster centered
on the pixel reference, to reconstruct the entire charge deposition that corresponds
to the impinging photon.
Fig.3.10 shows the 3 × 3 cluster spectra for the pixels that are scanned in the
experiment and their respectively gain values of 1021 ± 0.1 ADC units for pixel
24, 982.9 ± 0.1 ADC units for pixel 25, 1022 ± 0.1 ADC units for pixel 31 and
987.1 ± 0.1 ADC units for pixel 32. The G-factor for the other pixels of the
7 × 7 static cluster was estimated as the mean of the gains of the pixels scanned.

Figure 3.10: 3 × 3 cluster spectra for the pixels that are scanned in the experiment.

Fig.3.11 shows the energy-calibrated spectra of 1 × 1 cluster, 2 × 2 cluster and
3 × 3 cluster for the pixels that are scanned in the experiment. It is possible to
observe that the 1 × 1 and 2 × 2 cluster signals are lower than the signal collected
by the 3 cluster due to charge sharing effect
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Figure 3.11: 3 × 3 cluster spectra for the pixels that are scanned in the experiment.

Another important parameter for the detector is the electronic noise because it
limits the energy resolution and the detector position resolution using interpolation
tecniques. The noise can be estimated by the mean value of the σ of the gaussian fit
of the pixel-pedestals that are evaluated in ADC units and converted into eV and
into Equivalent Noise Charge (ENC) expressed in e− units using the conversion
factor σ(eV )/3.6 eV
.
e−
In Fig.3.12 the pedestal of pixel (304, 203) (that is the Pixel 24 using the numerical
convenction adopted in this work) after gain calibration, is shown. The estimation
of its electronic noise is given by the σ of the gaussian fit of the pedestal and it is
222.5 ± 0.2 eV = 61.80 ± 0.05 e− ENC.
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Figure 3.12: Pedestal of pixel (304, 203) (Pixel 24 ) after gain calibration. The σ of the
gaussian fit provides an estimation of the electronic noise.

Fig.3.13 shows the “noise map” for pixels in the 7 × 7 static cluster used in
the data analysis. It shows a mean value of σ = 36.89 ADC units = 220.69 eV =
61.30 ENC.
It is important to emphasize that electronic noise is influenced by experimental
conditions such as choice bias voltage, temperature stability, etc. . . .

Figure 3.13: “noise map” for pixels in the 7 × 7 static cluster used in the data analysis.
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Chapter

4

Position interpolation algorithms
4.1

General purpose of the Position Interpolation
Algorithms (PIAs)

As already mentioned, with its 25 µm pixel pitch, Mönch is characterized by an
intrinsically high position resolution, with respect to other hybrid pixel detectors.
In addition to that, in flux conditions which allow the clustering, it is possible to
exploit the charge sharing between neighboring pixels to reconstruct the photon
hit position with an accuracy better than the pixel pitch.
The clustering is performed by identifying for each frame the pixels whose signal
is above a noise threshold of 5σ and grouping them in clusters of 3 × 3 neighboring
pixels. The cluster center is assigned to the pixel with local maximum amplitude.
The clustered data are then analyzed using algorithms developed as a two
dimensional generalization of the η-distribution algorithm commonly used for strip
detectors [9]. The first step is to obtain this two dimensional distribution from
flat field illumination of the detector. For each 3 × 3 pixel cluster found, the
2 × 2 pixel subcluster with highest amplitude is identified, and ηx and ηy are
calculated using the definitions proposed in the eqs.3.4 and 3.5 for the η2 or the
η3 variables. By analyzing the distribution of the charges produced by a single
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photon in a 2 × 2 cluster, it is possible to extract the hit position with a resolution
finer than the physical pixel pitch p [19].
Since the H(ηx , ηy ) distribution is not flat even though the detector is illuminated uniformly, the basic idea of each algorithm implemented is to “rebin” the ηdistribution histogram in different ways, adapting the boundaries of the bins to
equalize the number of entries in each bins. Therefore, the size and shape of the
new bins in the rebinned η-distribution histogram are adapted to obtain a “uniform
distribution” (same number of entries for each bin).
An interpolated position correction (xint , yint ) in a sub-pixel reference can be
assigned for each new bin. The resulting correction map (cmap ) can be used to
populate the virtual pixels of the high-resolution images in the sub-pixel field.
The cmap needs to be calculated only once before the experiment and requires a
flat-field image acquired with high statistics [7].
The position resolution which can be obtained using the η-distribution is however not uniform across the pixel surface due to non-linear position-dependent
charge sharing. For this reason distortions in the final image introduced by these
algorithms are also possible.
In this work, several algorithms using different methods to rebin the η-distribution
have been implemented and tested.

4.1.1

The flat-field condition

The first step in the implementation of a PIA is to build the η-distribution corresponding to a flat field image. In the present work, the raster scan experiment
discussed in Chapter 3 will be treated as a flat field illumination over the scanned
area. Indeed, the experimental conditions as the small scan pitch (0.2 µm), the
extremelly focalized laser spot and the regular and periodic scanning pattern over
the pixels, make reasonable the assumption to consider the scanning as a flat field
illumination. In this way, the same data set acquired will be used to build the
H(ηx , ηy ) distribution and to test the efficiency of each method. This test can be
performed with a statistical analysis of the deviation from the hypotesis of flat
illumination after the η-distribution elaboration.
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In Fig.4.1 a scheme of the scanning performed on pixels 24, 25, 31 and 32 over
an area of 25 µm × 25 µm is shown. The detector was scanned in groups of 130
steps along the x-direction and in each step 10 000 frames were recorded; after each
group of steps it was moved upwards along the y-direction and leftwards alongx ;
a new group of 130 steps along x was then performed. The step pitch was 0.2 µm,
both in the x and y directions. However, as will be shown in the discussion about
the reconstruction of the scanning pattern image, the 25×25 µm scanned area does
not overlap with the area defined by the centers of the pixels 24, 25, 31 and 32.
This feature is illustrated in Fig.4.2, which shows that the reconstructed scanned
area is tilted of about ∼ 2 mrad with respect to the x-axis, and its lower left corner
is slightly shifted with respect to the center of pixel 24.

Figure 4.1: Scheme of the scanning performed on pixels 24, 25, 31 and 32 over an area of
25 µm × 25 µm.

Figure 4.2: Example of the reconstruction of the 25 × 25 µm scanned area (in green) around
pixels 24 (red),25,31 and 32 : the dark blue dots represent the geometrical
centers of each pixel. The uniform scanning does not start from the center of
pixel 24, and this implies a not uniform illumination of the inter-pixel area with
respect to the area near the centers of the pixels. The scan pattern is also tilted
of about θ ∼ 4 mrad with respect to the x-axis.
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Each interpolation algorithm is based on the idea that it is possible to use
the η-distribution in order to evaluate the position corrections for the impinging photon with respect to the geometrical center of the cluster with a subpixel
precision, evaluating the interpolated position corrections in each step of the scanning. Fig.4.3 and Fig.4.4 show the H(ηx , ηy ) distributions obtained by using the
η2 and the η3 definitions (eq.3.4 and eq.3.5 respectively) for the raster scan. Both
the η2 and η3 distributions slightly extend over their maximum theoretical range
(η2,i=x,y ∈ [0, 1] and η3,i=x,y ∈ [−1, 1]) since the pixel charge Ql,m might be negative
after the pedestal subtraction correction, due to the electronic noise. From the figures it can also be noted that both distributions exhibit an asymmetry, which can
be due to to electronic cross-talk in the detector.

Figure 4.3: H(ηx , ηy ) distribution obtained by using the η2 definition (eq.3.4) for the raster
scan.
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Figure 4.4: H(ηx , ηy ) distribution obtained by using the η3 definition (eq.3.5) for the raster
scan.

4.1.2

The Bhattacharyya distance measurement

As explained above, the general purpose of each PIA is to elaborate the H(ηx , ηy ) distribution in order to obtain an histogram corresponding to a flat-field illumination
(uniform distribution), in the sense that each bin has the same “η-size”. An estimation of the alghoritm efficiency can be therefore performed by measuring the
similarity of the H(ηx , ηy ) rebinned histogram with a theoretical uniform distribution H0 (ηx , ηy ) built with the same number of bins N as H(ηx , ηy ) and with bin
contents given by:
R ηxmax R ηymax
µi = µ =

ηxmin

ηymin

H(ηx , ηy )dηx dηy
N

∀i = 1, . . . , N.

For this purpose, the “Bhattcharyya distance” r has been used in the present
work [25, 26], which measures the similarity of two discrete or continuous probability distributions. The original interpretation of the Bhattacharyya metric is a
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geometric measurement of the amount of overlap between two statistical samples
or populations with the assumption of a Poisson generation mechanism for the individual measurements. Considering two multinomial populations Ψ and Ψ0 , each
consisting of k classes with associated probabilities:
P
• (p1 , p2 , . . . , pk ) with ki=1 pi = 1 for Ψ;
P
• (p01 , p02 , . . . , p0k ) with ki=1 p0i = 1 for Ψ0 ;
p
p
√
√
and defining γ = ( p1 , . . . , pk ) and δ = ( p01 , . . . , p0k ), they could be considered as the direction cosines of two vectors in a k-dimensional space. If θ is the
angle between the two vectors, then the Bhattcharyya distance is defined as:
k
X
√ p 0
r = cos θ =
pi pi
i=1

If the two populations are identical r = cos θ = 1 (corresponding to θ = 0). On
the other hand, if r = 0, the difference between the two populations is maximum.
[26].
The Bhattacharyya distance can be used to compare two histograms with the
P
same bins. Defining Ri as the frequency in ith bin (normalised such that N
i=1 Ri =
1) for the first histogram and Si as the same quantity for the ith bin of the second
histogram, and assuming that Ri and Si are Poisson distributed random variables,
the Bhattacharyya distance is evaluated as:
r=

N p
X
p
Ri Si .

(4.1)

i=1

It represents a measure of the similarity between the two histograms: for the case
of two identical histograms eq.4.1 yields r = 1[25].

4.2

The Linear Interpolation Algorithm (LIA)

The simplest PIA implemented is represented by the “linear interpolation algorithm” (LIA). This kind of approach does not consider a rebinning of the η65
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distribution histogram, but evaluates the position corrections step by step, using
the information given directly from the η-variables. The advantage of this tecnique
is that it does not need the acquisition of the flat field image and also provides a
first correction that could be implemented directly in the detector firmware (i.e.
real time). In this section a full description of the algorithm will be given.
Each interpolation algorithm starts from the step-by-step analysis of the raster
scan data, in which the position corrections are evaluated. The main differences
among the various algorithms depend on the evaluation of these corrections. For
this reason, the step-by-step analysis will be discussed in section 4.2.2, but the
same considerations will also apply to all the other algorithms illustrated in this
chapter.
The LIA has also been used to evaluate the “theoretical reference positions”(section
4.2.4) corresponding to each step of the raster scan. The nominal area covered by
the raster scan is the square delimited by the centers of pixels 24, 25, 31 and 32.
However the first results obtained with the LIA show that the effective scan area
is slightly tilted with respect to the nominal one, and the center of the square is
also slightly translated with respect to its nominal position. This evaluation has
been possible because the regular scanning pattern is known a priori.
Finally, the LIA provides a simple method to estimate the spatial resolution
achievable with Mönch 03 Detector by using Position Interpolation Alghorithms.

4.2.1

The algorithm

In this method the position corrections can be evaluated directly from the values
assumed by ηx and ηy for any given event using the following formulae:


xint = xc + η2,x + 0.5 · dX
yint = yc + η2,y + 0.5 · dY


∨

xint = xc + η3,x
yint = yc + η3,y

(4.2)

where (xc , yc ) are the coordinates of the center of the pixel recognized by the
Photon Finder Algorithm (PFA), and (dX,dY ) are the corner assignments (see
Chapter 3). The position corrections are evaluated either with respect to the
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position of the bottom left corner of pixel 24 when using the η2 definition (eq.3.4)
or with respect to the position of the center pixel 24 when using the η3 definition
(eq.3.5). These position corrections are evaluated in pitch units. Using the scale
factor p = 25 µm and a proper translation, it is possible to obtain the absolute
positions in µm with respect to the bottom left corner of the pixel 24, which is
assigned the position coordinates (0 µm, 0 µm).

4.2.2

The step-by-step analysis

For each event recognized by the PFA, the position corrections are evaluated using
the approach of the PIA choosen. The results obtained in each step are collected
in a 2-dimensional histograms (in each step 10 000 frames are recorded). Fig.4.5
shows an example of a single step analysis. The final interpolated position for
each step is obtained considering the gaussian fit of the x and y projections of the
2D histogram. The x and y positions are given by the mean of the gaussian fit
functions, while the associated errors are given by the corresponding sigma values.
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Figure 4.5: Example of a single-step analysis obtained by using the LIA with the η2 definition.

For each step, these results are collected in two graphs, where the reconstructed
x coordinates and y coordinates are plotted as a function of the progressive step
number. As discussed in Section 4.1.1, the raster scan pattern follows the scheme
shown in Fig. 4.1. Therefore the graph with the reconstructed x coordinates as
a function of the step number is expected to exhibit a saw-tooth behavior, with
a period of 130 steps, while the graph with the reconstructed y coordinates is
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expected to exhibit a step-function behaviour, with increasing values of y every
130 steps. The left panel of Fig. 4.6 shows a limited region of the graph with
the x-positions, while the right panel shows the whole graph with the y-positions.
Both graphs can be fitted with linear functions. Using the results of the linear
trend fits it is possible to reconstruct the image of the scan pattern.

Figure 4.6: Graphs showing the interpolated x (left) and y (right) positions obtained by
using the LIA with the η2 definition. In particular, the top plots show the xgraph and the y-graph for the absolute x and y interpolated coordinate for all
steps, while the bottom plots are referred to a limited number of steps. The
fit functions in Eq. 4.3 are superimposed to the graphs (see the discussion in
section 4.2.4).

4.2.3

The reconstructed image

With the results of the step-by-step analysis with the LIA, one can build a graph
in which each point represents the interpolated position of each step. In Fig.4.7
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the reconstructed images obtained using the η2 and the η3 definitions to evaluate
the interpolated positions with the formulae 4.2 are shown.
The left plot in Fig.4.7 suggests that, when using the η2 definition, the positions
are correctly reconstructed in the inter-pixel area, because the charge sharing is
significant; on the other hand, in the area near the pixel centers, the reconstructed
image presents some empty spaces. This feature is due to the fact that when
a photon is absorbed close to the center of a pixel, the charge collected by the
adjacent pixels can be smaller than their ENC. On the other hand, when the
η3 definition is used (right plot in Fig.4.7), the reconstructed image looks more
uniform. This might be due to the fact that in the η3 definition the information
from the whole 3×3 cluster is used, while in the η2 definition only a 2×2 sub-cluster
is selected.

Figure 4.7: Reconstructed pattern with the LIA of the 25 × 25 µm scanned area around
pixels 24,25,31 and 32:
- left: interpolated positions evaluated using the η2 definition;
- right: interpolated positions evaluated using the η3 definition.

4.2.4

The “theoretical” reference positions

Since the regular scanning pattern is known a priori, using the LIA it was possible
to define a set of “theoretical reference positions” for the steps of the raster-scan.
If the detector is perfectly aligned with the scan pattern (see Fig. 4.1), with
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reference to the graphs shown in Fig. 4.6, we expect a “saw-tooth” trend in the
graph showing the reconstructed x positions and a “rising-stair” trend in the graph
showing the reconstructed y positions.
However, since the detector was not perfectly aligned with the scan pattern, we
have fitted both graphs with the general saw-tooth model. Indicating with nstep
the progressive step number (nstep = 0, 1, . . . , 17160), the two graphs have been
fitted with the following functions:


x(nstep ) = m · nstep + qi
y(nstep ) = m0 · nstep + qi0

(4.3)

where i = int(nstep /131), qi = q0 + i · ∆q and qi0 = q00 + i · ∆q 0 . Therefore the free
parameters to be fitted are {m; q0 ; ∆q} for the x -graph and {m0 ; q00 ; ∆q 0 } for the
y-graph.
If the detector was perfectly aligned with the scan pattern, the fit of the x -graph
should yield the values m = 0.2 µm/131 step = 0.191 µm/step and δq = −25 µm,
while the fit of the y-graph should yield the values m0 = 0 and δq 0 = 0.2 µm.
The fit results are summarized in table 4.1. From these result it is possible to
evaluate the tilt angle of the scanning pattern with respect to the detector X-axis
as θ = arctan(m0 /m) = (−2.03 ± 2.01) mrad = −0.116◦ ± 0.115◦ .
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Summary of the fit results
m( µm/step)

0.2021 ± 0.0004

q0 ( µm)

13.44 ± 0.04

∆q( µm)

−26.48 ± 0.06

χ2 /d.o.f.

413.8/17158

m0 ( µm/step)

(−4.097 ± 4.066) × 10−4

q00 ( µm)

11.65 ± 0.04

0

∆q ( µm)

0.26 ± 0.05

χ2 /d.o.f.

2534.9/17158

Table 4.1: Results of the fits of the graphs with the reconstructed x and y positions shown
in Fig. 4.6 with the functions in eq.4.3.

Finally, the theoretical reference positions xtheor and ytheor for each step have
been evaluated using the fitted functions of eq. 4.3. Fig.4.8 shows the reconstructed image with the theoretical positions.
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Figure 4.8: Reconstructed theoretical pattern of the 25 × 25 µm scanned area around pixels
24,25,31 and 32:
- the dashed lines represent the physical edges of each pixel;
- the blue squares represent the geometrical center of each pixel.

4.3

PIAs based on the η-distribution histogram rebinning

The goal of the PIA algorithms implemented in this thesis is to rebin the ηdistribution histogram in order to obtain a uniform distribution in the sense that all
histogram bins must have the same “η-size” or “η-weight”. Because of its definition,
the η-distribution is not uniform even though the detector is illuminated uniformly.
The new interpolated positions can be evaluated with the linear corrections (see
eqs. 4.2) by using the information from the new elaborated H 0 (ηx , ηy ) histogram.
The general scheme of work of the PIAs implemented can be summarized as
follows:
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• The PIAs need to be initialized with a η-distribution histogram H(ηx , ηy )
built from the data obtained with a flat field illumination with high statistics.
• The algorithm evaluates the new bin edges in ηx andηy and saves them in
two new histograms that hereafter will be indicated as hhx and hhy.
• The rebinned eta distribution can therefore be considered as the result of a
transformation T defined by the two histograms hhx and hhy applied on the
2-dimensional H(ηx , ηy ) histogram:
H 0 (ηx , ηy ) = T{hhx,hhy} [H(ηx , ηy )]
• The new eta variables corresponding to each step are then evaluated as the
bin center of the bin of H 0 (ηx , ηy ) bin which corresponds to the real η variables
(ηx , ηy ).
• The interpolated positions are evaluated using the LIA with the new (ηx0 , ηy0 )
variables.
The general scheme of work of the algorithms implemented is shown in the flux
diagram in Fig.4.9.

Figure 4.9: General Flux diagram of the PIA.

There are different ways to obtain a consistent rebinning of the H(ηx , ηy ) histogram in the sense explained before. In this work three different algorithms have
been implemented and they will be analyzed in detail in this chapter.
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4.4

The Global Interpolation Algorithm (GIA)

The first PIA algorithm based on the η-distribution rebinning is the Global Interpolation Algorithm (GIA). It assumes that charge diffusion and collection in the
x and y directions are not correlated.

4.4.1

The algorithm

The algorithm work-steps are well explained by the flux diagram shown in Fig.4.10

Figure 4.10: Flux diagram of the GIA work-steps

• The global projections of the η-distribution 2D histogram, along the x -direction
and the y-direction are considered. The global projection along one direction
is a 1D histogram obtained from the original 2D histogram by summing all
bin contents over the other direction.
• The integral distributions F (ηx ) and F (ηy ) corresponding to the two projection histograms are built and properly normalized (i.e. 0 ≤ F (ηx ) ≤ 1 and
0 ≤ F (ηy ) ≤ 1).
• The interval [0, 1] is divided in nSubPixels intervals of equal size, whose edges
will be indicated with F0 = 0, F1 , . . . , FnSubP ixels = 1.
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• The set of ηx (ηy ) values defined by F (ηx,i ) = Fi (and F (ηy,i ) = Fi ) is then
determined. This values will represent the new bin edges of the rebinned η
distribution.
In this way, the η-distribution rebinning is expected to have all bins with the
same “η-size”. The value of nSubPixels is chosen according to the maximum final
resolution (in a sub-pixel reference) that would be achieved.
The new η-distribution bin edges are saved in two 2D histograms (hhx and
hhy). They will be used to evaluate the new interpolated positions step-by-step
(see section 4.3). Fig.4.11 and 4.12 show the output plots of the work-steps of
the algorithm and the η2 and η3 distributions rebinning results. Both figures have
been obtained implementing the GIA with nSubP ixels = 250. From both figures
it is possible to notice that in the region where the density of the distribution is
higher the bin widths are smaller.
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Figure 4.11: Output plots of the work-steps of the GIA and η2 -distribution after rebinning.
The bin edges shown in the plots correspond to groups of 10 bins, to make
clear the graphical effect of the distributions rebinning.
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Figure 4.12: Output plots of the work-steps of the GIA and η3 -distribution after rebinning.
The bin edges shown in the plots correspond to groups of 10 bins, to make
clear the graphical effect of the distributions rebinning.
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Using the rebinned η-distributions, it is possible to evaluate the position corrections with the formulae:


0
xint = xc + η2,x
+ 0.5 · dX
0
+ 0.5 · dY
yint = yc + η2,y


∨

0
xint = xc + η3,x
0
yint = yc + η3,y

(4.4)

These corrections are similar to the “linear corrections” 4.2 but using the new
η 0 -values evaluated by the rebinning.
It is important to point out here that nSubPixels is a crucial parameter that
should be chosen as a compromise between the computional costs (e.g. the computational time to elaborate the eta-distribution) and the upper limit for the final
resolution which can be achieved by the PIAs. In this work, the value of nSubPixels has been fixed at 250 for each algorithm implemented, both in x and in y
directions. It means that the theoretical limit for the final resolution achievable
√
with this method will be 0.1 µm/ 12.1 As will be shown in the next chapter, this
value is less than the final resolution estimated with the PIAs, which depends on
the detector performance.
This deviation is determinated using the Bhattcharyya distance r discussed in
Section 4.1.2. In particular the Bhattcharyya-test returns a value of rη2 = 0.99255
for the η2 analysis and of rη3 = 0.98993 for the η3 analysis. These results show
that the GIA works correctly to reconstruct the uniform distribution.

4.4.2

The reconstructed image

After the η-distribution histogram elaboration with the GIA, the step-by-step analysis is performed in order to reconstruct the scan pattern image. For each event
the position corrections using the formulae 4.4 are evaluated. The results obtained
are summarized in Fig.4.13, where the images reconstructed using the η2 and the
η3 definition are shown.

√
The width of each subpixel is p/nSubP ixels = 0.1 µm and the factor 1/ 12 is the RMS of
a uniform distribution.
1
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Figure 4.13: Reconstructed pattern with the GIA of the 25 × 25 µm scanned area around
pixels 24,25,31 and 32:
- left: interpolated positions evaluated using the η2 definition;
- right: interpolated positions evaluated using the η3 definition.

The scanning pattern reconstructed with the “global correction method ”appears
more uniform in the area near the pixel centers with respect to results obtained
by the LIA (Fig.4.7.a and 4.7.b).

4.5

The Position Dependent Interpolation Algorithm (PDIA)

The second PIA algorithm implemented, based on the η-distribution histogram rebinning, is the Position Dependent Interpolation Algorithm (PDIA), which hereafter will be also indicated as “X-Y Algorithm”. At a first glance, this method
can be considered as the application of the global method slice by slice of the
η-distribution. In this case all bins of the new η-distribution rebinned histogram
will not have the same η-size (as in the GIA), but the bin size will depend on the
x (y) slice considered.
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4.5.1

The algorithm

Figure 4.14: Flux diagram of the PDIA work-steps

The algorithm work-steps are well explained by the flux diagram shows in Fig.4.14
and can be summarized as follows:
• The “slice by slice ”profiles of the η-distribution 2D histogram along the x direction and the y-direction are built. The slice by slice profiles along one
direction are obtained reducing the 2D histogram into several 1D histograms,
by summing all bin contents over the other direction and fixing every time
the column (or the row) corresponding to the direction on which the profile
is considered (slice).
• The same approach illustrated in section 4.4.1 is applied to each profile histogram. In this case a set of ηx bin edges will be defined for each slice of ηy
(and, similarly, a set of ηy bin edges will be defined for each slice of ηx ) while
in this case of the GIA a unique set of bin-edges ηx and ηy was defined. As
a result, the new η bins will not have the same η-size, but the bin size will
depend on the x and y slice considered.
Fig.4.15 and 4.16 show the output plots of the work-steps of the algorithm
and the η2 and η3 distributions rebinning results. Both figures have been obtained
implementing the PDIA with nSubP ixels = 250.
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In the same way as the GIA, the new position corrections are evaluated using
the rebinned information, defining the new η 00 variables (see Fig.4.9):


00
xint = xc + η2,x
+ 0.5 · dX
00
+ 0.5 · dY
yint = yc + η2,y


∨

00
xint = xc + η3,x
00
yint = yc + η3,y

(4.5)

As is possible to note in Fig.4.15 and 4.16, the mesh defined by the new bin
edges is not regular as the one defined by those evaluated by the GIA. It is also
evident that there are some issues in the evaluation of the bin edges in regions
with low statistics. These behavior is due to the local dependence of the rebinning
elaboration by the x and y coordinates. Furthermore the results depend on the
choice of the binning of the initial η distribution, which affects the evaluation of
the new bin edges.
The deviation of the hypotesis of flat illumination is again determined using the
Bhattcharyya distance. The test returns a value of rη2 = 0.99126 for the η2 analysis
and of rη3 = 0.99210 for the η3 analysis. These results show that the algorithm is
efficient in the global reconstruction of the uniform distribution, despite the local
problems found in the empty regions.
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Figure 4.15: Output plots of the work-steps of the PDIA and η2 -distribution after rebinning.
The bin edges shown in the plots correspond to groups of 10 bins, to make
clear the graphical effect of the distributions rebinning.
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Figure 4.16: Output plots of the work-steps of the PDIA and η3 -distribution after rebinning.
The bin edges shown in the plots correspond to groups of 10 bins, to make
clear the graphical effect of the distributions rebinning.

4.5.2

The reconstructed image

The following step after the η-distribution histogram elaboration with the PDIA
is the step-by-step analysis to reconstruct the scan pattern image. For each event
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the position corrections using the formulae 4.5 are evaluated and the results obtained are summarized in Fig.4.17, where the images obtained using the η2 and η3
distributions are shown.

Figure 4.17: Reconstructed pattern with the PDIA of the 25 × 25 µm scanned area around
pixels 24,25,31 and 32:
- left: interpolated positions evaluated using the η2 definition;
- right: interpolated positions evaluated using the η3 definition.

With the “position-dependent correction method ” it is possible to note that
the problems in the evaluation of the correct positions near the pixel centers in
the reconstructed scanning pattern using the η2 -definition seem to reappear. On
the other hand, using the η3 -definition, the interpolated positions near the pixels
centers appear more uniform, but there is an artefact in the area between pixels.

4.6

The Position Refined Interpolation Algorithm
(PRIA)

The last PIA algorithm implemented is the Position Refined Interpolation Algorithm (PRIA). The PRIA is implemented as an application of the PDIA in which
the bin edges of the elaborated η-distribution histogram are refined imposing the
condition that all bins must have the same η-size. In this way, the final rebinned
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η-distribution histogram will have all bins with the same η-size, but each bin edge
position will depend locally on the x and y coordinates of the histogram slice
considered.

4.6.1

The algorithm

Figure 4.18: Flux diagram of the PRIA work-steps

The work-steps of the Position Refined Interpolation Algorithm are reported in
the flux diagram shows in Fig.4.18 and can be summarized as follows:
• The first step of the algorithm is the application of the PDIA on the initial
η-distribution histogram.
• The bin edges of individual slice by slice profile histograms are redefined
imposing the condition that each bin has the same η-size.
With this method all bins of the final elaborated η-distribution histogram will
have the same η-size, and each bin edge will depend on the x and y slice. This
final adjustment of the bin edges allows to fix the local problems found in the
PDIA Algorithm in the empty regions. The redefinition of the bin edges allows to
reallocate correctly the isolated events, but preserves the local dependence of the
bin edges obtained by the PDIA.
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The new rebinned coordinates are saved in the same way as for the other PIAs,
and the new position corrections, evaluated using the rebinned information, are
obtained by defining the new η 000 variables (see Fig.4.9) as:


000
+ 0.5 · dX
xint = xc + η2,x
000
yint = yc + η2,y
+ 0.5 · dY


∨

000
xint = xc + η3,x
000
yint = yc + η3,y

(4.6)

Fig.4.19 and 4.20 show the output plots of the work-steps of the algorithm
and the η2 and η3 distributions rebinning results. Both figures have been obtained
implementing the PDIA with nSubP ixels = 250. The problems observed in the
PDIA concerning the bin edges in regions with low statistics appear to be fixed.
The Bhattcharyya distance returns a value rη2 = 0.99325 for the η2 analysis and
a value rη3 = 0.99173 for the η3 analysis. These results indicate, also in this case,
the efficiency of the algorithm in the reconstruction of the uniform distribution.
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Figure 4.19: Output plots of the work-steps of the PRIA and η2 -distribution after rebinning.
The bin edges shown in the plots correspond to groups of 10 bins, to make
clear the graphical effect of the distributions rebinning.
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Figure 4.20: Output plots of the work-steps of the PRIA and η3 -distribution after rebinning.
The bin edges shown in the plots correspond to groups of 10 bins, to make
clear the graphical effect of the distributions rebinning.

4.6.2

The reconstructed image

The step by step analysis for η-distribution histogram elaboration with the PRIA
returns the reconstructed scan pattern images shown in Fig.4.21.
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Figure 4.21: Reconstructed pattern with the PRIA of the 25 × 25 µm scanned area around
pixels 24,25,31 and 32:
- left: interpolated positions evaluated using the η2 definition;
- right: interpolated positions evaluated using the η3 definition.

Fig.4.21 shows that also the PRIA method presents some problems in the evaluation of the correct positions near the pixel centers in the reconstructed scanning
pattern using the η2 -definition. However this method seems to work better than
the simple PDIA method. On the other hand, using the η3 definition, the artefacts
in the area between pixels seem to be solved.

4.7

Estimation of the spatial resolution of Mönch
using the LIA

To a first approximation, an estimation of the ideal spatial resolution of the Mönch
detector using the PIAs can be made in reference to the LIA using the η2 definition
(in the same way the η3 definition can be used). In the linear interpolation method,
the interpolated positions are evaluated directly by the values assumed by the η-
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variables, event by event, as:

x = [xc + η2,x + 0.5 · dX] × 25 µm
y = [y + η + 0.5 · dY ] × 25 µm
c
2,y

(4.7)

where the η2 variables can be evaluated in the general case, with reference to the
2×2 sub-cluster as:

Q1 + Q2
η2k = P4
i=1 Qi

(4.8)

where k = x, y and Q1 and Q2 are the charges of the pixels entering in the evaluation of ηk (see eqs. 3.4). The interpolated positions are linearly dependent on the
η variables. Using as reference the η2 definition, the errors on the position corrections can be evaluated with the error propagation formulas. Therefore the final
resolution of the detector using the linear interpolation method can be estimated
in the following way:
• For each event recognized by the photon finder on one pixel (e.g. on the
pixel 24), the RM Sx and the RM Sy with the error propagation formula are
evaluated as:


RM Sx = ση × 25 µm
2,x
RM S = σ × 25 µm
y

(4.9)

η2,y

where ση2,j=x,y are evaluated as:
v"
#
u 4 
u X dη2 2
ση = t
× σi2 .
dQ
i
i=1

(4.10)

As a first approximation, one can assume that the signal noise σi is equal for
all pixels. In particular the reference σ-value used is the σ of the gaussian
fit of the spectrum of pixel 24 in response to the 6 keV X-rays used for the
energy calibration (see Chapter 3). This σ-value contains the information
about the electronic intrinsic noise of the pixel and the energy resolution of
the experimental setup. In this way, it is possible to observe that the value
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of the spatial resolution depends both on the correction method used by the
PIA and also on the working conditions of the detector.
• The event by event of the RMS, evaluated with eq. 4.9, are collected in two
histograms, which have been fitted with gaussian functions. The mean value
of the is assumed as the estimated resolution, with an error given by the
sigma.
Fig.4.22 shows the analysis results. The estimated resolution is RM Sx = 2.34±
0.43 µm in the x -direction and RM Sy = 2.25 ± 0.36 µm in the y-direction. The
resolutions in the two views are comparable and are a factor 10 better than the
pixel pitch.

Figure 4.22: Output plots of the RMS ANALYSIS to estimate the Mönch detector final
spatial resolution using the LIA.
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Chapter

5

Study of the spatial resolution of
the Mönch 03 Detector
In this chapter the analysis implemented to estimate the final spatial resolution
of the Mönch 03 prototype-detector using the Position Interpolation Algorithms
(PIAs) will be discussed. First of all, some studies of the interpolated positions in
order to test the performances of the PIAs, will be presented. Finally, the results of
the application of the algorithms implemented on a real test object will be shown.

5.1

General studies of the performances of the PIAs

A complete study of the performance of the algorithms implemented in Chapter 4 will be discussed by analyzing in detail the distribution of the interpolated
positions and then presenting the method that will allow the final estimation of
the achievable spatial resolution of the Mönch 03 prototype-detector by using the
PIAs.
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5.1.1

Analysis of the interpolated positions: general purpose

As explained in the previous chapters, when studying the distribution of the interpolated positions of the reconstructed raster scan, we expect a uniform distribution
in an area of 25 µm × 25 µm (see Chapter 3).
We remember that the general purpose of this work is to use the information
obtained from the η variables to extract the final positions of the events associated
to a pixel with a subpixel precision. Because of their definition, the η variables
allow to study how the signal related to an event is redistributed between adiacent
pixels (charge sharing effect), and this allows to reconstruct the real positions of
the events.
In real cases, the relation between the position and the eta values is not linear.
The general purpose of the PIAs is to try to “linearize” this information, in order
to evaluate the interpolated position applying a simple linear correction to the
coordinates of the center of the hit pixel (see equations 4.4 4.5 and 4.6).
If this hypothesis is true (therefore we assume that the implemented PIAs work
perfectly) we expect that the reconstructed position distribution W (x, y) should
appear flat in the scanned area. Furthermore, the x and y interpolated positions
have been obtained by using separately the ηx and ηy values, and so they should
be uncorrelated (the linearization of the information should be independent for
the x and y directions). However we have already observed that the algorithms
introduce some artefacts, which are localized in particular positions with respect
to the hit pixel (e.g. near the center of the pixel or in the area between two pixels).

5.1.2

Resolution Analysis

A specific analysis in order to evaluate the final resolution with the interpolation
algorithms can be performed by studying the interpolated positions step by step.
As explained in Chapter4, the interpolated position for each step is evaluated
by considering all events associated to that step (in each step 10 000 frames are
recorded). The step-by-step analysis, which has already been discussed in Section
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4.2.2, can be summarized in the following way:
• the interpolated positions for each event are evaluated using the PIA choosen;
• the results in each step are collected in 2D histograms;
• the x and y projections of these 2D histograms are evaluated;
• the standard deviations of these distributions have been assumed as estimators of the spatial resolution in the position of the step considered.
An example of a step analysis is shown in Fig. 4.5. In this estimation, the resolutions on the x and y directions are considered independent. The distributions of
σx and σy are then built. The mean value of each distribution is considered as the
estimator of the spatial resolution obtained by the PIA choosen.
At last, a “resolution map” is also built (in both directions) as a bidimensional
histogram that collects the RMS values associated to each step. These maps allow
to study the dependence of the spatial resolution on the position. The step number
can be converted in a real position by considering the scan map in Fig.??. A better
estimate of the positions corresponding to the various steps can be obtained using
the theoretical reference positions defined in section 4.2.4.
These analyses will show that the spatial resolution is not uniform across the
whole pixel area, but it depends on where photons hit the pixels. This expected
result is a consequence of the non-linearity of the η-distribution in the sense discussed above.

5.1.3

The Linear Interpolation Algorithm (LIA)

In Fig.5.1 the reconstructed scan patterns (left plots) and the LIA-interpolated
positions distribution W (x, y) (right plots) both for η2 and η3 definitions, are
shown. In both cases it is possible to observe that the W (x, y) distributions are
not “flat” as we expected. It is also possible to observe some artefacts in the
W (x, y) distribution evaluated by using the η2 definition, localized at the edges of
the scanned area. These artefacts are due to badly reconstructed events, which
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are redistributed among the neighbor pixels. This feature can be observed also
looking at the scan pattern image, which shows some empty spaces near the pixel
centers.
Figs.5.2 and 5.3 show a comparison between the interpolated positions with
the LIA using the η2 and η3 definitions and the theoretical positions evaluated as
explained in Section 4.2.4. The left plots show the distributions of the differences
in the x (top) and y (bottom) views, while the right plots show a map of these
differences along the x and y directions as a function of the step number. The
positions reconstructed using the η2 definition show a good agreement with the
theoretical positions. This feature is expected, since, as explained in Section 4.2.4,
the latter have been evaluated using the LIA with the η2 definition. On the other
hand, when the η3 definition is used, there is an average discrepancy of about
0.7 µm between the reconstructed and the theoretical y values. In general, the
discrepancies are larger in the regions close to the centers of the pixels.
Figs.5.4 and 5.5 show a summary the resolution analysis results for the LIA,
using the η2 and η3 definitions. The left plots in these figures show a map of the
RMS along the x and y directions as a function of the step number. The right
plots show the corresponding distributions of the RMS values. The results are
summarized in Tab. 5.1. Using the η2 definition (Fig.5.4), we obtain RM Sx =
(2.37±0.47) µm and RM Sy = (2.06±0.23) µm. The better resolutions are obtained
in the inter-pixel region, while the resolution worsens in the region near the centers
of the pixels. Using the η3 definition (Fig.5.4), we obtain RM Sx = (2.37±0.36) µm
and RM Sy = (2.63 ± 0.30) µm. In this case the better resolutions are obtained
close to the centers of the pixels, while the resolution worsens in the inter-pixel
region.
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Figure 5.1: Reconstructed scan pattern image (left) and interpolated positions distribution
W (x, y) (right) for the LIA:
- for the η2 definition (top);
- for the η3 definition (bottom).
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Figure 5.2: Comparison between interpolated positions with the LIA using the η2 definition
and theoretical positions. The left plots show the distributions of the differences
along the x (top) and y (bottom) views. The right plots show the maps of the
differences ∆x (top) and ∆y (bottom) as a function of the step number in both
directions.
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Figure 5.3: Comparison between interpolated positions with the LIA using the η3 definition
and theoretical positions. The left plots show the distributions of the differences
along the x (top) and y (bottom) views. The right plots show the maps of the
differences ∆x (top) and ∆y (bottom) as a function of the step number in both
directions.
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Figure 5.4: Resolution analysis results for the LIA using the η2 definition. The left plots
show the RMS (in µm) on the x (top) and y (bottom) coordinate as a function
of the step number in both directions (resolution maps). The right plots show
the corresponding RMS distributions.
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Figure 5.5: Resolution analysis results for the LIA using the η3 definition. The left plots
show the RMS (in µm) on the x (top) and y (bottom) coordinate as a function
of the step number in both directions (resolution maps). The right plots show
the corresponding RMS distributions.

5.1.4

Global Interpolation Algorithm (GIA)

In this section the analysis results of the performances of the GIA is presented.
Fig.5.6 shows the reconstructed scan patterns and the GIA-interpolated position
distribution W (x, y) both for the η2 and η3 definitions.
The interpolated position distributions look more uniform in the scanned area with
respect to those obtained with the LIA algorithm. It is also possible to note that,
when the η2 definition is used, the reconstructed position distribution shows some
artefacts in the region near the pixel centers (some events are badly reconstructed);
on the other hand, when the η3 definition is used, there is an atefact in the center
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of the inter-pixel area.
Figs.5.7 and 5.8 show a comparison between the interpolated positions with
the GIA using the η2 and η3 definitions and the theoretical positions. In this case,
the positions reconstructed using the η2 definition show an average offset of about
1.3 µm between the reconstructed and the theoretical y values. On the other hand,
the positions reconstructed using the η3 definition show a good agreement in both
the x and y directions. In general, when using either the η2 or the η3 definitions,
the x interpolated coordinates seems to be more in agreement with the theoretical
values than the y interpolated coordinates.
Figs.5.9 and 5.10 show the Resolution analysis result for the GIA.
The analysis with the η2 definition yields a resolution less than 2 µm in the interpixel area, which worsers in the region of the pixel edges. Using the η2 definition
we obtain RM Sx = (2.04 ± 0.44) µm and RM Sy = (2.20 ± 0.47) µm.
Using the η3 definition a similar behavior is observed and we obtain RM Sx =
(2.37 ± 0.30) µm and RM Sy = (2.50 ± 0.28) µm.
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Figure 5.6: Reconstructed scan pattern image (on left) and the interpolated positions distribution W (x, y) (on right) for the GIA in function of the position in µm:
- for η2 definition on top;
- for η3 definition on bottom.
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Figure 5.7: Comparison between interpolated positions with the GIA using the η2 definition
and theoretical positions. The left plots show the distributions of the differences
along the x (top) and y (bottom) views. The right plots show the maps of the
differences ∆x (top) and ∆y (bottom) as a function of the step number in both
directions.
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Figure 5.8: Comparison between interpolated positions with the GIA using the η3 definition
and theoretical positions. The left plots show the distributions of the differences
along the x (top) and y (bottom) views. The right plots show the maps of the
differences ∆x (top) and ∆y (bottom) as a function of the step number in both
directions.
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Figure 5.9: Resolution analysis results for the GIA using η2 definition.
The resolution map in relation of the step number (i.e. the position, see Fig.??)
and the RMS distribution:
- for the x coordinates on top;
- for the y coordinates on bottom.
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Figure 5.10: Resolution analysis results for the GIA using η3 definition.
The resolution map in relation of the step number (i.e. the position, see Fig.??)
and the RMS distribution:
- for the x coordinates on top;
- for the y coordinates on bottom.

5.1.5

Position Dependent Interpolation Algorithm (PDIA)

Fig.5.11 shows the reconstructed scan patterns and the PDIA-interpolated positions distribution (W (x, y)) both for the η2 and η3 definitions.
The interpolated positions distribution is more flat in the scanned area than the
W (x, y) obtained by the GIA method, either using the η2 or the η3 definitions. In
the interpolated positions distribution obtained by using the η3 definition, is possible to observe some artefacts on the pixels edges in the area between pixels. The
effects of these artefacts are visible in the reconstructed scan pattern image. On
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the other hand, also the reconstructed image obtained by using the η2 definition
exhibits some events badly reconstructed events (empty spaces) by the PDIA in
the area near the center of the pixels.
Figs.5.12 and 5.13 show a comparison between the interpolated positions with the
PDIA using the η2 and η3 definitions and the theoretical positions. In this case,
the positions reconstructed using the η2 definition show along the y direction, a
discrepancy with the theoretical positions with a maximum value on the order of
about 4 µm in the area near the pixel centers. In general,also in this case, using
both the η2 and the η3 definitions, the x interpolated coordinates seem more in
agreement with the theoretical positions than the y interpolated coordinates.
Figs.5.14 and 5.15 show the Resolution analysis results for the PDIA.
The average resolutionsobtained with the η2 definition are RM Sx = (1.99 ±
0.43) µm and RM Sy = (2.14 ± 0.40) µm, while those obtained with the η3 definition are RM Sx = (2.36 ± 0.31) µm and RM Sy = (2.53 ± 0.31) µm. Using the
η2 definition the resolution in the inter pixel area is better than in the region close
to the centers of the pixels. A similar behaviour is observed using the η2 definition.
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Figure 5.11: Reconstructed scan pattern image (on left) and the interpolated positions distribution W (x, y) (on right) for the PDIA in function of the position in µm:
- for η2 definition on top;
- for η3 definition on bottom.
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Figure 5.12: Comparison between interpolated positions with the PDIA using the η2 definition and theoretical positions. The left plots show the distributions of the
differences along the x (top) and y (bottom) views. The right plots show the
maps of the differences ∆x (top) and ∆y (bottom) as a function of the step
number in both directions.
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Figure 5.13: Comparison between interpolated positions with the PDIA using the η3 definition and theoretical positions. The left plots show the distributions of the
differences along the x (top) and y (bottom) views. The right plots show the
maps of the differences ∆x (top) and ∆y (bottom) as a function of the step
number in both directions.

111

5.1 General studies of the performances of the PIAs

Figure 5.14: Resolution analysis results for the PDIA using η2 definition.
The resolution map in relation of the step number (i.e. the position, see Fig.??)
and the RMS distribution:
- for the x coordinates on top;
- for the y coordinates on bottom.
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Figure 5.15: Resolution analysis results for the PDIA using η3 definition.
The resolution map in relation of the step number (i.e. the position, see Fig.??)
and the RMS distribution:
- for the x coordinates on top;
- for the y coordinates on bottom.

5.1.6

Position Refined Interpolation Algorithm (PRIA)

In this section the analysis results of the performances of the last algorithm implemented, is presented. Fig.5.16 shows the reconstructed scan patterns and the
PRIA-interpolated positions distribution (W (x, y)) for both the η2 and η3 definitions. The interpolated positions distributions obtained appear to be more uniform
than those obtained with the other methods. However it is also possible to observe
that the artefacts due to the bad allocation of some events by the PRIA still persist
when using the η2 definition. Instead, for the η3 definition, the artefacts on the

113

5.1 General studies of the performances of the PIAs

pixels edges in the area between pixels seem to be less relevant than for the PDIA.
Figs.5.17 and 5.18 show a comparison between the interpolated positions with the
PRIA using the η2 and η3 definitions and the theoretical positions. A general behaviour discussed for the other methods, also for this case is observed: both the η2
and the η3 definitions, the x interpolated coordinates seem more in agreement with
the theoretical positions than the y interpolated coordinates. It is also possible to
observe that, as observed for the PDIA, the positions reconstructed using the η2
definition show along the y direction, a discrepancy with the theoretical positions
in the area near the pixel centers that is lower than those observed with the PDIA
and with a maximum value on the order of about 3 µm.
Figs.5.19 and 5.20 show the Resolution analysis results for the PRIA. The
average resolutions obtained with the η2 definition are RM Sx = (2.01 ± 0.43) µm
and RM Sy = (2.22 ± 0.40) µm, while those obtained with the η3 definition are
RM Sx = (2.36 ± 0.30) µm and RM Sy = (2.50 ± 0.27) µm.
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Figure 5.16: Reconstructed scan pattern image (on left) and the interpolated positions distribution W (x, y) (on right) for the PRIA in function of the position in µm:
- for η2 definition on top;
- for η3 definition on bottom.
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Figure 5.17: Comparison between interpolated positions with the PRIA using the η2 definition and theoretical positions. The left plots show the distributions of the
differences along the x (top) and y (bottom) views. The right plots show the
maps of the differences ∆x (top) and ∆y (bottom) as a function of the step
number in both directions.
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Figure 5.18: Comparison between interpolated positions with the PRIA using the η3 definition and theoretical positions. The left plots show the distributions of the
differences along the x (top) and y (bottom) views. The right plots show the
maps of the differences ∆x (top) and ∆y (bottom) as a function of the step
number in both directions.
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Figure 5.19: Resolution analysis results for the PRIA using η2 definition.
The resolution map in relation of the step number (i.e. the position, see Fig.??)
and the RMS distribution:
- for the x coordinates on top;
- for the y coordinates on bottom.
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Figure 5.20: Resolution analysis results for the PRIA using η3 definition.
The resolution map in relation of the step number (i.e. the position, see Fig.??)
and the RMS distribution:
- for the x coordinates on top;
- for the y coordinates on bottom.

5.1.7

Summary of Results

Table 5.1 summarizes the results obtained for the spatial resolution of Mönch 03
prototype detector using the PIAs implemented in the present work for the raster
scan data analysis.
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Assessment of the ultimate spatial resolution of Mönch 03 Detector using interpolation algorithms
x Position
Method Def. η
LIA
GIA
PDIA
PRIA

y Position

Algorithm efficiency

RM Sx

∆RM Sx

RM Sy

∆RM Sy

Bhattacharryya

(in µm)

(in µm)

(in µm)

(in µm)

distance

η2

2.03±0.47

2.00

2.05±0.23

1.41

η3

2.37±0.37

1.75

2.62±0.29

1.47

η2

2.04±0.44

2.01

2.20±0.43

1.92

0.99255

η3

2.37±0.30

1.62

2.50±0.28

1.47

0.98993

η2

1.99±0.43

2.19

2.14±0.40

1.98

0.99126

η3

2.36±0.31

1.61

2.53±0.31

1.69

0.99210

η2

2.01±0.43

2.14

2.22±0.40

1.90

0.99325

η3

2.36±0.30

1.60

2.50±0.27

1.61

0.99173

Table 5.1: Summary of the results about the spatial resolution of the Mönch 03 Detector
using the implemented PIAs applied to the raster scan data analysis. Here ∆RM Sx and
∆RM Sy indicate the maximum spread of the RMS values in the x and y views respectively.

By analyzing the final results shown in Tab.5.1 it is possible to make some considerations:
• the experimental resolutions evaluated with the different methods implemented are comparable;
• by using the η2 definition the RMS is in general lower than the RMS obtained
using the η3 definition;
• the spread of the RMS values (evaluated as the difference between the minimum and the maximum value) is higher using the η2 definition, but the RMS
map looks more homogeneous;
• the mean resolution obtained after the interpolation is about 2.1 µm using the
η2 definition and 2.4 µm using the η3 definition. These results are comparable
with the “estimated ideal resolution evaluated in the first approximation” (see
Chapter 4 ): RM Sx = 2.34 ± 0.43 µm and RM Sy = 2.25 ± 0.36 µm.
The parameter nSubPixel, fixed at 250 for all PIAs implemented, gives an overestimation of the resolution achievable with the algorithms implemented. We
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remember that nSubPixel sets the theoretical limit for the final resolution obtain√
able with the PIAs at δth = 0.1 µm/ 12. A priori, the value nSubP ixel = 250 has
been choosen in order to be negligible compared to the expected spatial resolution,
which depends on the detector performance that is affected by the electronic noise
and the charge sharing as explained in the chapters before.

5.2

Application of the PIAs using a real test object

The PIAs implemented in this work have been tested using a real test object for
absorption imaging with the Mönch detector illuminated with 8 keV photon.

5.2.1

The test object

The test object used for imaging was manufactured by the PSI Institute. It consist
of a Si chip of 200 µm thickness and a plating base of Cr/Au/Cr with thicknesses of
5 nm/20 nm/5 nm. The sample represents the Swiss mountains Jungfrau, Mönch
and Eiger (that are the names of the detectors developed by the SLS Detector
group) with a Swiss flag on the top of the Mönch mountain. In Fig.5.21 the project
of the test object and its image acquired by SEM (Scanning Electron Microscope)
are shown.
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Figure 5.21: a) project of the test object;
b) test object image acquired by the SEM (Scanning Electron Microscope);
c) zoom on the image of the Swiss flag acquired by the SEM.

The size of the sample size is 1094 µm×470 µm, while the Swiss flag has a square
form with 30 µm side, and the inner linewidth of the cross in the center of the flag
has a size of 7 µm. The smallest linewidth of the sample is ≈ 4 ÷ 6 µm. The size
of the Swiss flag is comparable with that of a single Mönch’s pixel, while the inner
cross is smaller than the pixel dimension. Hence it is reasonable to suppose that,
without interpolation, the reconstructed image with the Mönch detector cannot
resolve the Swiss flag. On the other hand, the final resolution estimated with the
PIA algorithms is δexp ∼ 2 µm for all methods implemented. Therefore we expect
that in the reconstructed image after interpolation it will be possible to resolve
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the inner cross. In this section we will show - only at a qualitative level - that the
PIA algorithms can improve the reconstructed image of the real test object with
respect to the case without interpolation.

5.2.2

Experimental tecnique

The experimental tecnique for imaging with Mönch 03 detector consists in the
following steps:
• first a flat field illumination run, with a flat sample (i.e. a Si chip without
the plating base) placed in front of the detector, has been performed;
• then a second run has been performed with the sample placed in front of the
detector;
• at the end, the offline data analysis has been performed using the PIAs.
The data have been taken in “low flux conditions”, thus allowing the application
of the photon finder algorithm (see Chapter 2 ).

5.2.3

The reconstructed Image

The data taken in the run with the flat sample have been used to build the
H(ηx , ηy ) distributions. The final reconstructed image is evaluated by dividing
the counts taken with the test object by the counts taken with the flat sample
(flat field correction). Fig. shows the reconstructed image of the test object without interpolation. The image without interpolation is reconstructed by considering
only the “digital information ” of the hit pixels recognized by the photon finder
(assigning a photon to the pixel with the maximum signal within a cluster).
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Figure 5.22: Reconstructed image of the test object without interpolation.

The PIAs are tested by using the η2 definition. Fig.5.23, 5.24, 5.25, 5.26 show
the recostructed images using respectively the LIA, the GIA, the PDIA and the
PRIA algorithms, with nSubP ixels = 250 as in the raster scan analysis. It is
possible to observe that all PIAs increase significantly the spatial resolution of the
detector with respect to the image obtained without interpolation.

Figure 5.23: Reconstructed image obtained by using the Linear Interpolation Algorithm
(LIA)
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Figure 5.24: Reconstructed image obtained by using the Global Interpolation Algorithm
(GIA)

Figure 5.25: Reconstructed image obtained by using the Position Dependent Interpolation
Algorithm (PDIA)
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Figure 5.26: Reconstructed image obtained by using the Position Refined Interpolation Algorithm (PRIA)
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The aim of this thesis work is the assessment of the ultimate spatial resolution
achievable with the Mönch 03 charge integrating hybrid-pixel detector using interpolation algorithms. The small 25 µm pixel size and the low electronic noise
of the detector provide a good intrinsic spatial resolution. Furthermore these features increase the charge sharing between neighboring pixels and this effect can be
exploited to interpolate the hit position of isolated photons.
For interpolating the position, different Position Interpolation Algorithms (PIAs)
have been implemented, using the information related to the η variables with the
aim of improving the final spatial resolution of the detector with a “subPixel precision”.
The first PIA is the “linear interpolation algorithm” (LIA), that evaluates the
position corrections by using the information given directly by the η-variables. The
advantage of this tecnique is that it does not require the acquisition of a flat field
image, and also it provides a first correction that could be implemented directly
in the detector firmware (i.e. real time).
Iin the real case, the relation between the position and the η-values is not linear, because of the non-linear position-dependent charge sharing effect. In fact,
the η distribution H(ηx , ηy ) obtained with a “flat illumination” over the whole detector area results not uniform. The starting point of each interpolation algorithm
implemented in this work is to “rebin” the η-distribution histogram, adapting the
boundaries of the bins in order to equalize the number of entries for each bin.
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Therefore the size and shape of the new bins in the rebinned η-distribution histogram are adapted to obtain a “uniform distribution”. The PIAs elaborate the
η distribution H(ηx , ηy ) in order to try to “linearize” the information on the position with respect to the η-values and evaluate the interpolated positions with a
simple linear correction to the coordinate of the center of the hit pixel (as in the
LIA method).
Three different PIA algorithms have been implemented: the Global Interpolation Algorithm (GIA), the Position Dependent Interpolation Algorithm (PDIA)
and the Position Refined Interpolation Algorithm (PRIA). The main differences
among the algorithms consist only in the type of approach used to rebin consistently the η distribution (in the sense explained above).
Each PIA has been tested with an experiment designed explicitly to evaluate the spatial resolution achievable with Mönch. This experiment is a “Raster
Scan” with an extremely focalized laser beam over an area of 25 × 25 µm around
four pixels with a scan pitch of 200 nm. The performances of the various algorithms have been tested trying to reconstruct correctly the scan pattern, studying
the interpolated position distributions step by step.
The spatial resolution obtained with each PIA has been also evaluated. The
results in Table 5.1 show that the spatial resolutions achieved using the various
interpolation algorithms are of the order of δexp ∼ 2 µm, both in the x and y directions. On the basis of this result, we can conclude that the simplest approach used,
the LIA, provides an optimal spatial resolution, and more complex PIAs do not
significantly improve the resolution. Furthermore, the main advantage of the LIA
resides in the possibility of implementing directly the algorithm in the detector
firmware, thus allowing a real time interpolation during the data acquisition.
For a full analysis of the detector performance, all the physical factors affecting
the resolution should be taken into account. First of all, the response of the
detector to different photon energies should be investigated; at lower energies we
expect that the interpolation performance will decrease, due to lower signal to
noise ratio (SNR). Another physical factor affecting the resolution is the charge
sharing: since the spatial resolution is higher close to the pixel borders, where the
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charge sharing is larger and lower close to the pixel centers, an improvement can
be obtained enhancing the charge sharing in the region near the pixel centers. For
this purpose the pixel size should be reduced or the charge collection time should
be increased by increasing the sensor thickness, reducing the bias voltage or using
lower X-rays energies, with a resulting increase of the absorption depth (finding a
good compromise with the request of a high SNR).
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