N
N

N

HAL

open science

FPGA-based algorithms for the stability improvement of
high-flux X-ray spectrometric imaging detectors.

Cinzia de Cesare

» To cite this version:

Cinzia de Cesare. FPGA-based algorithms for the stability improvement of high-flux X-ray spectro-
metric imaging detectors.. Micro and nanotechnologies/Microelectronics. Université Grenoble Alpes,

2018. English. NNT': 2018GREATO084 . tel-02096235

HAL Id: tel-02096235
https://theses.hal.science/tel-02096235

Submitted on 11 Apr 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-02096235
https://hal.archives-ouvertes.fr

| Communauté
i UNIVERSITE Grenoble Alpes

THESE

Pour obtenir le grade de

DOCTEUR DE LA ,
COMMUNAUTE UNIVERSITE GRENOBLE ALPES

Spécialité : NANO ELECTRONIQUE ET NANO TECHNOLOGIES
Arrété ministériel : 25 mai 2016

Présentée par

Cinzia DE CESARE

Thése dirigée par Olivier ROSSETTO, UGA

préparée au sein du Laboratoire CEAILETI
dans I'Ecole Doctorale Electronique, Electrotechnique,
Automatique, Traitement du Signal (EEATS)

Traitements numériques pour lI'amélioration
de la stabilité des détecteurs
spectrométriques a fort flux pour I'imagerie
X

FPGA-based algorithms for the stability
improvement of high-flux X-ray
spectrometric imaging detectors.

These soutenue publiguement le 17 octobre 2018,
devant le jury composé de :

Monsieur OLIVIER ROSSETTO

MAITRE DE CONFERENCES, UNIVERSITE GRENOBLE ALPES,
Directeur de these

Monsieur LEONARDO ABBENE

PROFESSEUR ASSOCIE, UNIVERSITE DE PALERME - ITALIE,
Rapporteur

Monsieur GILLES BAN

PROFESSEUR, ENSICAEN, Rapporteur

Monsieur FRANCIS CALMON

PROFESSEUR, INSA LYON, Président

Monsieur JOHANN COLLOT

PROFESSEUR, UNIVERSITE GRENOBLE ALPES, Examinateur
Monsieur ANDREA BRAMBILLA

INGENIEUR DE RECHERCHE, CEA GRENOBLE, Examinateur






LIST OF ACRONYMS

ADC
ASIC
BLR
BD
CT
CR
DR
CSA
CSM
CSD
CSA
CDM
DSO
DPP
EMA
FPGA
FWHM
LDET
MSEC
MEPCD
MA
NTD
PCD
PMT
PET
PUR
PSHA
PHS
SDL
SNR
SPM
TFA
TCA
TOT
TCW
™W
XRF
VHDL

Analog to Digital Converter
Application Specific Integrated Circuit
BaseLine Restorer

Ballistic Deficit

Computed Tomography
Compute Radiography

Digital Radiography

Charge Sensitive Amplifier
Charge Summing Mode

Charge Sharing Discrimination
Charge Sharing Addition

Cross Detection Method

Digital Storage Oscilloscope
Digital Pulse Processing
Exponential Moving Average
Field Programmable Gate Array
Full Width at Half Maximum
Laboratory DETector

Multi-Site Event Cancellation
Multi-energy Photon Counting Detector
Moving Average
Non-Destructive Test

Photon Counting Detector
Photo-Multiplier

Positron Emission Tomography
Pile-up Rejection

Pulse Shape Height Analysis
Pulse Height Spectrum

Single Delay Line

Signal to Noise Ratio

Single Pixel Mode

Time Filter Amplifier

Time Coincidence Analysis
Time Over Threshold

Time Coincident Window

Time Window

X-Ray Florescence

Very high speed integrated circuit Hardware
Description Language

11



LIST OF SYMBOLS

CdTe
CdZnTe

cps

Tclock
TF
Qinduced
Vw

Z

Cadmium Tellurium
Cadmium Zinc Tellurium
Counts per Second
Energy gap

Weighting field

Ionization potential
Acquisition Time Window
Germanium

Hyper Pure Germanium
Number of incident photons with energy E
Density

Standard deviation
Silicon

Delay time

Peaking time

Clock time

Decay time

Induced charge

Weighting potential
Atomic number

v



Contents

Introductionl ix
(1  X-ray detectors| 1
[1.1 ~ Detectors for X-ray imaging| . . . . . . . . . . . .. .. ... .... 1
(LI.1  Detection modes| . . . . . . ... .. ... ... 2

(1.2 Energy resolved imaging| . . . . . .. ... ... ... ... ... )
(1.2.1 Material for the MEPCDI. . . . ... 0000000000 5

(1.2.2  Hybrid Photon Counting Detectors| . . . . . . .. ... ... 7

[1.2.3  Spectrometric Detectors| . . . . . . ... ... ... ... .. 9

(1.3  Physics of pixel detectors|. . . . . . . .. ... ... ... .. .... 12
[1.3.1 Induced signal in semiconductor detectors| . . . . . .. ... 12

[1.3.2  Weighting potential cross-talk| . . . . . . .. ... ... ... 14

(1.3.3 Charge sharingl . . . .. ... ... ... ... ... ..... 15

(1.3.4 Pile-up|. . . . . . ... 16

[L35 Ballisticdeficitl . . . ... ... ... ... ... ... .. 18

(1.4 Correction techniques|. . . . . . . . . .. ... ... ... ...... 19
(1.4.1 Charge sharing correction| . . . . . ... ... ... ... .. 19

(1.4.2  Pile-up rejection and pile-up recovery| . . . . . . . . .. ... 23

[1.4.3 Ballistic deficit compensation methods] . . . . . . . . . . .. 29

(Lo Conclusions . . . . . . . . 33

2 The Spectrometric Pixel Detector| 35
2.1 Experimental setup| . . . . . . . ... .o 35
[2.2  Pulse Processing algorithms| . . . . . . . ... ... ... 37
[2.2.1 Programmable shaper| . . . . ... ... ... ... ..... 38

[2.2.2  Correction algorithms| . . . . . ... ... ... ... .... 44

[2.3  Characterization of the pixel spectrometric detector| . . . . . . . .. 47
[2.3.1 'Transient Signals| . . . . . .. ... ... 47

[2.3.2  Energy resolution| . . . . . .. ... ..o 49

.33 Dead-timel . . . . ... ... 53



CONTENTS

2.4 Conclusion and discussionsl . . . . . . . . . . ... ... L. 57
[3 Instability of the detector response 59
[3.1 Observation of the instability] . . . . . ... ... ... ... .... 59
[3.2  Origin of the mstability|. . . . . ... .. ... ... . ... ..... 61
(3.2.1 Ballistic deficit over timel . . . . . . . . .. ... 61
[3.2.2  Simulation of the instability| . . . . ... .. ... ... ... 62

[3.3  Parametric study| . . . .. ... 65
[3.3.1 SDL without pre-filtering. . . . . . .. ... ... ... ... 65
[3.3.2  SDL with pre-filteringl . . . . . ... ... ... ... .... 66
[3.3.3 Trapezoidal filter| . . . . . . ... ... oL 67

[3.4 Influence of polarization voltage and detector geometry| . . . . . . . 67
[3.4.1 Polarization voltage[. . . . . . . . . ... ... ... ... .. 68
[3.4.2  Geometry of the pixel| . . . . ... ... ... ... ..., 68

[3.5 Summary| . . ... 70
(3.6 Conclusion and discussionsl . . . . . . . . . . . .. ... 71
4 A real-time ballistic deficit correction method| 75
[4.1  Double Shaper tor the Ballistic Deficit Compensation| . . . . . . . . 75
[4.2  Characterization of the ballistic deficit compensation method|. . . . 78
[4.2.1  Choice of T'p for the shaping circuits| . . . . . . . ... ... 78
4.2.2 Measurement of the ballistic deficitl . . . . . ... ... ... 79
[4.2.3  Compensation of the ballistic deficit|. . . . . . . . . .. . .. 80

4.3  Selection Rulesl . . . .. ... .o oo 81
[4.3.1 Pile-up rejection| . . . . ... ... ... 81
[4.3.2  Charge sharing and weighting potential cross talk rejection| . 84
[4.3.3  Compensation of the ballistic deficit with selection rules| . . 90

4.4 FPGA implementation| . . . . ... ... ... ... .. ... ... 91
[4.4.1 Numbers representation and divisions|. . . . . . . . . . . .. 92
[4.4.2  Small amplitude pulses| . . . . . ... ... ... 93
[4.4.3  Exponential moving average| . . . . . . .. ... L. 95

1.5 Conclusions and discussions . . . . . . .. ... ... ... 98
[6  Stability performance of the algorithm| 101
[5.1 System description| . . . . . . ... oL 101
[H.2 Results under low-fluxi . . . . . ... ... ... 103
[>.2.1  Evaluation of the method performances{. . . . . . . . . . .. 104

[5.3  Results under high-flux with materiall . . . . . . . . .. ... .. .. 105
[5.3.1 Characterization of the drift for polychromatic spectral . . . 107

vi



CONTENTS

[5.3.2  Evaluation of the method efficiency| . . . . . . . ... .. . . 108

(.4 Results under high-flux with direct flux{. . . . . . .. ... ... .. 109
[>.4.1  Evaluation of the method efhciencyl . . . . . . . . . .. ... 111

0.0 Conclusions and discussionsl . . . . . . . . . . ... 112

[6 Conclusion and perspectives| 115
[Acknowledgements| 119

vii



CONTENTS

viil



Introduction

Since the discovery of X-rays by Rontgen in 1895, numerous applications for
X-ray imaging have emerged, ranging from medical diagnostic to security and
Non-Destructive Testing (NTD) for industry. Significant advances can be observed
in the design of all X-ray system components such as X-ray tubes, generators,
detectors, collimators, computed tomography (CT) gantries and signal processing
algorithms. In the last few decades important progress in X-ray detection tech-
nology have been achieved. In particular, in the beginning of the 1990s, analog
film detection has been replaced by the digital technique known as Computed
Radiography (CR). Then, in early 21st century, real-time digital X-ray detection
technology, known as Digital Radiography (DR), has been introduced. This type
of detectors convert X-rays into electrical signals either through indirect or direct
conversion. For the last few years, new digital X-ray detector capabilities have
been investigated. For a given pixel, conventional X-ray detectors provide a signal
proportional to the photon energy deposited into the detector element, integrated
on the total energy range. Recently-emerged room-temperature semiconductor
photon counting detectors (PCDs) exhibit the ability to classify photons into several
discrete energy channels, the number of which varies from a few bins (typically
from 2 to 8) [1]-[7] to 256 or more, depending on the electronic circuit [§]-[11]. This
new technology allows the development of energy-resolved imaging for all current
X-ray applications [I1]. Spectral imaging can provide compositional information
on the analysed object, which can be exploited for material identification. This
capability is used in the luggage control field to detect illegal materials [12]-[14]
and in the medical field, for the quantification of tissue composition and contrast

agent concentrations [15]-[17].

The photon fluxes involved in spectrometric applications are high (up to 108
X/mm?/s) and with the increase of the flux the phenomenon of pile-up becomes
more and more important. In order not to lose pulses during the digital signal
processing, it is important to use a fast shaping circuit, that correctly distinguishes

the pulses affected by pile-up and recovers the right energy information from them.
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If the shaping time employed is faster than the charge collection time, the detector
works in ballistic deficit regime [I8]-|21]. The energy information obtained is still
proportional to the released energy by the photon in the detector. However, we
have observed that the ballistic deficit is variable and that the response of the
detector varies over time. These variations are attributed to the modification of the
internal electrical field profile as a result of trapping and de-trapping phenomena.
The resulting instability of the response has a detrimental effect on the detector

performances.

The objective of this thesis work is to develop a real-time digital algorithm imple-
mentable in FPGA that corrects these variations and gives a stable response of the
detector over time at very high fluxes. The CdTe pixel detector (4x4) is coupled
to an innovative custom-designed digital readout electronics able to continuously
digitize and process the signals from each pixel (16 in total), providing the energy
binning (up to 256 channels) and performing analysis even at very high fluxes. The
digital pulse processing (DPP) for the compensation of the detector instabilities
uses a fast shaping filter for the distinction of pile-up events and a slow shaping
filter for the estimation of the total collected charge and thus of the ballistic deficit.
It is then possible to compensate the effect of the variation of the ballistic deficit
over time while preserving the energy resolution and the count rate capability of

the system both at low and high flux.

This document is divided in 6 Chapters. Chapter 1 presents the different X-
ray imaging detectors focusing on spectrometric detectors. It discusses the physics
of these detectors together with the effect of pile-up, charge sharing, weighting
potential cross-talk and ballistic deficit. Moreover, it presents the state of the art

of the correction techniques used to process these effects.

In Chapter 2, the read-out electronic developed in LDET is presented together with
the pulse processing algorithm adapted to the spectrometric pixel detector. In this
Chapter we also present the characterization of the pixel detector performed during
this thesis work. Special attention is given to the shaping circuit configuration
which determines the performance of the detector in terms of energy resolution and
counting rate. We will show that the use of a Single Delay Line shaping amplifier
with a short time constant and an appropriate pre-filter stage is a good compromise
for high count rate spectrometric applications, despite the fact that it introduces a
ballistic deficit.



Chapter 3 and 4 are the heart of the work of this thesis. In Chapter 3 the
mechanisms responsible of the instability of the detector response are described
in detail. An accurate study on the causes of this instability performed through
experimental observations and model simulations show that instabilities are related
to fluctuation of the ballistic deficit due to the modification of the internal electrical
field profile over time. Chapter 4 describes the main contributions of this thesis
work and introduces a novel method for the compensation of the unstable response
of the detector over time. Its principle and its characterization are first described.
After this, we discuss the importance of rejecting undesirable effects such as pile-up,
charge sharing and weighting potential cross-talk affecting the correct compensation
of the ballistic deficit. At the end of the Chapter, we discuss the implementation
of the proposed method on FPGA and the adaptations done in order to obtain a

suitable version working in real-time.

In Chapter 5 we evaluate the real-time digital algorithm implemented on FPGA
by measurements at low count rate with a 5"Co and 2*'Am 7-ray sources and at
high count rates with an X-ray beam, with a count rate up to 2 Mc/s. It follows a

discussion on the results obtained.

Finally, we will conclude with a global overview on the results, the improvement
obtained with this method in relation to the already existing approaches for the
mitigation or elimination of the detector instability and the future perspectives of

this thesis work.
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Chapter 1

X-ray detectors

1.1 Detectors for X-ray imaging

X-ray detectors are devices used to measure the intensity, the spatial and energy
distribution of X-rays beams. Since the discovery of X-rays, different technologies
have been developed and many of them are still in use. We can distinguish two
types of detectors: the indirect conversion detectors and the direct conversion one.
Indirect conversion detectors are able to convert the incident X-ray photon in light,
as Fig. shows. The light is converted in electrical signal by a photo-multiplier
(PMT) or by photo-diode array. In this first category we can find anger cameras
made by scintillator layers and PMT for nuclear medicine applications, scintillator
with photo-diodes for digital radiology applications [22] and avalanche photo-diodes
for positron-emission tomography (PET) [23].

Photon X

P&

Scintillator

Photodetector ———»

Figure 1.1: Scheme of the principle of indirect conversion detector.

Direct conversion detectors are based on semiconductor materials, such as Silicon
(Si), Selenium (Se) or Cadmium Telluride (CdTe), responsible of the X-ray photon

conversion in electrical signal. The principle of the direct conversion is illustrated

in Fig. [[.2]
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Photon X

Electrodes

Semiconductor

Figure 1.2: Scheme of the principle of direct conversion detector.

The semiconductor detector is composed by two electrode, one called cathode and
the second one called anode. Once the photon interacts inside the semiconductor
material, a quantity of charges proportional to the energy released by the interaction
is produced. These charges (electrons and holes) migrate under the effect of the
electric field in the direction of the electrode with opposite polarity (anode and
cathode, respectively). The direct conversion provides a better energy resolution
and a better efficiency between the received photon and the measured electrical
signal. In this way a better signal to noise ratio (SNR) is obtained. When a direct
conversion system produces ~10000 charges, an indirect conversion one produces
only 1000 [25]. In this category we can find flat panel detectors mainly used in
mammographies [26], CdTe (or CdZnTe) for v cameras [27] and Si, GaAs and CdTe
as photon counting detectors [2§],[29].

In both cases the detector can works in Integration mode and provide a signal
proportional to the total energy deposited in the conversion layer. Another category
of detector operates in Counting mode, in which individual X-rays are detected.
Finally, Spectrometric mode detectors are capable to detect each single X-ray and

measure its energy.

1.1.1 Detection modes

The detector presented above can operate in different detection modes, Integration,
Counting or Spectrometric, according to the application in which they are involved.

In this Section an overview of these detection modes it is presented.
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In Integration mode the current from the detector is integrated during all the

acquisition time, as shown in Fig. [1.3]

Charges

E

Figure 1.3: (Left) Measured signals with an integration mode detector. All pulses
during the time AT are integrated. (Right) Corresponding X-ray spectrum obtained
in Integration mode.

Time

AT

The signal is proportional to the energy deposited in the detector during the

acquisition time window, AT:

Emaz
Nintegration = / N<E) -E-dE (11)

Emin
where E,,,, is the maximum energy of the spectrum and N(E) is the number of

incident photons with the energy “E”.

In Counting mode the individual X-rays are detected. The operation requires
a certain number of energy thresholds. The Timepix chip [36] has a single energy
threshold. The threshold can be adjusted for each pixel in order to obtain uniform
performances of the whole pixel matrix. In this operation mode it is possible to

use more than 1 energy threshold in order to obtain information on more energy

channels.
Disriminator = = E E
& = @ =1
=
¥ Wi = D =
DI 1 VIHRI =
Gpt— 1 ogtu
r\\- It
Ine o ; LIS
) [_I_
Preamplifier Shaper F e )
VIR - bl
F]

VHTR &2

Figure 1.4: Schematic block of one pixel working in counting mode with two energy
thresholds [2].
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Fig. [I.4] represents a standard architecture for a counting mode detection with two
energy thresholds but the concept can be easily extended to a bigger number of
thresholds and counters. In the diagram we can notice the presence of a first block,
i.e. a Charge Sensitive Amplifier (CSA). Thereafter, the shaped signal is compared
to two threshold for the selection of the energies. Finally, it is necessary to store
inside one or more memories the information about the number of energies detected.
In the literature, the number of these memories, and consequently, the energies
detected, is limited (up to 8) ([12],[30]). Fig. represents the measured pulses
identified by two energy thresholds and the corresponding bi-energy spectrum.

_ma T 1 1 LNy
%U LU?] 1 “ " n " 1 | Thrgshold
R O N T
= DU AU WA YV TR
o Tonee reee-e rEen-e =eee-e "’M E

Time

Figure 1.5: Measured pulses from counting bi-energy mode (on the left) and the
corresponding X-ray spectrum (on the right). [31]

Spectrometric detectors have the great ability to sort the photons in different
channels according to their energy. Spectrometric X-ray detectors can give way
to energy-resolved X-ray imaging for all current modalities (e.g. radiography, CT
...). The resulting image quality advantages are substantial [33]. An example of
electronic circuit able to reproduce a spectroscopic acquisition mode with several

number of channels (up to 256), is represented in the Fig. [1.6

ADC Shaper & Digital
algorithms

Figure 1.6: Schematic block of one pixel working in multi-energy mode.

For these detectors the signals from the CSA are directly digitized and processed
by an FPGA. In the FPGA we can find processing algorithms such as the shaping
circuit, the correction algorithm for the charge sharing and pile-up and the processing
for the reconstruction of the energy spectra. Fig. represents the measured
pulses identified by their energy and the corresponding multi-energy spectrum.

Each energy detected is represented in the spectrum with different colors.

4
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Photon Energy

E

Time

Figure 1.7: Measured pulses from multi-energy mode (on the left) and the corre-
sponding X-ray spectrum (on the right).

1.2 Energy resolved imaging

The progresses in the domain of the materials and electronics have allowed to
develop detectors able to work in counting mode. This type of detector are called
Photon Counting Detector (PCD). Their ability is to count the number of photons
with the energy above a fixed threshold. An example of PCD is the detector XPAD
which can be hybridized with different semi-conductors [34] with one threshold, or
MEDIPIX with 8 thresholds [35]. From now on, there are types of detector able
to classify photons according to the value of their energy. These spectrometric

detectors are subject to some constraints due to the material and to the electronics.

1.2.1 Material for the MEPCD

Many materials were studied for the X-ray detectors for which their properties were
compatible with the use of Multi-Energy Photon Counting Detector (MEPCD).
Among these material we can find mono-crystalline Silicon (Si), Germanium (Ge),
Cadmium Tellurium (CdTe), Thallium Bromide (T1Br) or Mercury Iodide (Hgls).
Mono-crystalline Silicon is one of the most used material. The use of this material
is limited to the detection of low energy photons (0 - 20 keV) because of its low
Z and density (Z=14 and p = 2,33 g -cm™?). The main field of application of the
Silicon detectors is for X-Ray Fluorescence (XRF) analysis. For high resolution
spectrometry, Germanium detectors are the most suitable but they have to be

cooled to low temperatures.
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Figure 1.8: Detection efficiency for 100 keV X-ray photon in various thickness of
CdTe, Si and Ge [1].

The CdTe and CdZnTe offer an higher stopping power (Z=48/52 and p = 6,2 g
-cm™3). Moreover, as for the Silicon, it is possible to use them at room temperature
(band gap ~ 1,2 eV). Fig. illustrates the efficiency of such detector material
compared to the Si and Ge.

An alternative to the CdTe is the Gallium Arsenide (GaAs, Z=31/33 and p = 53 g
-cm™?), mainly used in the energy range of 10-30 keV. So, for the energy range used
for radiography or security applications (20 - 150 keV) these detector are not good.
Finally, the T1Br and Hgly are equally studied for their use in X-ray detectors and
they are potentially interesting for the good transport properties and good stopping
power. Unfortunately, they are not commercially available. Moreover, they are not

provided by the same technological maturity of CdTe, Si, Ge or GaAs.

Semiconductor p Z Egop €
(g/cm?) (eV) (V)
Si 2,33 14 1,12 3,6
Ge 9,33 32 0,67 29
CdTe 5,85 48-52 144 443
CdZnTe 5,81 48-52 1,6 4,6
Hgl 6,4 80-53 2,13 4,2

Table 1.1: Properties of the semiconductors discussed. Eyq, is the band gap energy,
¢ is the ionization potential, Z is the atomic number and p the material density [I].

Tab. shows the physical characteristics of the elemental and compound semi-
conductors. Among the range of semiconductor detectors available for X-ray
detection, CdTe (and CdZnTe) have a privileged position because of their high

density and the high atomic number of their components, as well as a wide band-gap.
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It is now clear that the proprieties of the CdTe and CdZnTe are the most suitable
for the multi-energy photon counting detectors in the energy range of 20 - 160
keV. Imaging systems utilizing CdTe or CdZnTe (CZT) detectors have great poten-
tial to replace currently used imaging systems composed of scintillating materials,
such as, Nal(T1) and CsI(Tl), coupled to either photomultiplier tubes (PMTs) or
photo-diodes. However, the main advantage of CdTe and CdZnTe detectors over

scintillator detectors is their superior energy resolution at room temperature.

1.2.2 Hybrid Photon Counting Detectors

Numerous researchers are interested in the development of new systems including
X-ray PCD semiconductor detectors. This research subject is still active and many
prototypes, according to the specific goal, were developed. Fig. [1.9] shows and
compares some ASICS for spectral computed tomography (CT). The state of the
art will be presented focusing the attention on particular goals, such as the dealing

with high fluxes or the number of channels used.

Pixel Energy  Peaking Maximum  Maximum count Power per CMOS
Name Matrix  side thresholds time (ns) count rates rates Electronics Noise or energy resolution channel hin
(um) (Mcps/pixel) _ (Mcps/mm?) (uW)

Medipix3 (FPM-SPM)! 256x256 55 2 120 2.5 826.5 1.37keV FWHM @ 10KeV 7.5 0.13um;
Medipix3 (FPM-CSM)? 256x256 55 1+1 120 5.0E-01 163.5 2.03keV FWHM @10KeV 9.3 0.13um|
[Timepix3 (CERN)? 256x256 55 10bits 30 1.6E-03 0.53 4.07kev FWHM at 59.5keV. 15.2 0.13um
Pixirad Pixie I1* 512x476 _ 55.6 2 300 5.0E-01 161.5 1.45keV FWHM @ 20keV 12.5 0.18um|
Samsung PC5 128x128 60 3 NS NS NS 68 e-r.m.s. 4.6 0.13um
Pixirad Pixie |II® 512x402 62 2 125 1.0 260.1 6.6% FWHM @ 60keV 34 0.16um
Eiger’? 256x256 75 1 30 4.2 711.1 121e- r.m.s. (low noise settings) 8.8 0.25um
PXD23K (AGH)® 128x184 75 2 48 8.5 1519.5 89e-r.m.s. 25 0.13um

X-Counter PC (PDT25- 8.3keV FWHM @20keV
DE)® 256x256 100 2 NS 1.2 120 10keV FWHM @60keV. NS NS}
PXD18K (AGH)® 96x192 100 2 30 5.8 580 168e-r.m.s. 23 0.18um
FPDRI0 (AGH)® 40x32 100 2 28 8.5 854.7 106e-r.m.s. 42  90nm)|
|IAGH_Fermilab® 18x24 100 2 48 NS NS 84e" (Single pixel), 168e" (Charge summing) 34  40nm|
Medipix3 (SM-SPM)!  128x128 110 8 120 4.5 375.7 1.43keV FWHM @ 10keV. 30 0.13um)
Medipix3 (SM-CSM)!12 128x128 110 4+4 120 3.4E-01 28.1 2.2keV FWHM @10keV 37.2 0.13um|
XPAD3% 80x120 130 2 150 2.0 1183 127e-r.ms. 40 0.25um
Pilatus 214 60x97 172 1 110 6.0 202.8 1keV FWHM @ 8keV 20.2 0.25um)|
Pilatus 315 60x97 172 1 110 15.0 507.0 lkeV FWHM @ 8keV 20.2 0.25um|
[Telesystems 18 40x40 200 4 300-500 8.0E-01 20 5.36keV FWHM @ 122keV 94.4 0.25um
Dosepix (CERN)*’ 16x16 220 16 287 1.6 33.9 150 e-r.m.s. 14.6 0.13um|
Siemens PC# 64x64 225 2 20 40.0 790.1 NS NS NS}
Hexitec!? 80x80 250 14bits 2000 1.0E-03 0.016 800eV FWHM @ 60keV, 1.1keV @ 141keV 220 0.35um
Philips Chromaix 2 4x16 300 4 20 38.0 422.2 4.7keV @60keV (1 channel) 3000 0.18um|
|Ajat-0.35 (PC)2L 32x64 350 1 1000 2.2 18.0 4keV FWHM @122keV 390.6 0.35um
iAjat-0.35 (ADC)22 32x64 350 64 1000 4.9€-05 4.0E-04 4keV FWHM @122keV 390.6 0.35um
CIX 0.2 (Bonn)?? 8x8 353.6 1 NS 12.0 96 330e- r.m.s. (counting channel) 3200 0.35um
KTH_Lin_SPD 2* 160ch. 447.2 8 10-20-40 272.0 1360 1.09keV @ 15keV (measured at 40kcps) 80000 0.18um)
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Figure 1.9: Review of ASICS for spectral CT. From the workshop on "Medical
Applications of Spectroscopic X-ray detectors", CERN, 20-23 April 2015. [37]
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Each detector here presented is coupled to a readout circuit working in counting
mode with the use of one ore more energy thresholds. They are conceived for
different and specific applications and thus optimized according to their use. Some
of them were optimized in the number of channels used, other for the count rate
achievable and others were optimized changing the geometry of the detector itself

in order to get better spatial resolution.

MEDIPIX

One of the most famous family presented in the table is the MEDIPIX one. It
is a family of photon counting and particle tracking pixel detectors developed
by an international collaboration, hosted by CERN. The fist chip consisted in a
matrix of 64x64 pixels of 170 pum size [29]. Fig. [1.10| represents the principle of
the phonon counting in a single pixel, adopted for the fist generation of MEDIPIX.
The radiation generates electron-hole pairs (charge) in the sensor. The charge is
collected by the appropriate pixel, amplified and compared with an energy threshold.

The counter is then increased if the detected pulse is above the energy level.

\ Bias Voltage

Figure 1.10: (Left) Principle of the photon counting in a single pixel.(Right)
Standard, single chip MEDIPIX carrier board with USB readout.

The next generation, MEDIPIX-2, has a readout electronics consisting of an array
of 256x256 readout channels with a size of 55 ym. The number of energy threshold
was increase in this version and it was used in many scientific experiments. Other
projects which aim to add new functionality or increase chip performances, have
been developed. The great novelty in MEDIPIX-3, is the correction of charge
sharing events with the technique of clustering the pixels [38]. This technique will

8



CHAPTER 1. X-RAY DETECTORS

be explained in detail when the phenomenon of charge sharing will be presented in

the next Section.

Xpad

Another family using one single threshold is the XPAD. This family has been
developed in France for synchrotron applications, where mono-energetic beams are
involved. Therefore one single energy threshold is used. The latest XPAD-3 version
has been realized in 0,25 um IBM technology with the pixel matrix of 80x120
elements of single pixel size of 130um x 130um. The chip presents two versions,
one called XPAD3-S (S = Si), working with charge generated by photons in the
energy range from 4 keV to 40 keV. The other version is the XPAD3-C (C = CdTe),
working with charge generated by photons in the energy range from 6 keV to 60
keV. [34]

PCD for high count rate applications

Another important aspect to take into account for X-ray imaging is the output
count rate achievable for dealing with high flux applications. In Tab. we can
find some examples of devices characterized by a maximum count rate per pixel
higher than others (DX-Ray[39], ChromaAIX [40], Siemens [41]). These devices
are characterized by a relatively short peaking time. The peaking time is the
time required for a pulse shaped by processing electronics to reach its maximum
amplitude. In order to reduce the pile-up, it is necessary to use a short peaking
time. This approach is often cause of energy resolution degradation because of the

phenomenon of the ballistic deficit.

1.2.3 Spectrometric Detectors

CEA-LETT has developed a readout circuit able to measure high resolution spectra
with 256 energy bins. The prototype works in the energy range of 20 - 160 keV and
and ADC continuously digitizes the signals at 100 MHz on 10 bit. An FPGA is
responsible of performing signal processing in real-time. Fig. represents a dia-
gram of the readout electronic developed in CEA-LETI. The proposed architecture,
which includes one ADC per pixel, is feasible for a linear pixel detector array but it
can be easily extended to larger sensors. Such sensors can replace standard dual
layer sandwich detectors used for explosive detection in luggage inspection, provid-
ing much more complete energy information on the X-ray transmission function of

inspected materials [9].
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Figure 1.11: Diagram of the architecture developed at CEA-LETT [9].

This concept was transferred to MULTIX company (2010), which has developed a

commercial detector module, called ME100, based on this architecture.

MULTIX SUPPLIES

GIGABIT
ETHERNET
LINK

« ME100 Modules i dalsy chain v

+ Up to 2 meters of detection line
with 2560 pixels

0EM

Figure 1.12: (Left)Up view (top) and down view (bottom) of the device.(Right)
Modular architecture built up from separate detection modules (DM) of ME100
device [42].

ME100 is a multi-energy detector able to measure the correct energy of an interact-
ing photon X at high rate ([43], [44], [45]). Thanks to the counting system working
in real-time, ME100 is able to reconstruct the energy spectra in the energy range
of 20 - 160 keV. The detector module is a CdTe composed by 4 linear array of
32 pixels, for a total or 128 pixels of 800 pm size. Fig. [1.12] (on the right side)
represents a possible modular architecture built up from single separate modules of
the ME100 device (Fig. on the left side). We can summarize its outstanding
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main performances in a saturation level at 7 Mc/s/pixel and an energy resolution
equal to 5,8 keV at 60 keV.

A similar approach is presented in [46]. Here are underlined the performances
of a pixellated CdTe (4x4) coupled to a custom digital readout electronic for high
flux measurements. The detector in use is based on an array of 16 pixel with a size
of 600 pm. The readout electronics is able to continuously digitize and process the
signal from each pixel even at high fluxes. The work describes the spectroscopic
results and the high flexibility of the digital readout electronics. The system is able
to provide good energy resolution at low (test at 200 c¢/s) and high count rate (test
at 1,1 Mc/s) by using a novel Digital Pulse Processing (DPP) characterized by two
shaping circuits, one fast mainly responsible of the pile-up rejection and one slow
totally responsible of the pulse shape and height analysis for the reconstruction of
energy spectra at very high resolution.
Digitizer
et Computer

VA, Y s
e '.___ % . ADC = => DPPFirmware —>
'\,\/\l" < b =>-_$

Fast Shaping

. . . - Arrival Time distribution
- Pulse Detection and Triggering

- Pulse width measurements =5 - Input Counting Rate (ICR)
- Fast Pulse Height Analysis (PHA)
/ - Pile-up Rejection (PUR) - Energy Spectra with high
DPP throughput
FIRMWARE
\ Slow Pulse Shape and Height - Peaking Time distribution
Analysis (PSHA) =

- Energy Spectra with high
on pulses selected by the PUR energy resolution

Slow Shaping
Figure 1.13: A schematic view of the readout electronic circuit architecture and

the main operations of the DPP firmware in [46].

Fig. represents a diagram of the processing described in [46] and the main
operation of the DPP firmware. The readout electronics described here opens up
to many X-ray imaging applications which need different throughput and energy

resolution conditions.

In the previous examples, the circuit architecture with a fast ADC is adapted

for linear detector (1D). In order to work with a 2D matrix detector, a new architec-

11



CHAPTER 1. X-RAY DETECTORS

ture for spectral imaging inside the pixel is presented in [47]. The different operations
performed by the FPGA are now developed inside the pixel by a front-end analog
circuit. Each pixel has an ADC able to record the amplitude of the pulses processed
by the analog front end circuit. The pixel architecture has been measured at 8
Mcps/pixel while embedding on-chip spectral cleaning corrections, such as charge
sharing, weighting potential cross-talk and pile-up. The improvements compared to
antecedent works dated from 2008 until 2012 are significant. Even if the number of
pixel of the prototype is limited compared to other works, the step forward done in
the number of bin used for the spectra reconstruction is significant. Moreover, the
correction of the undesirable effect inside the pixel maintaining a maximum output
count rate at 8 Mcps/pixel represents a big evolution in spectroscopic detectors.
Fig. represents the pixel layout of the designed chip.

A\ additionnal processing:

% derivation, maximum & event,

/ induction & pile-up correction
%, _ Hybridization pad

x Pixels Voltage

\, configuration references

wrigog

Charge sharing correction

Control logic
histogram construction: Q ﬁ
one 6 bit adder + two 256x6 SRAM 200 MHz 200 MHz
LVDS outputs LVDS input CK

Figure 1.14: Pixel layout and overall diagram of the designed chip. [47]

1.3 Physics of pixel detectors

The aim of this Section is to present the signal induction in semiconductor pixel
detectors and the effect that pixelization and high fluxes have on the detector

respoise.

1.3.1 Induced signal in semiconductor detectors

When a charge moves between two electrodes, a charge proportional to the distance
travelled is induced on the surface of them. Fig. [I.15|represents a parallel electrodes
detector (a) and a pixel one (b) where a voltage V is applied. In the case of a

planar detector, the induced charge on the collecting electrode is:

12



CHAPTER 1. X-RAY DETECTORS
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Figure 1.15: Induced charge on a planar detector (a) and on a pixel one (b).

, v

i(t)y=n-e- 7 (1.2)
Where n is the number of charges in the charge cloud, e is the elementary charge, v
the charge velocity and L is the distance between the cathode and the anode. The
total charge induced on the electrode by the electron cloud generated in a point

in the detector volume is the integral of Eq. [I.2}

L—x

0
v . d L—
t=0

The induced charge is proportional to the number of deposited charge and to the

distance travelled by the charges.

When a pixel detector is used, the charge induce by the drift of the electrons
is shared among several pixels. The total charge is then equivalent to the one in
Eq. but only a fraction of it is induced on the collecting pixel. The rest of the
charge is actually shared among the neighbouring pixels. Shockley and Ramo have
shown that the transient signal on the electrode is computed from a weighting field
[48], [49], [50]:

it)=n- GEZ : Jt_g (1.4)

__>
Where F,, = —e(Vw) is the weighting field and V,, is called weighting potential. V,,
is a virtual potential obtained by setting the potential of the considered electrode
to 1 and setting all the others to 0. From Eq. it is possible to calculate the

induced charge, as follow:

Qinitneen(t) = /@ Cdt=n- e/ﬁ AT = e (Vale(®)] = Valz(t = O]} (15)
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Fig. represents the weighting potential measured at the center of a collecting
pixel and at the center of its neighbouring one. As a comparison, the weighting

field for a planar detector is represented.
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Figure 1.16: Weighting potential measured at the center of the collecting pixel
(blue) and at the center of the neighbouring pixel (red) for a 3 mm thickness and
800 pm pitch pixel.

From Fig. it is possible to notice that the signal is weak in the first mm of the
pixel thickness. When the electron cloud is around 1 mm far from the electrode

the charge increase significantly.

Eq. shows that the charge induced in pixel detectors is proportional to the
shape of the weighing potential. The consequence of this result is that if the pixel
size is smaller compared to the detector thickness, the small pizel effect occurs.
Compared to a planar detector, the dependence of the weighting potential on the

depth interaction is no more linear.

1.3.2 Weighting potential cross-talk

An important consequence of the small pixel effect is the induction of a transient
signal on the neighbouring pixel. We call this effect weighting potential cross-talk
[90]. Fig. [1.16] which represents the weighting potential cross-talk calculated on
the neighbouring pixel, shows that a small transient signal is induced. As long as
the charges are far from the pixel, we observe a small positive current. When the
electrons reach the collecting pixel, a negative current is induce on the neighbouring
pixel. A typical example of pulses induced by weighting potential cross-talk is
presented in Fig. showing the signal from two adjacent pixels [52]. The large
pulse corresponds to the pixel where the X-ray photon is absorbed and the generated

charge is collected. A smaller bipolar pulse is observed in the neighbouring pixel
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induced by the phenomenon. In the pixel no charges are collected, because the
shaping circuit acts such as the integral of the signal is equal to zero. In certain
cases its amplitude can be large enough to be detected and confused by a low-energy
photon. We will see in Chapter 2 that it is possible to reject pulses induced by

weighting potential cross-talk with a dedicated pulse processing [52].

——pixel 8
——pixel 9
—threshold

0 50 100 150
Time (ns)
Figure 1.17: Overlap of pulses on neighbouring pixels induced by weighting potential
cross-talk [52].

1.3.3 Charge sharing

The weighting potential cross-talk is responsible for the lower part of the pulse-
height spectra where there is a large number of pulses with an amplitude slightly
above the detection threshold. However, other type of undesirable effect have been
observed. Fig. represents the spectra measured by a prototype 16 pixel linear

1D) spectrometric CdTe detector using a radioactive source of *Co.
g

5000 T T T T
L, 4000 | Weighting potential cross-talk Co-57 peak -
= 122 keV
g .
< 3000 | / f“{\ }
s Co-57 peak-CdTe |/ ,{
= 2000 flourescense escape i
o |
5 Charge sharin ’ Co-57 peak
Z 1000 gl g \ /) g X
N -\ 136 keV
0 R e i e T,
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Ener?gsybin
Figure 1.18: Spectral response measurements for 16 different pixels (various colors)
of a spectrometric detector. Channel width is equal to 1,2 keV. [53]
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Ideally one would expect a single peak around the energies 122 keV and 136 keV.
However, the low energy tail of the pulse height spectra is mainly due to charge
loss, charge sharing and weighting potential cross-talk. Many physical phenomena
can lead to amplitude loss, such as Compton scattering, K-shell fluorescence, as

well as thermal diffusion of the photo-generated charge carriers. [53]

Charge sharing is the result of the spread of the charge cloud generated from
a single X-ray photon. The charges are collected by two adjacent pixels (Fig. [1.19)).

An example of pulses affected by charge sharing is shown too.

—=—pixel 9

Cathode

A

——pixel 8
Semiconductor (CdTe) —threshold

” 4,
photon

——no CS pulse

/ N

0 50 100 150
Time (ns)

Anode &

Figure 1.19: (Left) Simulation of the charge cloud shared by two neighbouring
pixels causing the phenomenon of the charge sharing. (Right) Overlap of pulses on
neighbouring pixels induced by charge sharing [52]. In red the pulse not affected by
charge sharing.

In this example, we observe that the sum of the amplitudes of two pulses detected
on neighbouring pixels is equal to that of a normal pulse without charge sharing. If
all the charges are properly collected by the two neighbouring pixels, the correct
incident photon energy is obtained by summing the amplitude of the two pulses on

adjacent pixels.

1.3.4 Pile-up

Another source of error due to the rate of events per second is the pile-up effect.
Pile-up happens when pulses arrive in a temporal window shorter than the resolution
time of the system. Fig. [1.20] represents a simulation of the detector output where
we can distinguish the data from the detector itself with each component of the

train of pulse pile-up.
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Figure 1.20: Example of pulse pile-up.

With count rates as high as those required for CT and XR medical imaging, two
types of pulse pile-up effects are observed: peak pile-up and tail pile-up. Coincidences
during the initial part of a pulse are recorded as a single count at a higher energy
than the original pulse’s energies. This is called peak pile-up. The long tail of the
pulse affects the recorded energy of subsequent events. A peak overlapping the
tail of a preceding pulse, results in a higher recorder energy. This is called tail
pile-up. Both peak and tail pile-up distort the recorded spectrum, and the amount
of distortion depends strongly on the count rate. The impact that pile-up has on a

measured spectrum is represented in Fig. [I.21]
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Figure 1.21: Examples of measured X-ray spectra at 3 different count rates, nor-
malized by the tube current. [53]

The spectra are measured by a prototype spectrometric CdTe detector developed
at CEA-LETT Detector laboratory (LDET) using an X-ray source at 120 kV with
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different currents of the tube in order to obtain different count rates [9]. In absence
of pile-up, the three spectra normalized by the tube current should be identical.
When the pile-up rate increases we notice a decreasing on the number of output
count rate with an increasing on the number of photons in high energy range. This
is due to the peak pile-up. Moreover, we can notice a distortion of the pulse height
spectra caused by the tail pile-up, responsible of the energy resolution degradation,

that can be observed on the fluorescence peak of Tungsten (W), around the channel
55.

1.3.5 Ballistic deficit

Semiconductor detectors converts the deposed energy from the absorbed interaction
in electrical signals. The interaction creates free charges (electrons or holes) collected
by the electrode under the effect of an electrical field. The drift of these charges
induces an electrical current on the electrode that is converted in voltage signal by
the CSA. The voltage pulse is then processed by a shaping circuit with the goal of
shorten the temporal width of the signal and increase the SNR. We call peaking

time, T), the duration between the beginning and the maximum of the pulse.

14
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Figure 1.22: An illustration of the definition of peaking time of an output pulse
from a shaping circuit.

Fig. [1.22] represents the definition of T,. In an ideal case T}, is large compare to
the charge collecting time, in order to measure all the signal. In the opposite case,
a fraction of charge will not be collected. This phenomenon is calle ballistic deficit.
This effect can have an important impact impact on the energy resolution of the

system. Fig. [1.23]shows an illustration of the ballistic deficit.
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Figure 1.23: An illustration of the ballistic deficit. [20]

For a given pulse shaper (Gaussian filter in Fig. , there is an impulse response
output function Vy(t) when all the charges are collected instantly. If the charge
collection time is finite, the input function, U(t), will reach its maximum at a
time T, and the output V(t) will reach its peak amplitude at t,,. This maximum
amplitude is generally less than the one of the impulse response function. The
ballistic deficit (BD) is therefore defined as:

BD = AV = Vy(to) — Vir(ty) (1.6)

1.4 Correction techniques

In this Section the state of the art of the existing techniques for the phenomena of

charge sharing, pile-up and ballistic deficit will be presented.

1.4.1 Charge sharing correction

Here we are going to present the state of the art corresponding to the phenomenon
of charge sharing in pixel detectors of different thickness and pitches. Normally,
the detection of charge sharing events is performed through a Time Coincidence
Analysis (TCA), by detecting the events of adjacent pixels in temporal coincidence
within a selected Time Coincidence Window (TCW). After the detection of these
events the signal processing is responsible of treat them in order to recover or
reject the amplitude information. The processing we can find in the literature
are based on two different approaches. A first approach is called Charge Sharing
Discrimination (CSD) and it is responsible of the rejection of the recognized
pulses induced by charge sharing. The goal of this technique is to obtain pulse
height spectra (PHS) of better quality, accepting the decrease of statistic. Another
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approach is the Charge Sharing Addition (CSA) which consists in the recuperation
of the correct amplitude information of charge sharing events performing the sum of
them. With this technique the goal is to correct the spectral information degraded
by the phenomenon of charge sharing without losing photons but accepting a slight
degradation of the energy resolution. In Tab. are grouped some works we can

find in the literature for the correction of charge sharing events.

Author,Year Application field Method
[55] Mathieson et al. - 2002 Hybrid Si X-ray detector CSD

[56] Abdalla et al. - 2006 Medical Imaging CSD

[57] - [58] Ballabriga et al. - 2007/2010 MEDIPIX CSD and CSA
[59] - [60] Veale et al. - 2011/2014 Medical Imaging CSD and CSA
[52] Brambilla et al. - 2012 X-ray spectroscopy CSA

[61] Abbene et al. - 2018 X-ray spectroscopy CSD and CSA

Table 1.2: State of the art of the charge sharing correction methods.

Charge Sharing Discrimination

In 2011, Veale [59] described the discrimination of charge sharing events for the
PIXTE-ASIC. It consist on four arrays of 3x3 pixels which can be bonded to a single
CdTe or CdZnTe detector, represented in Fig. [I.24] The detector anode consist of
four different geometries, and the comparison of two of them are here presented:

the arrays with pixels size of 250 pm and 500 pm.

Figure 1.24: (Left) The PIXIE ASIC.(Right) The anode geometry of the PIXIE
detector [59].
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For the charge sharing correction a low energy threshold was set for both the two
configurations. Charge sharing involving energies of less than these thresholds will
remain uncorrected as they will not be registered as an event. During an event
if two or more pixels are found to be above the set threshold then the event is
recognized as charge sharing and removed from the spectrum. Fig. [1.25| shows the

measured spectra for two different pixel sizes with and without CSD.
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Figure 1.25: (Left) 2! Am spectrum of the array 3 (250 ym) and 4 (500 pm) before
correction of charge sharing events (left) and after the charge sharing discrimination
(right). [59]

For comparison the raw spectrum obtained without correction of charge sharing is
also represented. The result shows that the CSD algorithm improves the FWHM
of the peak investigated on the 2**Am for the pixel of 250 ym from 3,8 keV to 1,8
keV. For the array of 500 pum the improvement on the energy resolution is slighter,

from 1,9 keV to 1,8 keV, because of a slighter impact of the phenomenon.

Charge Sharing Addition

The same team developed another approach for the treatment of the charge sharing
events involving the CSA algorithm [59]. The CSA technique detects charge sharing
events on neighbouring pixels and sum the amplitude of the detected pulses on the
pixel that originally received the largest proportion of the energy. The detector
consists now of 80x80 pixels on a 250 pum pitch. This work demonstrates that the
resulting spectra obtained from the CSA operation mode have improved sensitivity
(97%) compared to the raw and CSD corrected data (63%), but suffer from a
reduction of energy resolution due to an increase in noise and errors in the addition
process from 1,8 keV in CSD to 1,9 keV in CSA [60].

The MEDIPIX team studied also the effect of charge sharing in X-ray imaging
application. In 2007 a prototype pixel detector readout chip has been developed
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with a new front-end architecture aimed at eliminating the spectral distortion pro-
duced by charge diffusion in highly segmented semiconductor detectors (MEDIPIX3)
[57]-[58]. Two different operation mode were developed through the years. Fig.
[1.26] represents a simulated response function for irradiation with 15 keV photons

obtained with the two studied mode of operation.
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Figure 1.26: Response function in the two pixel configurations operated in SPM
(red) and one CSM (black). [57]

The first approach, Single Pizel Mode (SPM), provides each pixel completely au-
tonomous of its neighbours. In SPM, each pixel works independently of its adjacent
pixels, hence charge sharing effect distorts the energy response of small detector
pixels [57]. To remove this effect, Charge Summing Mode (CSM) of operation was
introduced. In this mode, clusters of four pixels are formed. Deposited charges in
each cluster is reconstructed through inter pixel communication, and then arbitra-
tion counter assigns it to the pixel in which maximum portion of the charge was
deposited. In [58] a comparison of the two mode of operation is proposed. The chip
can be configured such that only one input pad in 4 is connected to each channels
of the 8x8 matrix with a pitch of 110um. In this case, up to 8 discriminators and
counters are available per pixel and charge summing can take place over a total
area of 220um x 220pum. The results obtained from the comparison show that the
front-end noise is 75 e "rms in SPM and 150 e"rms in CSM. The count rate has
been measured in both modes indicating monotonic behaviour in SPM and up to 17
- 10 ph/mm?2 /s in CSM. Moreover, in SPM the image quality is superior compared
to the one obtained in CSM. This is caused by the fact that if a pixel has a lower
energy threshold compared to its neighbours, then it is possible to count more in

this pixel and thus with a false hit allocation.
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For this reason, in [62] the new architecture of MEDIPIX3RX was developed.
Its goal is to correct the misallocation of hit carried by the previous version. The
local charge deposited in the semiconductor detector material by a single event is
compared with a threshold. The output of the comparator is fed into an arbitration
network to determine which pixel received the largest charge. A counter in the
pixel with the largest charge deposited increases if the reconstructed charge in one

of its neighbouring summing circuits exceeds the programmed threshold.

Figure 1.27: Illustration of the CSM algorithm. [62]

Fig. represents a simple scheme of the cluster. The MEDIPIX3RX has

successfully corrected the limitations of its previous version.

1.4.2 Pile-up rejection and pile-up recovery

In the literature we can find two different approaches in the processing of pulse
pile-up, i.e. Pile-up recovery or Pile-up rejection. The aim of the first approach is to
identify the pulses affected by pile-up and recover their correct energy information.
The second approach is based more on the detection and consequent rejection of
these pulses. According to the application we prefer to use an approach rather
than the other. In cases in which the goal is to preserve the energy resolution
of the detector response, the rejection of pulse pile-up is used. In case in which
the degradation of the energy resolution is less important than the count loss,
the technique of pile-up recovery is used. In this Section we are going to present

different pulse processing for these phenomenon.
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Pile-up recovery - Deconvolution

A common approach we can find in the literature for the pile-up recovery is the
method of the deconvolution. The concept of deconvolution is widely used in the
techniques of signal and image processing. A number of researchers have used
deconvolution techniques to reconstruct the initial detector impulse signal from the
shaped CR-RC amplifier output pulse [63]. Nowadays, Digital Pulse Processing
(DPP) permits to develop real-time algorithms for the detection of pile-up events.
In [64] a novel method for the detection of pile-up events using the deconvolution
it is used. The method is developed for scintillation detector such as Na(Tl). It
consists in a real-time deconvolution filter of different orders (3-points, 4-points
and 5-points deconvolution filter) in order to study the performances achievable.
They demonstrated that with their approach they are able to reduce the number of
pile-up events from 56% to 7%.

Another way of use the deconvolution is to use a fitting technique ([65], [66],
[67]). Most of the developed methods adopt the pulse fitting technique with ap-
propriate function describing the pulse shape, but the way of performing the fit
can be different. In [67] the method is applied to HPGe detectors and the pulse
separation is performed with a Timing Filter Amplifier (TFA) with short shaping
time in order to detect the correct information of pulses pile-up. From the TFA we
can extract important parameters for the fit, i.e. timing and the number of pulses
even if the signal of the long shaping time amplifier is piled up. Fig. shows a

diagram of the approach developed in this work and the result obtained.
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Figure 1.28: (Left) Data acquisition system with TFA. DSO is the digital storage
oscilloscope.(Right) Separation of multiple pile-up event. [67]

The parameters related on pulse shape are derived by fitting a pair of waveforms of
research amplifier and TFA with good SNR and no pile-up. The fit described in
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the paper is then performed routinely to all the acquired events both in presence
or not of pile-up. With the method presented in [67] it is possible to separate and
recover the pulse pile-up and use these events for the PHS. The result is a method
based on a fitting technique for the recover of pile-up events without losing on the

count rate and with an improvement of the energy resolution.

Modern field programmable gate arrays (FPGAs) are capable of performing complex
discrete signal processing algorithms. Haselman [68] describes a digital pulse pile-up
correction algorithm that has been developed on FPGA for a positron emission
tomography (PET) scanner. This correction technique uses a reference pulse to
extract timing and energy information for pile-up events. Fig. [1.29 represent a
diagram of the correction adopted in this work.

18t pulse
2nd pulse

time 1st pulse, |time, energy
remove 1st pulse

E ;2”" pulse

8 time, energ
time 2nd pulse ST

observed pulse

Figure 1.29: Block diagram of the overall pulse pile-up correction algorithm. [68]

In this work, they demonstrated that an all-digital pulse pile-up correction algorithm
can recover pulses overlapped up to 80%. Simulations at 1 Mc/s show that this
algorithm is able to capture and process 30% more pulses than with a pile-up
rejection method. Moreover, compared to the other technique presented of pile-up
recovery, this method can be easily implemented in an FPGA with a reasonable
amount of resources and without the need of a short shaping time for the pile-up

detection.

Pile-up recovery - Other methods

Other works using the approach of pile-up recovery based on the deconvolution

technique are summarized in Tab. [I.3]
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Author,Year Application field Method

[69] Belli et al. - 2008 n—- Separation through
quadratic least squares fit

[70] Nakhostin et al. - 2010 Ge detectors Off-line fitting

3 methods of deconvolution:
[71] Mahmoud et al. - 2012 Na(T1) detectors 1) Direct search

2) Least square fitting

3) First derivativetmax. peak

Table 1.3: State of the art of pile-up recovery approach using the deconvolution /fit-
ting.

The technique of deconvolution is mainly used for ~-ray applications. In these
applications the count rate achievable is limited compared to X-ray applications. In
the works we analysed the maximum count rate used for the applications involved
was of 1 Mc/s. In X-ray applications the rates involved can be higher. For this

reason in this application field, other approaches are preferable.
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Figure 1.30: A circuit connection for the CDM PC pixel and outputs.

In [72] it is proposed an innovative method to minimize the losses due to the pile-up
for high fluxes applications. A photon counting (PC) pixel is studied together with
the Cross Detection Method (CDM) for the pile-up detection. Fig. represents
the circuit connection of the proposed CDM photon counting pixel with outputs.
The scheme in the dashed box shows the circuit used to perform the CDM. The
idea of the CDM is to add a delay and an offset to the output of the CSA (Vega)

[73]. The resulting signal is called Vpyprer and it is compared to Voga. Crossing
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points are generated when one pulse exceed the other. The comparator produces
the high signals outputs (Vopas). In this way, the counter is able to register the
incident events without any loss. This is the basic principle of the CDM. Fig

shows a simulated result of the method proposed.
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Figure 1.31: Simulation outputs of the proposed CDM PC pixel at pulse pile-up.

The value of the optimal delay is chosen experimentally changing the Rgeqy reported
in Fig. [1.30] The value of the optimal offset is done studying the Fast Fourier
Transform (FTT) of the output signal of the CSA [73].

Pile-up rejection

The approach of pile-up rejection has been widely studied for high flux X and
~-ray spectrometry applications. A number of methods, based on pulse shape
discrimination have been proposed to identify pulses affected by pile-up. Some
examples are: leading edge discrimination, monitoring the incoming signal and
detecting pile-up events based on the rising edge of the pulse signal [74], methods
identifying pile-up events by Time Over Threshold (TOT) [75], pulse peak detection
[76] and matched filter [77].

In 2015 a group from the University of Palermo (Italy), used the approach of
pile-up rejection to mitigate the distortion in radiation measurements [81]. In this
work a double shaping circuit is used. The fast one is responsible of the pile-up
rejection. The slow one is responsible of the Pulse Shape and Height Analysis
(PSHA) on the pulses selected by the pile-up rejection. The technique performs

a selection of time windows of the charge sensitive preamplifier (CSP) waveform
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for the slow shaping. Each selected time window of the CSP waveform is called
"Snapshot", while the width of this window is called "Snapshot Time" (ST). The
selection of pile-up events is related to the reference time of each fast SDL pulse,
i.e. the time when the falling edge of the SDL pulse crosses the threshold. If two
detected fast SDL pulses are within ST /2 of each other, then there won’t be any
selected pulse. A pulse is accepted if it is not preceded and not followed by another
pulse in the ST /2 time window periods. The energy resolution strongly depends on
the ST values. As the shaping time of classic analog systems, long ST values give
better energy resolution. Fig[l.32) represents the selection of the temporal window

for the slow shaping circuit.
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Figure 1.32: ST selection by the PUR for the slow shaping circuit. [81]

The pulses in Fig. [[.32 represent X-rays signals from an X-ray tube impinging on
a CdTe detector with a count rate of 2,2 Mc/s. The final goal of this job was to
study the behaviour of the dead-time of the system in three different configuration.
Two types of dead-time are initially presented, type I and type II. They do not
take into account the losses related to pile-up. For this reason a third model is here
proposed, dead-time type III in which the effect of the pile-up is considered. The
comparison of the three method is then presented and in particular for the third the
technique of pile-up rejection is considered. The result is that with the pile-up rejec-

tion it is possible to obtain an higher throughput with a loss on the energy resolution.

Others important works using the pile-up rejection are summarized in Tab. [T.4]
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Author,Year Application field

Method

[78] Sharma et al. - 2015 X-ray spectroscopy

Rejection through the help of
simulated X-ray spectra
compared to raw spectra

[79] Kun et al. - 2015 PCD

FPGA PUR with 3 thresholds

[80] Gu et al. - 2016 PET scanner

Position Shift Rejection (PSR)
using 3 amplitude thresholds

Table 1.4: State of the art of the pile-up rejection approach.

1.4.3 Ballistic deficit compensation methods

The other possible source of degradation of the energy resolution of the detector

response is the ballistic deficit. Many approaches were developed in order to com-

pensate this effect on the shaper output.

The shaping circuit with a short shaping time, that here we are going to call

fast shaper, permits to detect events occurred from multiple interaction. In [21]

this type of approach is used.

1) Digitized signal
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2) Inverse high pass filter

L
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IR\
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3) Linear interpolation
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4) Differentiation

5) Shaping filter
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Figure 1.33: Principal steps for the pulse height reconstruction in [21].

The method is developed for HPGe detectors, used for very high resolution appli-
cations. In particular they use a technique called Multi-Site Event Cancellation
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(MSEC), to preserve the energy resolution achievable. The different steps of the
pulse height (energy) reconstruction are illustrated in Fig. m The first three
steps are used for the pole-zero cancellation. They are followed by a differentiation
and a shaping filter (pseudo-Gaussian with a shaping time of 6 us). The Multiple
Interaction step is introduced before the shaping filter, between the poit 4) and 5).
The method is particularly suitable for events with energy deposition in multiple
locations (from where the name) that presents a variation in the charge collection
time. Fig. [L.34] represents the results obtained when the MSEC is enabled or not for
different shaping times of the pseudo-Gaussian filter. The MSEC method improves

the energy resolution obtained whit short shaping times.

25 : : :

2.4 MSEC off —a— -
23 | MSEC on —e—
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Figure 1.34: The energy resolution (FWHM) of the 1332,5 keV ~-ray line of ®Co
obtained with the pseudo-Gaussian filter for different shaping times. [21]

Double shaping circuit for ballistic deficit compensation

Other works use a double shaping circuit working in parallel. The short shaping time
is responsible of detecting multiple events occurring in a short temporal window,
the long one is responsible of collecting all the charges. Fig. [1.35| represents a

diagram of a possible way to use the double shaping circuit.
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Figure 1.35: Example of electronic chain for signal processing with the two shaping
circuits.

In [82] and [21] the ratio between the measured amplitudes from the output of
the two shaping circuits is computed. The goal is to estimate a correction factor
to apply to the short shaping circuit and compensate the ballistic deficit. In [21]
the correction of ballistic deficit is performed for large coaxial Ge detectors. The
method is based on the relationship between the amplitude deficit and the time
delay At in the peaking time of the pulses:

Where Vj is the peak amplitude of the output signal for a step function input,
AV is the ballistic deficit, T is the peaking time of the output signal for a step
function input and AT is the delay on the peaking time for an input with a short
peaking time compared to the step function. The peak delay is measured and the
correction factor, Vi (AT/Tp)?, is then computed. Finally, this correction factor
is added to the shaper output to produce the final correct signal. In the paper it
is demonstrated that this method has to be improved because of the significant
sensitivity to variation of the signals rise-time. For this reason, an improvement
of this method is performed in the successive work [82]. The improvement in this
work is to add a correction factor which describes the variation of the signal rise
time. Fig. [1.36| represents the circuit developed for the correction of the ballistic

deficit for unipolar and bipolar signals.
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Figure 1.36: Example of electronic chain for signal processing with the two shaping
circuits.

Normally the correction factor (K) is rise-time dependent and it is measured by
subtracting the bipolar signal from the unipolar one. With the technique developed
in this work the peak amplitudes of the bipolar and unipolar signal are detected and
then subtracted. In this way an error, V., is produced. The addition of this error
to the unipolar signal reduces the sensitivity to the input rise-time and thus the
compensation is well performed. The distorted spectrum before the compensation
is characterized by a Full Width at Half Maximum (FWHM) of 2,74 keV. after
the correction the spectrum is characterized by a FWHM of 1,84 keV. The results
presented here are evaluated using a small (20%) volume p-type closed-end coaxial

detectors in conjunction with a signal processor having a 2 ps peaking time.

Other works using different approaches based on the use of a double shaper for
the ballistic deficit compensation are summarized in Tab. [I.5 It is important to
underline that all the works here presented are adapted for high-energy resolution

spectroscopic detectors.

Author,Year Application field Method

[18] Goulding - 1988 Ge spectrometers Double shaper
[82] and [I8]

[20] Moszynski - 1991 Large Ge adapted to

detectors 3 different

Sensors

[20] Moszynski - 1991 Spectroscopy Gate Integrator

[83] Radeka - 1988 Amplifier

[19] Goulding - 2002  Very large Ge detector Double shaper

Table 1.5: State of the art of different ballistic deficit compensation methods.
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1.5 Conclusions

In this Chapter we have presented the state of the art of X-ray imaging detectors.
We presented three different detection modes, integration, counting and spectromet-
ric mode, then we focused our attention on semiconductor spectrometric detectors
such as CdTe and CdZnTe. In a second moment we presented in detail the state
of the art of hybrid pixel detector readout ASICs for spectrometric X-ray imaging

developed by many research groups.

The development of spectrometric detector for high-flux X-ray imaging applications
evolved more and more in the last decades. A spectrometric pixel detector with high
resolution capabilities was developed in CEA-LETI. The physics of the detector was
then presented together with the effects, such as pile-up, charge sharing, weighting
potential cross-talk and ballistic deficit, affecting the performances of the detector
response. Finally, the state of the art of the processing for the mitigation of these

effect is discussed.
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Chapter 2
The Spectrometric Pixel Detector

In this Chapter we describe in detail the read-out electronic developed in LDET.
The pulse processing algorithms were developed in order to perform high-resolution
and high-flux spectrometry measurements under X-rays. The characterization of
the spectrometric pixel detector developed during this thesis work will be presented.
Different shaper configurations for the data processing were studied in order to find

the best compromise in terms of energy resolution and dead-time of the system.

2.1 Experimental setup

Figure 2.1: Detector setup developed in CEA-LETI: shield aluminium box (left),
analog read-out circuit (center) and digital circuit (right).

The detector laboratory (LDET) of CEA-LETI has developed a novel 16-channel
fast read-out electronic circuit able to perform high-resolution spectrometry mea-
surements at X-ray fluxes up to 107 X/mm? /s [84]. For each channel, the signal is
continuously digitized at 100 MHz by a 10 bit Analog to Digital Converter (ADC).
An FPGA (Altera Cyclon II) controls the acquisition and reconstructs the energy
spectra on 256 bins for each channel. The read-out electronic circuit is coupled to

4x4 CdTe pixel detector with ohmic contacts. The proposed 16-channels prototype
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is developed for testing new Digital Pulse Processing (DPP) algorithms for pixel
detectors. The 4x4 CdTe detector array was purchased from ACRORAD (Japan)
with a pixel pitch of 800 pm. The detector thickness is 3 mm and ensures good
stopping power for X-rays of up to 160 kV. The novel architecture developed by
LDET takes advantage of the FPGA, which allows the implementation of advanced
digital algorithms to process the signals, among them charge sharing, weighting
potential cross-talk and pile-up correction. Fig. [2.2] shows a diagram of the readout

electronic circuit.

X phojon

H=
—Vr@ADC
]

Vdd

CdTe (4x4 matrj

USB X PC

> G UM

ADC

ADC

Figure 2.2: Readout electronic circuit architecture. [84]

Typical Pulse Height Spectra (PHS) obtained in real-time with this architecture
are shown in Fig. [2.3] They represents the comparison between the 16 channels
and they show that there is only a slight variation in the main peak position and in
the energy resolution among pixels. As we already have presented in Chapter 1, the
low pulse-height tail of the spectra is attributed to charge loss and charge sharing
effects. The charge loss is due to many physical phenomena such as Compton
scattering, K-shell fluorescence or thermal diffusion of the photo-generated charge
carriers [I0]. The pulse processing algorithms used to reduce these effect will be

presented in the following Section.
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Figure 2.3: (Left)Pulse-height spectra from a °’Co «-source and (right) from a 120
kV X-ray source obtained with the CdTe 16-pixel with a count rate of 2 Mc/s. [10]

2.2 Pulse Processing algorithms

In this Section the pulse processing techniques developed by LDET for the recon-
struction of the 16 pixel spectra on 256 energy channels are presented. Fig.
represents the architecture of the pulse processing implemented on the FPGA for

one single pixel. The circuit is reproducible identically for the other pixels.
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Figure 2.4: Full architecture block developed by LDET. Pixel principle, front-end
electronics and signal processing.

The digital processing developed on the FPGA can be divided in three main sectors:

e The Pulse Shape and triggering: a programmable shaping circuit responsible of
the shaping of pulses from the Charge Sensitive Amplifier (CSA), the triggering
of the shaped pulses for their detection and the amplitude measurement,

together with the baseline restoration.
e The Correction Algorithms: processing of undesirable events for the spectra
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reconstruction, i.e. the charge sharing, the weighting potential cross-talk and

the pile-up events.

e The Pulse Height Spectra: reconstruction of the energy spectra on 256 energy

bin after the correction algorithms are performed.

In the following Sections, we are going to analyse in detail how to perform the

shaper, the trigger algorithm and the correction algorithms.

2.2.1 Programmable shaper

The shaper is used to process the pulses from the CSA and to perform noise filtering.
The signals delivered by the CSA have a long exponential decay time and successive
pulses will have an high probability to overlap. The role of the shaper is to transform

these signals into short pulses with amplitudes proportional to the induced charge.

In the literature many ways were developed for the pulse shaping (Gaussian,
cusp-like, triangular). The major challenge of these digital pulse processing systems
is represented by the difficulty of dealing with high rates drawbacks [8]. The recur-
sive algorithm of the trapezoidal filter [85] and the classical Single Delay Line (SDL),
which have the advantage of being easily implemented on FPGA, are presented

here.

The Single Delay Line

In the algorithm of the Single Delay Line, the signal from the CSA is delayed of a
quantity and attenuated by a fraction proportional to the decay time of the CSA

pulse. The obtained pulse is then subtracted to the original pulse from the CSA.
The algorithm is illustrated in Eq. 2.1}

VSDL(t) = VCSA(t) — VCSA(t — TD) . ef(TD/TI*’) (2.1)

Where Vgpy, is the voltage amplitude of the SDL output, Tp is the delay time
and Vggy is the output signal from the charge sensitive amplifier. The attenuation
factor 7;. it acts as a pole-zero cancellation. Fig. represents a SDL shaping

where (a) 75 = 77 and (b) 75 # Tp.
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Figure 2.5: (a) 75 = 77 and (b) 75 # 7p.

By setting the right value of 73, i.e. 7} = 7 (where 7 represent the time constant
(RC) of the falling edge of the CSA), it is possible to compensate the undershoot
(15 > 7F) or overshoot (7} < 7r) due to the slope of the falling edge of the CSA
output. The consequence of an incorrect compensation is a false estimation of the
pulse amplitude. The main parameter of the algorithm is the delay Tp. Fig. [2.6]
represents the result of this algorithm with two different delays and a fixed peaking
time, Tp, of the signal from the CSA. We call peaking time, the time between the

beginning of the signal and its maximum.
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Figure 2.6: Single isolated CSA output pulse (dashed black line) and the SDL
shaped pulse (solid blue line) with a delay time (a) Tp>Tp and (b) Tp<Tp. [§]

The use of shaping times larger than the peaking time of the CSA signal ensure
that the collected charge are correctly measured. If the shaping time is shorter

compared to the peaking time, a fraction of the CSA signal will not be taken into
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account. This is the phenomenon of ballistic deficit. Normally, the information
obtained from the amplitude of the pulses is still proportional to the released energy
of the interaction occurred, but the SNR will be affected.
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Figure 2.7: CSA output (black) with three pulses (arriving at three different times)
and the SDL shaped waveform (blue) with Tp<Tp for a tail pile-up (a) and for a
case of peak pile-up (b) [§].

Fig. 2.7 represents the output of the CSA and the corresponding output of the
SDL with Tp<Tp when there is pile-up. The SDL shaping with Tp<Tp can be
very helpful to reduce pile-up. The efficiency of the algorithm proposed is visible

when the count rate increases and the phenomenon of pile-up becomes significant.

The Trapezoidal filter

Another approach of shaping circuit, able to convert the long exponential tail of
signals coming from the CSA with a shorter symmetric pulse is the Trapezoidal
Filter. The trapezoidal shaper is a FIR filter, easy to implement in FPGA and
able to increase the SNR. The trapezoidal filter can be described as a filter able
to transform the typical exponential decay signal generated by the CSA into a
trapezoid that presents a flat top whose height is proportional to the amplitude of
the input pulse. The trapezoidal filter is considered as the closest FIR filter to the
optimal shaper, known as cusp filter. This latter is an Infinite Impulse Response
filter (IIR) and for this reason difficult to implement both in analog and digital
circuits. The recursive algorithm that converts a digital exponential pulse v(n) into

a symmetrical trapezoidal one s(n) is given by:

d¥(n) = v(n) —v(n — K); (2.2)
d*F(n) = d*(n) — d*(n — L); (2.3)
p(n) = d*(n) +p(n —1); (2.4)
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r(n) =M -d"(n) +p(n); (2.5)
s(n) =r(n) + s(n—1). (2.6)

Where v(n), p(n) and s(n) are equal to zero for n < 0. Fig. [2.8 represents a 3 block

diagram of the recursive algorithm presented.
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Figure 2.8: Block diagram of the digital trapezoidal shaper. [85]

The parameter M depends only on the decay time 7 of the exponential pulse and

on the sampling period T, of the digitizer. It acts as the pole-zero cancellation

and it is equal to M = 1/[e ke 1]. The two delay lines are linear time invariant

and they are characterized by two important parameters: K and L. They represents
the number of samples for which the signal is delayed. Moreover, they are the main
responsible of the trapezoidal output shape. In fact, the duration of the rising
(falling) edge of the trapezoidal shape is given by the smaller value between K and
L (min(K,L)), while the duration of the flat top is given by the absolute value of
the difference among them: (JK-L|). The duration of the flat top should be larger
than the peaking time of the CSA, in order to ensure the correct collection of the

charges. If the flat top is shorter than the peaking time, we have ballistic deficit.

Trigger and amplitude measurement

The most common method for triggering the signal is to use an amplitude threshold.
This latter is applied to the output of the shaper and the signal is triggered once
it passes the amplitude threshold. This method has an important drawback. Fig.
represents two simulated pulse pile-up from the CSA with the relative shaped
signals from the SDL circuit with a Tp<Tp. The amplitude threshold is represented
too. When two successive pulses affected by pile-up are not enough spaced in time,

the method of the threshold is not able to separate two pulses.
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Figure 2.9: Two cases of maxima detection through the use of the threshold.

In the first case, the two pulses are separated enough in time and the shaped pulse
is able to return to its baseline. In this case the threshold technique is able to detect
both of them. In the second case, the signal from the SDL is not capable to return
to its baseline before the beginning of the second one. The threshold technique fails

to separate the two events. For this reason we have developed a new trigger method.

The method is based on the first derivative of the signals from the SDL. This
operation can be easily implemented with only one delay unit, since the digital first

derivative is defined as follow:

D(i) = SDL(i) — SDL(i — 1) (2.7)

Where ¢ represents the sample forming the pulse. Fig. shows the principle of

the method of the first derivative used as a trigger technique.

Max

—m-( ) SDL output
'

First derivative »

________________

Threshold 1 | |1
Threshold 2 % oy PR P —b

v

Figure 2.10: (Top) Theoretic output from the SDL for two different photon. (Bot-
tom) The first derivative with its two thresholds for the detection of the maxima.
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The first derivative of the SDL output is calculated continuously. A system of
two thresholds, one positive and one negative, is used. The positive threshold is
compared with the positive lobe of the first derivative. The negative threshold
is used to recover the value of the maximum of the shaped pulses. The positive
threshold is responsible of detecting the signal but also to activate a counter. In
fact, with this technique it is also possible to determine the maximum of the shaped
pulse. The two threshold works as a "start" and a "stop" of the process. When the
first derivative is smaller compared to the positive threshold and bigger than the

negative one, then the value of the amplitude of the shaped signal is registered.

The advantage of this trigger technique is its ability of detecting two successive
pulse that can not be distinguished by the simple amplitude threshold. Fig. [2.11

represents this concept with two different case of pile-up.

2 ’ 5 ——output CSA 21 5 —output CSA
——output SDL —output SDL
2 —— 1st derivative 2 —— 1st derivative

—threshold 1st der. pos. —threshold 1st der. pos.
— 1 ,5 ——threshold 1st der. neg. — 1 ,5 ~| ——threshold 1st der. neg.
S ——amplitude threshold =5 ——amplitude threshold
s 1 & 17
Q Q
R/ NN T X
b =
o 0 /=== 7 o 0 F//—/———=—
£ £
< <

-0,5 - -0,5 "
Time (ns) Time (ns)

Figure 2.11: Two cases of event detection through the use of the first derivative
when we can distinguish the two pulses (left) and we are not able to do it (right).

The first case is the same case shown in Fig. 2.9 to demonstrate the limit of
the threshold technique. With the first derivative threshold technique the two
amplitudes are well detected and measured. The second case represents a limit
situation where the first derivative threshold technique fails to distinguish two
successive pulses. When the time interval is smaller than the peaking time of the
shaped pulses, the derivative signal remains above the positive threshold until the
decay of the second pulse. In this situation the amplitude information recorded is

incorrect.

Baseline Restoration

In order to measure with accuracy the pulse amplitude, a Baseline Restoration (BLR)
is performed. The aim of the baseline restoration is to cancel the baseline shifts due
to DC offsets, thus avoiding energy peak drifting during the signal acquisition. In

our case the BLR is performed by evaluating the average of 16 samples preceding
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the leading edge of the triggered pulses. This means that the baseline is measured

every time there is no detected pulse. The concept is represented in Fig. [2.12]

Moving S
1
@ | average
. 1
on 16

AN

samples I
: —— Time (ns)
Time (ns) =

Trigger for the pulse
detection

Amplitude (a.u.)

Amplitude (a.u.)

Figure 2.12: Pulse from the shaping circuit and the concept of the baseline restora-
tion active or not.

The block of the moving average on 16 samples is active every time there is no
trigger. The operation of subtracting the correct value of the baseline from the
incoming pulse, is regulated by a switch S and a memory. When the circuit of the
trigger does not detect a pulse, the moving average is calculated and the switch
is closed in order to store the value of the baseline in a memory. As soon as the
trigger circuit detect a pulse, the switch is opened and the value of the baseline
stored in the memory is subtracted with the measured amplitude of the pulse. This

will be the correct value of the signal amplitude.

2.2.2 Correction algorithms

This second block is responsible for the correction of undesirable effects which
can affect the detector response. The technique of the first derivative is able to
reduce the effect of pulse pile-up, but sometimes it is difficult when they occur at
almost the same time. When the count rate increases, this phenomenon is more
significant and when the number of pulse pile-up increases it is necessary to use
other rejection techniques in order not to degrade the detector response. Others
sources of error, responsible of the presence of low energy informations in the spectra

are the weighting potential cross-talk and the charge sharing effect.

Pile-up rejection

The effect of pile-up on the pulse height spectra is a loss of counts and a significant
number of false counts on higher energies. For the detection of these events we use
the temporal duration of the first derivative positive lobe of the SDL output. The
first derivative of the shaped signals is characterized by a positive and a negative

lobe. The pulse maximum is reached when the derivative signal crosses the zero
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level. The duration of the positive lobe of the first derivative of a signal represents
its rise-time. It was observed that the rise time of the pulses affected pile-up is
abnormally long. In order to check the temporal duration of the rise-time of the
pulse a new parameter, T,,,., is introduced. Two thresholds are considered for the
following technique, a positive and a negative one, as already seen in Fig. [2.10]
When the first derivative of the SDL crosses the positive threshold, a counter is
started according to the clock cycle. If the temporal duration of the counter, which
increase with the clock cycle, is longer than T),., (equal to 80 ns), then the event is
rejected because recognized as pile-up. The counter stops when the fist derivative
cross the negative threshold. In case of single event, in this situation the value

of the amplitude is registered. Fig. summarizes the concept of the pile-up
rejection.

Output SDL

First derivative

...............................

Clock cycle Time (ns)

Figure 2.13: Simulated output of the SDL with one pulse affected by pile-up.

In this example, before the rejection algorithm is applied, 2 events are detected.
After the rejection algorithm only 1 of them are suitable to be registered in the
energy spectrum.

Weighting potential cross-talk rejection

The effect of weighting potential cross-talk on the pulse height spectra is a number
of false counts on very low energies. The rejection of pile-up events and weighting
potential cross-talk is done with the same process. Contrary to pulse pile-up we
observed that pulses affected by weighting potential cross-talk have a very short
rise-time. Pulses induced by weighting potential cross-talk are recognized with the

comparison of the duration of the positive lobe of the first derivative with a new
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parameter, T,,;,, set at 20 ns. If recognized as weighting potential cross talk, the
event is rejected because it would be registered in the low energy tail of the energy

spectrum. Fig. summarizes the concept of the weighting potential cross-talk

rejection.

Output SDL

1
u>-

1

1

1

1

1

1

1

1

1
>

1

1

1

First derivative

Clock cycle Time (ns)

Figure 2.14: Simulated output of the SDL with one pulse affected by weighting
potential cross talk

Before the rejection algorithm is applied, 2 events are detected. After the rejection

algorithm only the first pulse is registered in the energy spectrum.

Charge sharing correction

The other processing algorithm we want to implement is the one responsible for
the correction of the charge sharing effect. A simple charge sharing correction can
be performed by summing the charges measured on neighbouring pixels, each time
a pulse is detected on one pixel. The correction algorithm for charge sharing events
considers groups of cluster of 5 pixel, one in the center, one in the north, one in the
south and two at east and west in relation to the central one. A time coincident
window (TCW) of 20 ns is set. The correction of charge sharing event is performed
after the weighting potential cross-talk detection using the first derivative. In fact,
if the process implemented for the rejection of these events does not recognized a
weighting potential cross-talk and the counter stops before the limit imposed for
the pile-up rejection, then a comparison among the clustered pixel is performed. If
a pulse on one of the four neighbouring pixels is detected with the same process
in the fixed TCW, then the computed amplitude are summed on the pixel with
the higher pulse. Fig. shows the principle of the charge sharing correction.

Two pulses are detected within the coincidence window on the central pixel and on
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the west neighbour. The amplitudes of the two pulses is summed and the result is

attributed to the pixel with the larger pulse amplitude.

North North
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Time (ns)
Central Pixel

West East East

Central
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Amplitude (a.u.)

West
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Time (ns) Time (ns) Time (ns)
South

Amplitude (a.u.)

South
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Figure 2.15: Diagram for the detection of the charge sharing events and its conse-
quent correction.

An important fact to take into account is that the weighting potential cross-talk
signals can be seen as sharing event among two pixels. When this happens a pulse
from a pixel can be summed to the signal of the neighbouring pixel which is not
a charge sharing event but a weighting potential cross-talk one. For this reason,

the weighting potential cross-talk technique is applied before the charge sharing
correction.

2.3 Characterization of the pixel spectrometric de-

tector

In this Section we present the characterization of the spectrometric pixel detector.
The parameters of the pulse processing developed will be adjusted in order to study
the achievable performances of the detector. The characterization was performed
at both low and high count rates under v and X-rays, respectively. Low fluxes
measurements were performed with the + source of 5"Co. High fluxes measurements

were performed with a Yxlon MGC401 and 4,5 kW X-ray source operated between
120 kV and 160 kV.

2.3.1 Transient Signals

The performances of the 16-pixel matrix detector are based on the achievable energy
resolution and dead-time of the entire system. The digitized signals processed on

the FPGA comes from the CSA and they are digitized by the ADC. Fig.
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represents the transient signal at the output of the CSA. The pulse was acquired

with a vy-source of *7Co.

0 200 400 600
Time (2,5 ns)

Figure 2.16: Output signals of the CSA when an v particle interacts in the detector.

The signal is characterized by a rise time of 41 ns and by a long decay time. In
order to convert the long exponential tail of the CSA output the two programmable
shaper can be applied to these signals. Fig. [2.17 represents the output of the two
presented shaper applied to the output of the CSA.
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Figure 2.17: (Left) Output signals of the SDL at three different values of Tp.(Right)
Output signals of the trapezoidal filter at four different couple of values of K and L.

It is possible to notice that when the shaping time is shorter than the rise-time of
the CSA output we do not collect all the charges and thus we have ballistic deficit.
The result is a smaller pulse amplitude compared to the pulses when we have a

complete charge collection.

In order to evaluate the performances achievable in term of energy resolution
and dead-time, in what follows we are going to discuss the behaviour of the system

in different configurations.
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2.3.2 Energy resolution

The energy resolution is the photo-peak energy dispersion divided by the energy of
the photo-peak. It is defined as:

Renergy = %M(E) (2.8)
In which FWHM is the full width at half maximum of the peak corresponding to
the total deposition of the radiation energy in the detector and E is the energy
of the interacting radiation. A y-source of 5"Co, with a total count rate of ~100
c¢/s, was used to characterize the spectrometric performances of the CdTe detector
coupled with the 16-channel electronic setup. The bias voltage set was set to 1000
V, in order to ensure a good charge collection efficiency. The FWHM and the
position of the photoelectric peaks are estimated with a Gaussian fit. The energy

resolution achievable was measured with three different shaper configurations.

Energy resolution without pre-filtering and SDL

In this configuration the signals from the CSA are directly processed by the SDL
algorithm. We applied different values of shaping time in order to investigate the

influence on the energy resolution. Fig. [2.18 represents the pulse height spectra

obtained.
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Figure 2.18: Pulse height spectra obtained with a SDL characterized by different
values of Tp.

The energy resolution measured with different shaping times is summarized in Tab.
. The value of the FWHM, the R(%) and the position of the photoelectric peaks
are reported for the different Tp.
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Tp (ns) | 30 50 80 120 200

Peak position (at 122 keV) | 86 122 121 122 122
FWHM (keV) 14,1 128 11,6 109 10,7

R (%) | 11,6 105 95 89 88

Table 2.1: Values of the FWHM, the R(%) and peak position of the main photo-
electric peak of the v-source of *"Co.

The results obtained with this first test show that the energy resolution improves
when bigger delay lines are applied. The degradation of the energy resolution when
a short delay line is used (Tp=30 ns) is due to an increase of the FWHM of the
photoelectric peak and a decrease in amplitude due to the ballistic deficit. In fact,
it is possible to notice that the position of the photoelectric peak when Tp=30 ns

is smaller compared to the other peak positions.

Energy resolution with pre-filtering and SDL

To improve the energy resolution it is possible to implement a filter immediately
after the CSA in order to increase the SNR, at the expense of a slower rise-time.
An easy implementable filter on FPGA is the Moving Average Filter. The moving
average filter is a special case of a regular FIR filter. Both filters have finite impulse
responses but the moving average filter uses a sequence of 1 as coefficients, while the
FIR filter coefficients are designed based on the filter specifications. The choice of
the length of the temporal window of the moving average filter states the bandwidth
of the filter. The moving average of streaming data is computed with a finite sliding

window (N):

z(n)+x(n—-1)+- - - - +z(n—N)

N
The value of N is variable and we decided to analyse the performances reached
with two different filter, one with a cut-off frequency of 50 MHz (N=2) and one
of 20 MHz (N=5). Fig. represents the effect that the pre-filter has on the
signal form the CSA. We can measure the rise-time obtained with the two pre-filter
proposed. We find a rise-time of 56 ns with a 50 MHz filter and 93 ns with a 20
MHz filter.

MA = (2.9)
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018 J—CSA 0148 \—CSA
_ 016 |—pre-fitter 50 MHz _ 0,16 |—pre-filter 20 MHz
z: 0,14 3 0,14
~0,12 ~0,12
3 0,1 A 3 0,1
= 27
20,08 - 50,08
£0,06 - £ 0,06

0,04 . 0,04

0,02 0,02

0 T T T T 0 T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)

Figure 2.19: Effect of the pre-filter at 50 MHz (left) and 20 MHz (right) on the
signal from the CSA.

The filter with a cut-off frequency at 50 MHz was tested first. The signals are then
processed by the classical SDL with different shaping times. Fig. [2.20] represents
the pulse height spectra obtained.
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Figure 2.20: Pulse height spectra obtained with a SDL characterized by different
values of Tp for the 50 MHz filter.

The value of the FWHM, the R(%) and the position of the photoelectric peaks at
different values of Tp are summarized in Tab. 2.2

Tp (ns) | 30 50 80 120 200

Peak position (at 122 keV) | 84 116 121 122 122
FWHM (keV) | 14,2 116 10,3 98 9,7

R (%) 11,7 95 84 8 79

Table 2.2: Values of the FWHM, the R(%) and peak position of the main photo-
electric peak of the v-source of *”Co for the 50 MHz filter.

The effect of the implemented filter is visible on the slight improvement on the
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energy resolution. However, the energy resolution is slightly worsened at T p=30 ns
because the effect of the filter is to increase the rise-time with a consequent increase
of the ballistic deficit.

The same measurements were carried out with a moving average filter with a
cut-off frequency of 20 MHz. Fig. represents the pulse height spectra obtained
with different shaping times.
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Figure 2.21: Pulse height spectra obtained with a SDL characterized by different
values of Tp for the 20 MHz filter.

The energy resolution obtained with different shaping times is summarized in Tab.
The value of the FWHM and the position of the photoelectric peak are reported

at different values of Tp.

Tp (ns) | 30 50 80 120 200
Peak position (at 122 keV) ‘ 9 115 122 121
FWHM (keV) 125 84 79 74 73

R (%) 102 68 64 6 59

Table 2.3: Values of the FWHM and peak position of the main photoelectric peak
of the y-source of 5"Co for the 20 MHz filter.

With the use of this filter the improvement on the energy resolution is significant.
It is possible to notice the increase of the ballistic deficit with the shift of the
photoelectric peak of the pulse height spectra performed with Tp=30/50/80 ns.
The saturation of the peak position is reached for Tp=120 ns. This means that the
rise time of the signals treated by the SDL is bigger than 80 ns and shorter than
120 ns, i.e. 93 ns.
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Energy resolution with trapezoidal filter

Another possible way of processing the signal directly from the CSA is to implement a
shaper working as a filter. In the previous Section we presented the trapezoidal filter,
a recursive algorithm able to convert the long exponential tale of the signals from
the CSA in shorter symmetric pulses. We saw that this algorithm is characterized
by two parameters, K and L (Eq. . These values are similar to the Tp of the
classical SDL. We test this algorithm with two different couple of K and L. Fig.
2.22| represents the pulse height spectra obtained.
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Figure 2.22: Pulse height spectra obtained with a trapezoidal filter characterized
by two different couple of value of K and L.

The different position of the photoelectric peak means that K=4 and L=3 is a
condition in which we have ballistic deficit. The FWHM of the peaks are equal
to 6,8% (8,4 keV) if K=4, L=3 and 6,3% (7,8 keV) is K=7, L=3. The use of
the trapezoidal filter immediately after the CSA provides a value of the energy
resolution comparable with the SDL and with a 20 MHz pre-filtering.

2.3.3 Dead-time

As it has been done for the energy resolution, the dead-time of the system was
measured for the three shaper configurations. The dead-time measures the capability
of the electronic to separate two successive pulses, and to calculate the amplitudes
and store them in the energy histogram. The value of dead-time depends on the

shaping time used for the particular shaping algorithm. An X-ray source was used
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for these measurements. The X-ray tube voltage was set to 150 kV and the current
tube varied from 0,1 mA to 8 mA. A 0,8 mm filter of Tungsten was superposed to
the beam. In this way it is possible to visualize the energy resolution. Fig.
represents a typical pulse height spectrum obtained with the SDL characterized by

Tp=50 ns at different count rates.
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Figure 2.23: Pulse height spectra from 150 kV X-ray source obtained with the CdTe
at different count rates with Tp=>50 ns.

Dead-time without pre-filtering and SDL

The first test was performed in the configuration without any data filtering. The
output from the CSA is digitized and directly processed by the SDL on the FPGA.
The output count rate was measured at different currents and shaping times Tp.
Fig. represents the output count rate of the detector as a function of the tube

current and Tp.
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Figure 2.24: Output count rate versus applied current, measured with 120 kV
X-rays.
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Curves are relatively linear for count rates up to 1,5 Mc/s. At high fluxes, the
count rate deviates from a linear behaviour because of pile-up. The output count
rate was measured at different shaping times and with different tube currents. The

experimental data were then fitted with the classical non-paralyzable model [17]:

n

= 2.10
1+n-7 ( )

m

Where m is the measured count rate, n is the input count rate, proportional to the
tube current and 7 is the system dead-time. The value of the dead-time for each
delay line applied is reported in Tab. [2.4]

Tp(ns) |30 50 80 120
Dead-time (ns) | 35 58 106 142

Table 2.4: Values of the measured dead-time.

This result is achieved thanks to our trigger algorithm based on the derivative of
the SDL signals, able to separate two successive pulses as longer as a negative value
of the first derivative is detected. Thus the dead-time is slightly higher than the
peaking time [10].

Dead-time with pre-filtering and SDL

The second configuration considered is with a pre-filter stage with a moving average
filter characterized by a cut-off frequency of 20 MHz. The output count rate was
measured at different currents and shaping times of the shaping circuit. Fig.
represents the output count rate of the detector as a function of the tube current

and the shaping time.
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Figure 2.25: Output count rate versus applied current, measured with 120 kV
X-rays.
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The value of the dead-time for each delay line applied is reported in Tab. These
results show that with the pre-filter stage the dead-time of the detector for a given

value of Tp slightly increases.

Tp(ns) |30 50 80 120
Dead-time (ns) | 45 63 110 152

Table 2.5: Values of the measured dead-time obtained with a pre-filter of 20 MHz.

Dead-time with trapezoidal filter

Dead-time measurements were also performed with the trapezoidal filter. Signals
from the CSA are directly processed by the recursive algorithm. This time the
shaping time is characterized by the two parameters K and L. As we performed for
the energy resolution with the v source, the two couple of values chosen are K=7,
L=3 and K=4,LL=3. The first couple correspond to a long shaping time and the
second to a short one. Fig. represents the output count rate of the detector as

a function of the tube current and the value of (K,L).
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Figure 2.26: Output count rate versus applied current, measured with 120 kV
X-rays.

The important result we immediately notice from the curves is that the linearity
of the output count rate with the current tube is satisfied only for values up to
0,5 Mc/s. Tab. summarized the value of the measured dead-time for the two

different configurations of the trapezoidal filter.

KL (ns) | (40,30) (70,30)
Dead-time (ns) | 97 185

Table 2.6: Values of the measured dead-time obtained with the trapezoidal filter.
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Form the results obtained when the trapezoidal filter is used is a significant increase
of the dead-time despite the good energy resolution measured. For this reason the
trapezoidal filter it is not recommend for high-fluxes application where the count

rate is bigger than 1 Mc/s.

2.4 Conclusion and discussions

In this Chapter we presented the experimental setup and the detector used in
this work. We described in detail the readout electronic and the digital pulse
processing algorithms. Finally we characterized the detector in terms of the energy
resolution and dead-time. The characterization was performed with three different
configurations of shaper. At first we analysed the readout electronic with a SDL,
processing the signals directly after the CSA. In the second configuration we have
implemented a moving average per-filter stage on FPGA at the output of the
CSA. Finally we have compared the performances with a trapezoidal filter. In this
last case signals from the CSA are directly processed by the shaping filter. The
compromise of SNR, good energy resolution and short dead-time is not satisfied
by this last choice. We demonstrated that the trapezoidal filter has interesting
performances in term of energy resolution, comparable to the SDL preceded by the

pre-filtering stage, but with an important degradation of the system dead-time.

Tp /KL R  Dead-time
(ms) (%) (ns)

30 11,6 35

50 10,5 58

Without pre-filter 80 9,5 106
120 8,9 142
200 8.8 n.m.

30 10,2 45

50 6,8 63

With pre-filter (20 MHz) 80 6,4 110
120 6 152
200 5,9 n.m.

Trapezoidal filter 40,30 6,8 97
70,30 6,3 185

Table 2.7: Summary of the results obtained.

Tab. gives a short summary of the obtained results with three of the presented

shaper configurations. We decided to report the three most significant configurations
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of the four presented, because the one with the pre-filter stage performed with
a moving average at 50 MHz does not contribute significantly compared to the
version of the data processing without a pre-filter stage. The comparison among
the three different configurations underlines important aspects. First we have
seen that the use of the SDL for signals directly after the CSA compared to the
trapezoidal filter permits to obtain shorter values of the dead-time but with an
important degradation of the energy resolution. If a pre-filter stage is implemented,
the improvement on the energy resolution is significant and the use of the SDL in
terms of energy resolution is comparable to the trapezoidal filter. This latter is
characterized by a dead-time that is significantly high compared to the achieved
in other configurations. On the contrary, the SDL shaper with a 20 MHz filter

improves the energy resolution, with only a small increase of the dead time.
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Chapter 3
Instability of the detector response

The aim of this Chapter is to explain the mechanism of the instability of the
detector response over time. The presence of defects in the semiconductor leads
to trapping phenomena which can create a fixed space charge in the detector over
time with a consequent modification of the profile of the electrical field. We have
shown that the use of certain configurations in which we obtain a good compromise
of energy resolution and dead-time, lead us to work in ballistic deficit regime. In
this chapter we will show how variations in the electric field profile cause instability

of the detector response due to the change in the amplitude of the ballistic deficit.

3.1 Observation of the instability

In several applications such as luggage control, non-destructive test (NDT), medical
imaging and computed tomography (CT) it is necessary to use configurations in
which we accept to work in ballistic deficit domain in order to obtain good per-
formances in terms of energy resolution and dead-time for very high fluxes. The
shaping time used for high flux spectrometry is shorter than the necessary time for
the charge collection. We observed that in this configuration the detector response

is not stable over time and during the first 2 hours of operation.

The phenomenon of the instability of the detector response is observed on the
pulse height spectra obtained with a ~-source of 5"Co performed with a SDL shaper
characterized by a Tp=>50 ns. In order to observe the phenomenon two different
tests were performed. A first measurement was performed during the first 2 hours
after biasing the detector. The spectra were acquired every 2 minutes. After
this first test the detectot was left biased for another 30 minutes and then a new

acquisition sequence was carried out during the next two hours. Fig. represents
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the obtained pulse height spectra.
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Figure 3.1: Spectra obtained with a CdTe detector (left) during the first two hour
after biasing the detector and (right) when the detector was in its stable conditions.

Form the PHS obtained it is possible to notice that during the first two hours
of operation the photoelectric peak shifts slowly to the right, showing that the
conversion gain of the detector slightly increases. Two hours after biasing the
detector the stability of the response is reached. This aspect is confirmed with
the second acquisition performed when the detector was in its stable conditions.
It is possible to evaluate the position of the spectra over time with a Gaussian
fit performed on the main photoelectric peak at 122 keV. Fig. [3.2 represents the
peak position over time normalized on the measured centroid of the last PHS of

the acquisition.

1,01 1,01
c

c o PRE s Sl S
(=] 1
£0,99 1 £0,99 -
S 2
0,97 A ® 0,97 4
g s
©0,95 - g 0,95 -
S S
© ©
€093 - £093 |
5 S
z z

0,91 T T T T T 0,91 T T T T T

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 3.2: Normalized peak position over time of the PHS obtained with a shaping
time of 50 ns during the unstable conditions of the detector (left) and for the stable
one (right).

From the results obtained it is possible to notice that the phenomenon of the
instability of the detector response is limited to a period of around 1 hour after
biasing the detector. We can state that 2 hours after biasing the detector, the

detector response is perfectly stable.
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3.2 Origin of the instability

In order to explain the origin of these variations and shifts of the spectra, an analysis
of the output signals from the CSA was performed. Fig. represents the transient
signal at the output of the CSA, measured with 5,156 Mev « particles from a Pu
radioactive source at different times of operation, immediately after switching on
the bias voltage and during the 2 hours of operation. We also represented the

variation of the rise-time deduced from these pulses.
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Figure 3.3: Output signals of the CSA when an « particle interacts in the detector
(left) and the rise times of the signals during the whole operation time (right).

When we observe the transient signals at the output of the CSA, we notice that
the amplitude of the signals at the output of the CSA is stable but the transient
shape varies in time with a variable rise-time during the first two hours of operation.
The rise-time, measured as the duration of the pulse from the 10% until its 90%,
decreases regularly during the first hour of the detector operation, starting from 96

ns and reaching a value of 87 ns after approximately 60 minutes.

3.2.1 Ballistic deficit over time

The average rise-time of the signal at the input of the SDL is approximately 90 ns,
but its exact value varies during all the operation time. Fig. represents the
output of the SDL characterized by a delay smaller and bigger than the rise time of
the signals from the CSA immediately after biasing the detector and after 2 hours
of operation.
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Figure 3.4: Output of the SDL with a delay of 50 ns (left) and 150 ns (right) for an
induced signal by an « particle immediately after biasing the detector (black) and
after 120 minutes (red).

From the output signal of the SDL with a delay of 50 ns we observe that the ballistic
deficit is sensitive to the CSA signals rise-time variations. The result is a small drift
of the signal amplitude from the shaping circuit. In order to avoid this effect, it is
possible to use a SDL with a delay longer (150 ns) than the rise time of the CSA
signals. In this case the ballistic deficit is negligible and we measure the correct
total charge released in the detector, providing a stable behaviour over time. On
the other hand, we demonstrated that the use of a long shaping time causes an
important degradation on the dead-time and thus impossible to use in high-fluxes

application where the phenomenon of pile-up is important.

3.2.2 Simulation of the instability

The variations of the transient signal at the output of the CSA indicates that the
electrical field profile varies over time. The variations of the electrical field pro-

file over time are due to the modification of the space charge in the detector material.

We have developed a model for the estimation of the transient signal as a function
of the space charge in the detector. The Gauss-Maxwell equation gives a relation

between the electrical field and the space charge:

din(B) = 2 (3.1)

€
In addition to this, we calculated the position of the electron cloud from the
transport equation, neglecting the effect of the spread due to the diffusion and the

Coulomb repulsion:

= - E(z) (3.2)
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Eq. and allow us to compute the position z(t) of the electron cloud as a
function of time ¢. The induced signal on the pixel electrode is calculated though

the Ramo theorem:

Gina(t) = qo - Vp((t)) (3:3)

Where Vp is the weighting potential of the pixel electrode and z(%) is the solution
of the Eq. 3.2 From these equations we can calculate the induced charge as a
function of the charge density distribution, p(x). Fig. (left) shows the charge
induced for three different values of the space charge densities. In order to compare
these simulated signals with the experimental ones acquired with the « particles,
we performed a convolution between the induced current and the impulse response
of the CSA. This latter is measured by injecting a very short pulse current (of some
ns) on the CSA input. Fig. (right) shows the simulated signal for a uniform
positive space charge distribution. In this case, the profile of the electrical field
varies linearly with the detector depth [86]. We observed that the transit time

increase from 90 ns for a zero charge density to 100 ns for a value of 0,01 C/m?.
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Figure 3.5: Induce charge on the pixel electrode (left) and simulated transient
signals from the CSA for 3 different p (right). The dotted line represents the impulse
response of the CSA.

Assuming a uniform space charge, we compare the pulses generated by our model to
the pulses measured with « particles, in order to compute the charge density which
fits the observed transient signals. Fig. represents the performed fit on the
transient signals. By fitting the simulated pulse to the measurements, we deduce

the space charge density as a function of time.
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Figure 3.6: Example of the performed fit on the measured pulse with o particles
for the computation of the charge density.

Fig. represents the fixed space charge as a function of time deduced with our

model from the measurements done with the o particles.
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Figure 3.7: (Left) Fixed charge density during the operation time of the detector
from « particles. (Right) Profile of the electrical field corresponding to the estimated
space charge at t=0 minutes and t=120 minutes of operation.

The charge density is of the order of 0,013 C/m? immediately after switching on the
bias voltage of the detector. After approximately 1 hour of operation, this value
decrease and becomes stable around the value of 0,009 C/m3. As a result, the slope
of the electrical field profile, significant at the beginning, decrease slowly, leading

to faster transient signals.

Tab. represents a summary of the results obtained from the simulation of the
instability and clearly underlines how the ballistic deficit is related to the space

charge density variation over time.
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T P Trise DBallistic deficit
(min) (C/m3) (ns)
0 0,013 96 0,22
120 0,009 87 0,15

Table 3.1: Summary of the obtained results of the simulation.

3.3 Parametric study

The stability of the detector response depends on different detector settings. In
this Section we will investigate the detector response over time for different shaping
times used for three different shaper configurations. At first, we will investigated
the response of the detector when the signals from the CSA are directly processed
by the SDL. Then when these signals are processed by the SDL after a pre-filter
stage with a cut-off frequency of 20 MHz. Finally when the signals are processed
by a trapezoidal filter. The response is investigated at different shaping times. The
measurements were performed with a y-source of *’Co during 2 hours of operation
with a total count rate of 100 c/s.

3.3.1 SDL without pre-filtering

This first test was done with a real-time processing of the CSA signals directly
with the classical SDL on the FPGA. Fig. represents the position of the main
photoelectric peaks (122 keV) during the operation time for different delay lines.

The estimation of the peak position was performed with a Gaussian fit.
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Figure 3.8: Normalized peak position over time at different shaping time during
the operation time of the detector.

The result obtained shows that there is a drift of the photoelectric peaks when the
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shaping time is equal to 30 ns. A slight shift of the peak position is also observed
with a shaping time of 50 ns during the first 20 minutes. In the other cases we find
a stable response over time. The estimated variation of the ballistic deficit when
Tp=30 ns is of 9% after biasing the detector and 1% for Tp=>50 ns. We observe
that the stability of the response is reached after 50 minutes of operation. In other
cases we do not have ballistic deficit because the SDL is able to collect all the
charges, since the shaping time is bigger than the rise-time of the signals from the

CSA. In this case the stability is reached immediately after biasing the detector.

3.3.2 SDL with pre-filtering

This second test was done with a real-time processing of the CSA signal filtered by
a 20 MHz moving average filter and then shaped by the SDL. The entire process in
performed in the FPGA.
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Figure 3.9: Normalized peak position over time at different shaping times during
the operation time of the detector.

Fig. represents the position of the main photoelectric peaks (122 keV) during
the operation time for different shaping times. The result obtained shows that now
we have the drift of the photoelectric peaks even for longer shaping times, i.e. 30
ns, 50 ns and 80 ns. For 30 ns the variation of the ballistic deficit is of the order
of 10%, while for 50 ns 5% and finally for 80 ns we find a variation of 2%. With
these results we can notice that the variation of the ballistic deficit over time is
more sensitive with short shaping times and less for longer one. Moreover, there
is also a slight difference in time for reaching the stability. With Tp=30 ns the
detector is stable 40 minutes after biasing the voltage. For Tp=>50 ns the detector
is stable in 35 minutes after biasing the voltage and for Tp=120 ns the stability is
reached some minutes after biasing the detector. The transient signals measured
in Chapter 2 show that the 20 MHz filter increases the ballistic deficit. In fact,
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without any pre-filter we obtain a stable response of the detector over time only
for the delays longer than the peaking time (41 ns). When we use a 20 MHz filter,
we notice an increase of the value of the rise time (around 90 ns). The only value
of Tp for which we can collect all the charges and thus we do not have ballistic
deficit is 120 ns. For all the other values we do have a ballistic deficit and thus an

unstable detector response over time.

3.3.3 Trapezoidal filter

This last test was done with a real-time processing on the FPGA where the
trapezoidal filter processed directly the signals from the CSA. In this case two
couple of parameter K and L were used, i.e. K=7, L=3 and K=4, L=3. Fig.
represents the position of the main photoelectric peaks (122 keV) during the

operation time.
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Figure 3.10: Normalized peak position over time at different shaping times during
the operation time of the detector.

The result obtained shows that we have a drift of the photoelectric peaks for the
shorter shaping time, i.e. K=4 and L=3. We observed a drift of the photoelectric
peak of the 7% after biasing the detector. The stable condition is reached 50
minutes after biasing it. In the other case (K=7 and L=3) the shaper measures all

the charges and we do not have ballistic deficit.

3.4 Influence of polarization voltage and detector

geometry

In this Section we are going to discuss on some possible approaches to adopt in

order to reduce or eliminate the effect of the polarization inside the detector.
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3.4.1 Polarization voltage

The model of the instability we presented above can be used to predict the detector
behaviour at different geometries. The Time Of Flight (TOF) measurement done
with the « particles and the model we developed, show that the drift of the
conversion gain is due to the transitory signal variation caused by the modifications
of the electrical field profile. If we use a shaping time Tp of the SDL that is longer
than the rise time of the signals from the CSA, we noticed that the amplitude of
the collected signal is no more sensitive to these variations. The main drawback of
using such a shaping time is a significant degradation of the detector dead-time
and thus a degradation of the performances of the response when the count rate
is elevate. When the application requires a use of the detector under high-flux, a
possible solution is to reduce the transient time of the signals from the CSA. In
order to perform this, it is necessary to increase the polarisation voltage of the
detector. In our case the thickness of the detector is of 3 mm, and to obtain a
transit time of 50 ns it is necessary to apply a polarization voltage of 2000 V. We
have observed that the maximum polarization voltage we can apply to the detector

is of the order of 1200 V. Above this value the electronic noise becomes significant.

3.4.2 Geometry of the pixel

Another possible solution is to reduce the thickness of the detector. This implies a
decrease of the absorption of high energy photons. Another drawback of the detector
thickness decreasing is that the small pixel effect will be modified. The weighting
field, as we studied in the previous Chapter, is proportionally less concentrated near
the pixel and the detector response is more sensitive to the depth of the interaction

when it is irradiated on the side of the common cathode.

The size of the pixel has an important impact on the stability of the detector
response. In fact, it does not modify the transit time of the signals but it is
responsible of a ballistic deficit decreasing. If we ignore the bandwidth of the CSA,
the signal from the SDL is:

Vspr = Vosa(t) — Vesa(t — Tp) (3.4)

Once we have the weighting potential convex shape, the maximum is achieved
when the electron cloud reaches the pixel electrode for a time t = t4.4n5i:. The
ballistic deficit is given by the value of weighting field in the position where the

electron cloud is 50 ns before it reaches the collecting pixel. For a 3 mm detector
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polarized at 1000 V, this correspond more or less to the middle of the pixel. For
this particular position, Fig. shows that the weighting field is weaker when
the pixel size is smaller. This effect is the result of a slighter ballistic deficit and

thus a less strong sensitivity to the electrical field profile changes.
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Figure 3.11: Weighting field profile for different pixel sizes. The arrow shows the
position of the electron cloud ~50 ns before its complete collection.

The model presented in the previous Section can predict the conversion gain varia-
tions for different pixel geometries, assuming that the space charge varies in the
same way. We can compute the induced signals for different charge density and
then deduce the transient signals from the CSA and finally from the SDL circuit.
Fig. [3.12| shows the result of this simulation for different thickness (from 1,5 to 3
mm) and different pixel pitch (from 400 to 800 pm) of the detector.

From this results we can notice that the variation of the charge density has more
impact on the amplitude of the signals from the SDL when the detector is thicker.
Once we pass from 3 mm to 2 mm the effect is significantly reduced, i.e. the
amplitude variation decreases from 5% to 1%. For 1,5 mm the effect of the space
charge density variation is negligible. Reducing the pixel pitch has also the effect
of decreasing the amplitude of the conversion gain drift, but it does not eliminate

it completely.
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Figure 3.12: Output signals from the SDL for uniform charge densities (0,013 and
0,009 C/m?) simulated for different geometries.

Tab . B.2] summarizes the results obtained with the simulations.

dmm 2mm 1,5 mm

800 7,5% 0,6%  0,2%
600 59% 0,5% = 0,0%
500 51% 0,5%  0,0%
400 41% 04%  0,0%

Table 3.2: Conversion gain variation when the charge density varies from 0,013
C/m? to 0,009 C/m3.

It is important to notice that these effect were obtained with the assumption that
the space charge distribution always varies in the same way, regardless of the
geometry of the detector and the measurement conditions (voltage, temperature).
It is possible that different detectors with different polarization voltage at different

temperatures, present different behaviours.

3.5 Summary

Section 3.3 shows that the detector geometry and settings have an impact on the

stability of the response. Tab. [3.3] summarizes the different parameters that can
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be used to improve the stability and the consequent impact they have on the

spectrometric performances.

Optimization parameters Impact on spectrometric
performances
Increase the polarization voltage Increase of the dark current
Decrease of the thickness Less sensitivity to high energies
Decrease the pitch pixel Increase of charge sharing
Increase of Tp of the SDL Increase of the dead time
Increase the bandwidth of the readout circuit Increse of the noise

Wait for the detector to be stable Strong operational constraint

Table 3.3: Variable parameters having an impact on the detector stability versus
effects on the detector performances.

Tab. can help us to chose the optimal configuration of the detector in order to
obtain stable responses. For example, for security applications we know that the
X-ray flux is ~3-5-10% X-mm ™2 - s7!. For a pixel of 800 um and a thickness of 3
mm, we have seen that the transit time is ~100 ns. With a SDL characterized by
a Tp=50 ns, we already know that the detector will be unstable. Three different

approaches can be applied:

e Decrease the thickness of the detector from 3 mm to 1,5 mm in order to
have a transit time of the order of 50 ns, with the drawback of an important

decrease of sensitivity to high energy photons.

e Work with a longer shaping time (e.g. 100 ns), with the drawback of a count
loss due to the pile-up

e Work with a longer shaping time (e.g. 100 ns) and with a pixel pitch smaller,

with the drawback of an increasing of the charge sharing effect.

It is clear that we can adjust the three parameters simultaneously in order to obtain

a good compromise.

3.6 Conclusion and discussions

In this Chapter we have analysed in detail the phenomenon of the unstable response
of the detector over time. We have demonstrated that the variations of the rise-time
of the signals from the CSA are mainly due to the modification of the space charge

distribution inside the detector material. This causes variations in the electrical
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field profile over time.

Considering the results obtained in Chapter 2 together with the results obtained

here, it is possible to summarize the performance of the spectrometric pixel detector

in use (Tab. [3.4).

Tp /KL R  Dead-time Stability
(ns) (%) (ns)

30 11,6 35 No

50 10,5 58 Yes

Without pre-filter 80 9,5 106 Yes
120 8,9 142 Yes

200 8,8 n.m Yes

30 10,2 45 No

50 6,8 63 No

With pre-filter (20 MHz) 80 6,4 110 No
120 6 152 Yes

200 5,9 n.m Yes

Trapezoidal filter 40,30 6,8 97 No
70,30 6,3 185 Yes

Table 3.4: Summary of the results obtained.

There were studied three different shaping configurations. We demonstrated that in
the first configuration considered, without a pre-filter stage, the measured dead-time
is smaller compared to the other approaches proposed. Moreover, starting from a
value of Tp=>50 ns the detector response over time is stable during its operation
period. On the other hand we observed that this approach is not optimized in terms
of energy resolution. For this reason it is important to filter the signal from the
CSA in order not to degrade the performances of the detector. The implemented
filter is a moving average filter with a cut-off frequency at 20 MHz. The use of the
filter implies an increase of the value of the rise time and thus of the ballistic deficit.
With this configuration we observed that the stability of the detector response
is reached only for shaping times longer than the collection time of the charges
and the dead-time is slightly degraded. The important result with the use of this
configuration is the improvement in terms of energy resolution for shaping times
longer than 50 ns. For shorter shaping times (Tp=30 ns) the energy resolution
with and without pre-filter after the CSA are almost the same. This means that
this value of Tp is not optimal in terms of energy resolution. The last approach

we wanted to test, required the use of a trapezoidal filter for the signal processing
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of pulses from the CSA. The results we observed for this configuration are similar
to the ones obtained in the configuration with a pre-filter of 20 MHz. The energy
resolution measured is comparable to the energy resolution obtained for Tp=50 ns
and Tp=120 ns. Moreover, the stability of the detector response is obtained only
when the flat top of the trapezoidal shape is longer (K=70 ns and L.=30 ns) than the
collection of the charges. The important difference is that with the trapezoidal filter
we degrade significantly the dead-time of the system with both the couple of values
used of K and L. This last solution does not represent a good compromise for high
flux applications where the phenomenon of pile-up is very important. In conclusion,
this parametric study shows that it is difficult to find a shaper configuration that
ensures both good spectrometric performance with high count rates and stable
behaviour. The 50 ns SDL with a 20 MHz filter is a good compromise for high
counting applications (above 1 Mc / s), but does not guarantee stable operation

before one hour of operation.

We have also shown that the geometry of the detector (thickness, pixel pitch)
has an influence on the stability of the detector. However, the current detector,
when used in an optimal configuration for spectrometric measurements at high count
rate, presents an unstable response in the first hours of operation. For this reason

we developed a correction method which will be presented in the next Chapter.
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Chapter 4

A real-time ballistic deficit

correction method

The aim of this Chapter is to present the principle of the method developed during
this thesis work in order to compensate the phenomenon of the ballistic deficit and
thus achieve a stable response of the detector over time. In Chapter 3 we have
demonstrated that the unstable detector response is due to the ballistic deficit
variations over time, caused by the modification of the electrical field profile inside
the detector material. When a shaping time long enough is used, the detector
response is stable immediately after biasing the detector, because there is no ballistic
deficit. However, such long shaping times imply a degradation of the dead-time
(Chapter 2) with a significant loss on the output count rate under high-fluxes. In
order to operate the detector at high count rate with a fast shaping circuit, we
developed a real-time method for the correction of the ballistic deficit with the goal
of compensating its variation over time and thus achieving a stable response of the
detector during its operation time without losing on its performances. At the end
of this Chapter an overview of the implementation of the method on FPGA will be

given too.

4.1 Double Shaper for the Ballistic Deficit Com-

pensation

The general idea of the proposed method is to estimate the ballistic deficit through
the use of a double shaping circuit in order to compensate the ballistic deficit with
a correction coefficient. The short shaping circuit measures the energy spectra at
high fluxes with a reduced dead-time. The long shaping circuit measures the total

collected charge in order to estimate the ballistic deficit of the fast shaping circuit.
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By measuring the amplitude of the pulses of the two shaping circuits, we estimate

a correction factor 7 defined by:
_ Ashort

Along
Where BD is the ballistic deficit, Agpore and Ay, represent the amplitudes of the

fast and slow shaping circuits, respectively. By dividing the measured amplitude of

0 —(1- BD) with 0<n<l (4.1)

the fast shaping circuit by 7, we are able to compensate the loss due to the ballistic
deficit. Eq. represents this principle:

Ashort
n

In summary, we operate a gain correction of the pulses obtained with the unstable

(4.2)

Acorrected =

fast shaping circuit. The spectrum obtained from these corrected pulse amplitudes
will be in a position equivalent to that obtained with the slow shaper and thus
stable over time. Fig. represents the PHS obtained for a y-source of ®”Co with
whit a short shaping time characterized by Tp=>50 ns and a long one with T p=150

ns.
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Figure 4.1: Pulse height spectra of the y-source of 5"Co whit a short shaping time
characterized by Tp=>50 ns (black) and a long one with Tp=150 ns (red).

We can compare the correction factor < n > to the ratio between the peak positions
at 122 keV of the spectra obtained with Tp=50 ns and Tp=150 ns. With the two

delay lines used we obtain a value of peaksg,s/peakisons = 0, 85.

The efficacy of the compensation is limited by some important aspects affect-
ing the correct measurement of the correction factor n. At first, the SNR of the

pulses is not high enough for the measurement of 7 from a single event. The second
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aspect is that the signals from the CSA can be affected by three phenomena which
can introduce errors in the measurement of 7: pile-up, weighting potential cross-talk
and charge sharing. Fig. shows how the phenomena of pile-up and charge

sharing can affect the measurement of the correction factor 7.
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Figure 4.2: Detected amplitudes of the double SDL for the measurement of 7 in
the presence of the phenomenon of pile-up (a) and a charge sharing (b). Here a
value of T psnor=50 ns and a value of T pjeny =150 ns were chosen.

The solution proposed consists in a first step to reject the events causing an error
in the estimation of n through particular Selection Rules and calculate the ratio
between Ao and Ajop, for the selected pulses. After this operation it is necessary
to average on a big number of selected pulses the value of the measured 7 in order
to overcome on the noise on the correction factor measurement. Fig. [£.3] represent

the diagram illustrating the concept of the proposed method.
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Figure 4.3: Diagram of the entire processing for the correction method proposed.

The rejection of a part of the detected pulses and the averaging operation does
not call into question the effectiveness of the correction because the variations of
the ballistic deficit is slow process. The time required to correctly estimate the
correction factor, given the large number of pulses processed per second, will be

fast enough.
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4.2 Characterization of the ballistic deficit compen-

sation method

A preliminary characterization of the correction factor calculated for all the pulses
from the CSA is done. The first important step of the proposed method is the

choice of the shaping times characterizing the double shaper.

4.2.1 Choice of T for the shaping circuits

The choice of T'p for the two SDL is the first important step in the proposed method
for the measurement of 7. The choice of Tp for the short delay line is done in
order to detect the pulses event at high count rate, when the phenomenon of the
pile-up becomes significant. In this work, we will use a SDL of 50 ns, because we
have shown that it constitutes a good compromise between energy resolution and

dead-time for high count rate measurements in the 105 ¢/s range.

The value of T for the long delay line is the one responsible of the estimation of
the ballistic deficit. For this reason it is necessary to collect all the charges within
the peaking time of the CSA. A possible way to evaluate the good shaping time for
the complete charge collection is to study the position of the main photoelectric
peak of the v-source of ®’Co (Fig. . The estimation of the peak position is

performed with a Gauss fit.
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Figure 4.4: Photoelectric peak position of the "Co at different shaping times.

When we are in presence of the ballistic deficit the measured amplitudes of the
pulses from the SDL is smaller compared to the case of a complete charge collection.
For this reason we find a variation of the position of the photoelectric peak when

different delay lines are applied. It is possible to notice that the limit from which
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we do not have ballistic deficit any more is Tp ~ 100 ns. According to this result,
we set Tp=150 ns for the long SDL.

4.2.2 Measurement of the ballistic deficit

A50ns
A150ns

The characterization of the correction factor is studied with an X-ray beam at

Once the two Tp are chosen the correction factor is calculated as < n >=<

different count rates. The tube was set to a constant voltage of 120 kV and a
variable current was applied. The X-ray beam was filtered with a 2,7 mm thick
copper filter. Tab. shows the characteristics of the beam used for this first test.

Voltage Tube Current Count rate

(kV) (mA) (Mc/s)
120 1 0.8
120 2 1,7
120 4 2

Table 4.1: X-ray beam characteristic for the characterization of 1 measurement.

The FPGA is used to record the pulses made of 2560 samples for the 16 channels
of the matrix. The process performed on the registered pulses consists in applying
the two shaping circuits, triggering and measuring the amplitudes of each pulse
from the two SDL. Then we record the distribution of the computed value 7 of each

pulse. The analysis was done for the 3 count rates.
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Figure 4.5: Distribution of the n values for the 3 different tube currents considered.

Fig. shows the results obtained for 1 single pixel. Similar results are obtained
on every pixel of the matrix. From the distributions obtained it is possible to notice

that the spread of the values of 7 is significant, showing that the correction factor
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cannot be estimated from one single event. Morever, with the increase of the count
rate we notice an increase of the lower values of the distribution with a consequent
increase of this spread. Therefore, if we compute the average of the distribution we
obtain < n >=0,798 at 0,8 Mc/s, < n >=0,741 at 1,7 Mc/s and < n >=0,697 at 2
Mec/s. The value of the correction factor depends significantly on the flux with a
variation of the 11% between low and high flux. The main cause of this effect is the
phenomenon of the pile-up, with the consequent under-evaluation of the correction

factor.

4.2.3 Compensation of the ballistic deficit

It is now possible to evaluate the efficiency of the compensation method.
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Figure 4.6: Pulse height spectra obtained at different count rates with SDL with
Tp=150 ns (red) and with with Tp=>50 ns before (blue) and after the correction
(black).

Fig. [4.6] represents the results obtained at different count rates with the short
and the long SDL and the corrected spectrum obtained with the correction fac-

tors estimated above. These results further underline the effect of the incorrect
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estimation of the compensation factor. We can see that the PHS are not correctly
compensated because of the phenomena of pile-up or charge sharing which can affect
the measurement of n and thus the compensation of the ballistic deficit. When the
count rate increases, the pile-up becomes important and the compensated spectra
shift to the right. These results show that it is important to reject these undesirable

events.

4.3 Selection Rules

The selection and thus the rejection of pulses which can affect the measurement
of the correction factor is an important step for the compensation of the ballistic
deficit. In this Section we are going to present the selection rules used for the

rejection of these undesirable effects from the measurement of the correction factor.

4.3.1 Pile-up rejection

The main source of error in the computation of the correction factor 7 is the
phenomenon of pile-up. The phenomenon of pile-up is important because of the
use of the long SDL for the measurement of the ratio in Eq. 4.1 When a pulse
is affected by pile-up the apparent rise time is abnormally high because the long
shaping circuit is not able to distinguish two pulses occurring in a short temporal

window.

—short SDL ———— As1s0ns
—long SDL

Figure 4.7: Detected amplitudes for the double SDL for the measurement of 7 in
presence of pile-up.

Fig. clearly shows that in presence of pile-up events (a), the detected amplitude
from the long shaping circuit, Ais0,s, does not correspond to the real value of the

energy deposited in the detector. The effect of the pile-up for a long shaping time
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is an over-evaluation of this information because the signal is not able to return to
its baseline before the beginning of the second pulse. The consequence of this effect
is an under-estimation of the real value of the correction factor. When the flux
increases the number of pile-up events becomes significant. The main consequence
on the measurement of the correction factor is a dependence of 1 on the flux. For
this reason a preliminary rejection of these events is needed in order to recover the

correct value of 7.

Time Over Threshold technique

Among the state of the art presented in the previous Chapter for the different
methods of pile-up rejection, we want to apply a method that is suitable for an
FPGA real-time implementation. The Time Over Threshold technique consist in
few digital elements such as a comparator and a counter. The pulses from the
two shapers are compared to an amplitude threshold. Once the pulse crosses the
threshold, a temporal window is opened and increased with the clock count. When
the signal falls below the threshold, the temporal window is closed and its length
compared to a fixed value, here called TOTspr. In order to obtain the optimal
value that ensures a good rejection efficiency, we fixed the TOTgspy, as the temporal
duration of an isolated pulse. Fig. shows the pulses at the output of the two
SDL circuits induced by « particles from a 5,156 MeV ?*Pu radioactive source.

The red signal indicates the temporal window for both the SDL.

25 25
2 o 27
3 3
<15 | ‘31,5 :
o
g g
g2 17 5 1
£ €
<05 <05
5 ‘ | ik » o ™| ‘ -
0 100 200 300 400 0 100 200 300 400
Time (ns) Time (ns)

Figure 4.8: Measurement of a the temporal width for the TOT technique of the
pulses from the fast shaping circuit (left) and for the slow one (right).

As it is possible to notice from the isolated pulses, the SDL algorithm imposes the
output to have the width equal to Tp until its peaking time plus a At = 1 clock
cycle (10 ns in our case), in order to let the signal returning to its baseline. Thus,
the TOTgpy, of the shapers are set at 60 ns and 210 ns for the fast the slow SDL,

respectively.
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In the following example the long shaping circuit is not able to separate two
pulse pile-up and the energy information recorded is then false. Fig. [£.9 shows the

situation in which the TOT technique rejects the pile-up from the measurement of

n.
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Figure 4.9: Pile-up rejection when the short shaping circuit (left,red) and the long
one (right,blue) are not able to detect the pile-up from the CSA (black).

It is possible to see that both the temporal windows for the fast and slow shaping
circuit are longer than the fixed value set with the single pulses. In this example,
the TOTgpr, is 120 ns and 270 ns for the fast and slow shaper, respectively. The
pulse will therefore be rejected from the calculation of the correction coefficient. In
general, with this rule we reject all the pulses in which TOTgpy>210 ns for the

long SDL, i.e. the one causes more problems for the pile-up detection.

Measurement of n after pile-up rejection
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Figure 4.10: Distribution of the n values for the 3 different currents considered after
the application of the pile-up rejection.
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Once the rejection of pile-up events is performed, the data of the previous acquisition
with the X-ray tube set to 120 kV and different currents (Tab. were processed
again. Fig. shows the distribution of n values at different count rates after
the rejection of pile-up events with the method presented above. From these
distributions it is possible to notice that the spread of the values of 7 is significantly
reduced. Moreover, with the pile-up rejection we are able to measure a distribution
of the value of n that is independent on the count rate. To achieve this result
an increasing fraction of the detected X-rays are rejected from the calculation of
< n >. Tab. gives an estimation of the fraction of rejected events for the 3 tube

currents.

Voltage Tube Current Count rate Pile-up rejected <n >

(kV) (mA) (Mc/s) (%)

120 1 0,8 11 0,863
120 2 1,7 28 0,854
120 4 2 42 0,841

Table 4.2: Number of rejected pile-up events at different count rates together with
the value of < n >.

Tab. [£.2) underlines again the importance of the pile-up rejection. The fraction of
rejected pile-up events when the count rate is rather high (2 Mc/s) is almost the
half of the detected pulses. While for lower count rates (~1 Mc/s) the fraction of
rejected pulse is almost 4 times smaller. However, it is important to emphasize that
these events are not removed from the final pulse heigh spectrum. Our objective is
to correct the instability caused by the ballistic deficit, but without affecting the

measured photon statistic.

These results show a significant decrease of the variation of the computed value of

< n > to less than 2,2% compared to 11% without pile-up rejection.

4.3.2 Charge sharing and weighting potential cross talk re-
jection

We have observed that the phenomena of charge sharing is characterized by a fast

rise-time compared to other pulses. This effect is a consequence of the shape of the

weighting field presented in Chapter 1. Fig. shows the shape of the weighting

potential at different pixel positions.
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Figure 4.11: Weighting potential as a function of the position in the pixel.

The profile of the weighting potential presents a steeper slope at the boarder of
the pixel and thus the induced pulses are faster. In order to better understand the
effect, Fig. [4.12| represents recorded pulses from two SDL at different shaping time

when the phenomenon of charge sharing occurs.
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Figure 4.12: Detected amplitudes for the double SDL for the measurement of 7 in
presence of charge sharing.

If a signal has a rise time faster then the shorter shaping time we do not have
ballistic deficit because the delay line is able to collect all the charges without any
loss of information. In this case the two amplitudes for the measurement of 7 are

equal. The effect is an over-estimation of the correction factor.

As well as charge sharing, pulses induced by weighting potential cross-talk are
characterized by a fast rise-time too. Fig. illustrates recorded pulses on

adjacent pixels in presence of weighting potential cross-talk.
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Figure 4.13: Detected weighting potential cross-talk on adjacent pixels [9].

The weighting potential cross-talk induce a transient signal with a net charge equal
to zero on the neighbouring pixel. The transient signal is characterized by a positive
lobe with a faster rise time compared to the detected pulse on the adjacent pixel.
Fig. shows the shape of the weighting potential among neighbouring pixel

illustrating the cause of the phenomenon.
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Figure 4.14: Weighting potential on two adjacent pixels.
In order to recognize these events and thus the signals characterized by a rise-time
faster than the short shaping time two possible ways of processing these signals

are presented: Time Coincident Window technique and Rise-time Discrimination

technique.

Time Coincident Window technique

The Time Coincident Window technique is a classical technique used to detect

signals occurring simultaneously on neighbour pixels, to correct the effect of the
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charge sharing on the pulse height spectra. In our case, the TCW technique consists
in the detection and thus in the rejection of pulses from the calculation of < n >,
when they are detected in a fixed temporal window, called here T'W. The value
of TW was set to 10 ns in order to detect pulses arriving in At < 10 ns. When
a pulse is triggered, we are going to check if in the TW of 10 ns other pulses on
its 4 neighbour pixels are detected too. In this case we reject pulses arriving on
neighbour pixels within 10 ns before or after the pulse is detected in the central
pixel. The concept can be easily extended to weighting potential cross-talk too. We
will see that with this technique we are able to detect charge sharing and weighting
potential cross-talk events, but also true coincidences occurring when two or more
X-ray photons are detected by two adjacent pixels within the time coincidence

window. These latter increase with the count rate.

Measurement of n with the TCW technique

Fig. [4.15) represents the distribution of the values of 7 when, together with the
pile-up rejection, the rejection of the events in the fixed TW is performed. The

experimental conditions used are the same as those used in the previous Section
(see Tab. {4.1]).
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Figure 4.15: Distribution of the value of n for the 3 different currents considered
after the application of the TCW technique.

In order to evaluate the number of charge sharing and coincident events rejected,
Tab. [£.3] summarises the fraction corresponding to these events.

The fraction of charge sharing and weighting potential cross-talk events is not flux
dependent. With this technique we consider these phenomena, but also the true
coincidences. The dependence on the flux its caused by these latter events. The true

coincidences, on the contrary for charge sharing or weighting potential cross-talk,
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Voltage Tube Current Count rate TCW events rejected < n >

(kV) (mA) — (Mc/s) (%)

120 1 0,8 9 0,863
120 2 1,7 11 0,853
120 4 2 15 0,845

Table 4.3: Number of rejected events from the TCW technique at different count
rates together with the value of < n >.

are not mandatorily characterized by a rise-time that is faster than the shorter
shaping time, i.e. Tp=>50 ns. For this reason with the TCW technique we may
exclude for the measurement of 1 pulses that give a correct estimation of the factor
< n >. For this reason, a second method for the rejection of pulses characterized

by a fast rise time is here proposed.

Rise-time discrimination technique

This second method proposed is based on the rise time of the signals from the two
shaping circuits. The method measures the temporal duration of the fist derivative

positive lobe of the SDL signals and compares it with a fixed temporal value called
Trise'
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Figure 4.16: Simulation of the first derivative technique for the rise time estimation.

The value of T,;,. was set at 30 ns. If the temporal duration of the positive lobe of
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the first derivative of the signals from the shaping circuit is shorter than this value,
then the rejection of the pulse is performed. Fig. represents the principle
of the rise-time discrimination technique for the rejection of fast rise time pulses

induced by charge sharing or weighting potential cross-talk events.

Measurement of 1 with the rise-time discrimination technique

As we did for the pile-up rejection and for the TCW technique, we are going to
measure the values of 7 after the rejection of events characterized by a fast rise-time.
The experimental conditions used are the same as those used in the previous Section
(see Tab. . Fig. m shows the resulting distribution of the value of n when the

rise-time discrimination technique is applied.
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Figure 4.17: Distribution of the value of n for the 3 different currents considered
after the application of the rise-time rejection technique.

Tab. 4.4 summarizes the results obtained with the rise-time discrimination method

and the fraction of rejected events at different count rates.

Voltage Tube Current Count rate Fast rise-time rejection < n >

(kV) (mA) (Mc/s) (%)

120 1 0,8 11 0,861
120 2 1,7 12 0,851
120 4 2 10 0,847

Table 4.4: Number of rejected events with a rise-time faster than 30 ns at different
count rates together with the value of < n >.

The results obtained show a slight improvement on the measured variation of the
value of < n >, i.e. 1,4%. These results demonstrate that with the use of the

rise-time discrimination we are able to detect and thus reject the real cause of the
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over-estimation of < 1 >. With the TCW technique we do not totally consider
the fraction of events characterized by a rise-time faster than the short shaping
time because of the presence of the true coincidences. The rise-time discrimination

technique was developed for this purpose.

4.3.3 Compensation of the ballistic deficit with selection

rules

We demonstrated that with the use of the selection rules we can measure a correct
< n > independent on the count rate. Once the value of < n > is measured it
is possible to perform the compensation of the ballistic deficit effect. The pulse
height spectra from the SDL with a shaping time of 50 ns and 150 ns are performed
and the correction of the spectra is obtained for the short shaping circuit. Fig.
represents the results obtained at different count rates (see Tab. when
the selection rules are applied for the pulse height spectra obtained with the short

shaping circuit before and after the correction.
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(a) SDL with Tp=50 ns before the correction. (b) SDL with Tp=>50 ns after the correction.

Figure 4.18: Pulse height spectra obtained at different count rates with SDL with
Tp=50 ns before (left) and after (right) the correction of the ballistic deficit with
the use of the selection rules.

The improvement of the compensation method is visible here. It is possible to
notice the shift on the right of the spectra before the correction algorithm. Once

we perform the correction the shift of the spectra is deleted.

The use of the selection rules for the rejection of the undesirable phenomena
affecting the measurement of < 1 > ensures a correct compensation of the phe-

nomenon both at low and high count rate.
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4.4 FPGA implementation

In this Section, some important key points of the implementation on FPGA of the
real-time algorithm is presented and discussed. The diagram in Fig. 4.19 represents
the diagram with the main operations performed by the FPGA for the proposed
method.

FPGA (b) Calculation of <z
- — (¢) BD compensation
Double Shaper SELECTION rules:
(a) Double Shaper “PU rejection e
*Rise-time discrimination = | Acorrected = _Ashort
Short *Small energy rejection N>
_H
Shaper l 1
20 M\
MH PHS of Acorrected
Z Measurement Measurement i
; S on 256 energy
filter of SEL_Along ||of SEL_Ashort bin 7
| Long B \ /
Shaper l
_ SEL_ Ashort
SEL_ Along
<n>

Figure 4.19: Diagram of the implementation of the real-time digital compensation
algorithm.

The digitized signal from the ADC is sent to the FPGA which will carry out the

processing operations represented in the 3 different blocks, summarized as follow:

e A fist block (a) for the two SDL shapers with shaping time of 50 ns and 150

1S.

e A second block (b) for the calculation of < 1 > composed by three main
operations. The selection rules with the rejection of pile-up and discrimination
of rise-time, the calculation of the ratio for each selected pulse and then the

average for the value of the correction factor.

e A third block (c) for the ballistic deficit compensation. Among them the
correction of the amplitudes Asg,s with the averaged correction factor and
the construction of the corrected PHS on 256 bin.

Several operations carried out during different stages of the method need to be
adapted for the FPGA implementation.
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4.4.1 Numbers representation and divisions

The first choice to make for an FPGA implementation is the representation of
the numbers we deal with. The value of the correction factor (n ~0,85) can be
represented with a floating point arithmetic and in this case the number of resources
required on the FPGA for the binary number is big (32 bit or more). We decided
to use a fixed point arithmetic for the representation of 7 on 10 bit. This solution
is preferable because in this way we are going to deal only with integer numbers
and it is easier to work with a fixed point arithmetic representation rather than

with a floating point one.

The algorithm is characterized by two operations performing the ratios of two
quantities. The first one is the ratio between the amplitudes of the pulses from
the double shaping circuit, i.e. %. The second ratio is the one between the
amplitudes from the fast shaper and the averaged correction factor, i.e. %. The
operation of the division is difficult to manage in VHDL since it requires a large
number of delay units which slow down the operations and increase the number
of resources needed. For this reason we decided to invert the first ratio, in the

following way:

M= (4.3)

The new correction factor 7’ is inverted but the concept is still the same. In fact, if
from the first version we found a value of n ~0,85, with this inversion we get 1’
~1,17. We still work in fixed point representation of numbers on 10 bit. In this way
the operation for the correction of the ballistic deficit of the fast shaping circuit is

performed with a multiplication instead of a division:

Acorrected - A50n8' < 77/ > (44)

It is now clear that the limits of the value of ' are different. In fact, we have:

1
0<n<1l but o= p then 7' >1 (4.5)

With the inversion of the ratio we theoretically need only the lower limit for the
correction factor 7. In the reality we also need an upper limit because we use
only 10 bit for its representation. In our experience, with the current setting of
the two SDL circuits we have n>0,5 so that we can fix an upper limit of 2 for 7.
Considering the dynamic of the ADC, we decided to multiply the value of ' by
512. The digital format of the correction factor is then called 71}, and thus:
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512 < 1}, < 1023 (4.6)

In order to evaluate the real computed value of 1, in the real-time processing, the
distribution of these value can be registered on 256 bin, i.e. a number on 8 bit.
It is now necessary to understand the conversion adopted for 7}, in order to get
the original value of . The value of 7}, is represented on 10 bit and if we want to
register it on 256 bin it is necessary to divide it by 4. In particular, the value of 7,
it is represented by 4 - channel in 10 bit. After this consideration, it is possible to
find the real value of 7 starting from the value in channels, applying Eq. and
45l We obtain:

1 channel -4 1,

/ — th / - —_— = —D 4.7
Ty ue 512 512 (47)
With this conversion it is possible to find the real value of < n > starting from its

value on & bit in the 256 channels.

4.4.2 Small amplitude pulses

A problem observed during the implementation of the method in FPGA is the
incorrect compensation of the ballistic deficit when small amplitude pulses are
considered. A preliminary test of the compensation algorithm was performed with
the detector in its stable condition, i.e. biased some hours before the tests. The
two v-sources of 57Co (122 keV) and **'Am (59,5 keV) were used simultaneously in
order to obtain a count rate of 250 ¢/s. The measurement of the correction factor

is performed in real-time as well as the PHS on 256 energy channels.
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Figure 4.20: Pulse height spectra of the *’Co and ?*!Am y-sources superposed
before (left) and after (right) the correction algorithm.
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Fig. [4.20] represents the PHS obtained with two SDL characterized by Tp=>50 ns
and Tp=150 ns before and after the correction algorithm. From this test it is
possible to notice that the compensation of the spectrum obtained with T =50 ns
is incorrect. In order to better investigate on this effect, the algorithm was tested
for the two sources separately with a count rate of 100 ¢/s for the 5"Co and 150 c/s
for the 2! Am. Fig. represents the PHS obtained with two SDL characterized
by Tp=50 ns and Tp=150 ns before and after the correction algorithm for the two
separated sources. From these spectra it is possible to notice that the compensation
of the ballistic deficit is well performed for the of the 3Co but not for the 24! Am,

that means that the correction factor is not well measured in this second case.
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Figure 4.21: Pulse height spectra of the 57Co source (top) and ?*! Am source (bottom)
before (left) and after (right) the compensation algorithm.

The encountered problem is due to the implementation on the FPGA for the process

of the smaller energy photons. This aspect can be related to:

e the electronic noise;

e offset on the measurement of the amplitudes of the pulses from the double

shaper;
o insufficient digitalization accuracy in the measurement of 1}, for small energies.
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At the moment, we by-passed the problem by excluding the low energy pulses from
the calculation of the correction factor < n > by adding an amplitude threshold on
the signals from the double shaping circuit. The measurements performed with the

two y-sources separately suggest to eliminate the pulses with an energy E<60 keV.
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Figure 4.22: Pulse height spectra of the °"Co and ?*'Am ~-sources superposed
before (left) and after (right) the correction algorithm with the selection on higher
energy photons.

Fig. represents the PHS obtained before and after the compensation algorithm
for the two y-sources simultaneously with the rejection of low energy amplitudes
from the measurement of nj,. The results show that now the obtained PHS from
the SDL with Tp=>50 ns is well compensated.

The rejection of energies smaller than 60 keV permits to correctly perform the
compensation of the ballistic deficit. Despite the encouraging result, further exami-
nation are currently being done in order to better understand the real cause of the

problem.

4.4.3 Exponential moving average

Another problem due to the implementation of the method in FPGA is the final
average for the estimation of the correct compensation factor. A suitable way of an
FPGA implementation for the operation of the average is the Moving Average. The
choice of the suitable value of pulses for the average is an important step during
the implementation on the FPGA. The study for the choice of the number of pulses
was performed on a distribution of calculated values of 7 (Fig. [£.23)).

We want to find a number of pulses, N, to reduce the noise on the measurement of

< 1 > and suitable for an FPGA implementation. For this latter reason we decided
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Figure 4.23: Distribution of the value of  at 1 Mc/s.

to study the case of N as a power of 2, because in FPGA it is simply a binary shift.
Fig. represent the normalized distribution of the value of 7 when different N

are considered.

n/nmax

0,5 0,6 0,7 0,8 0,9 1 1,1
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Figure 4.24: Normalized distribution of the value of n when different value of N are
applied for the moving average.

The distributions obtained show that the spread is smaller when a big number of
N is used for the average. In order to better evaluate the effect of the different N
used for the average, the centroid and the standard deviation of the distribution is
reported in Tab. [4.5

N ‘ 2 4 16 64 128 256 1024 2048
<n> \ 0,872 0,866 0,857 0,853 0,852 0,852 0,852 0,851
o \ 0,206 0,187 0,148 0,135 0,129 0,102 0,087 0,087

Table 4.5: Values of < n > after the use of different values of N in the moving
average.

It is clear that with the use of a bigger N the spread of the distribution is reduced
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from a value of 24% when N=2 to 10% when N=2048. With N>64 the < 7 > is in
very good agreement with the value of  we expected (0,85) for the double shaping
circuit used in the characterization of the proposed method. The moving average
filter in FPGA is represented by a number of buffers according to the value of N
or by a temporary memory in which the data have to be stored. In case of a big
N, such as 1024 or 2048, the precision on the measurement of n is very good but
the number of resources required to the FPGA is big. If the number of N is small,
such as 16 or 64, the number or resources is reasonable but the precision on the
measurement of 7 is degraded.

For this reason, we implemented an alternative solution, i.e. the FExzponential
Moving Average. The algorithm for EMA is here presented:

EMA(n)=EMA(n — 1)+ «- [input(n) — EMA(n — 1)] (4.8)

Where o = 57, 2M
represents the n value of the computed 7},. Fig. shows the behaviour of the

Exponential Moving Average algorithm proposed with different values of M applied.

is the number of values used for the moving average and input(n)

For this study a count rate of 1 Mc/s was used.
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Figure 4.25: Results of the EMA algorithm with different values of M applied. The
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This algorithm is easy to implement and requires fewer resources than the simple
moving average. In fact, we only need one adder, a delay unit and M shifts of the
value in square brackets. The power-2 shift is directly connected to the number
of pulses we want to use to perform the exponential moving average. In order to
investigate on the effectiveness of the algorithm proposed, a study on the behaviour
of the EMA with different values of M was carried out. With a large number of
pulses considered for the average (M=12) it is possible to see that the algorithm
requires a certain time to converge, but once we are in the flat top of the response
we find an oscillation between only two channels for the value of the correction
factor, i.e. 1% of the variation on < n >. Tab. summarizes the results obtained
from the characterization of the EMA algorithm.

2M " Time to converge at 1 Mc/s < n > variation o
(s)

16 <0,001 0,85-0,89 0,41
256 <0,001 0,85-0,87 0,33
1024 0,001 0,85-0,87 0,25
4096 0,01 0,85-0,86 0,12

Table 4.6: Behaviour of the EMA algorithm with different values of M.

The results confirm that a big value of M an thus 2 assure an accurate value of the
correction factor. It means that the variations on < n > are represented by a value
smaller than 1%. On the other hand, with a big value of M the algorithm requires
some time to converge. If the value of M=12 and thus 2—=4096 the algorithm
requires 0,02 seconds to converge. This mean that with a count rate of 1 Mc/s we
lose 10000 pulses from the measurement of < n >. Thus we need more time in
order to perform the correction. If we use a value of M=10 and thus 2" =1024 for
a count rate of 1 Mc/s we lose only 1000 pulses, i.e. around the 1% of 1 second
acquisition. This seems a good compromise between precision of the measurement

of the correction factor and resources need for the implementation on the FPGA.

4.5 Conclusions and discussions

The method presented in this Chapter has the objective of compensate the phe-
nomenon of the ballistic deficit with a real-time process implemented in FPGA.
Two shaping circuits are used for the measurement of a correction factor < n >
which gives an estimation of the ballistic deficit. This correction factor is used to

compensate for the effect of the ballistic deficit of the fast shaping circuit. In this
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way, we should be able to compensate for the instabilities observed in Chapter 3,
without degrading the performances of the detector in terms of energy resolution
and dead-time. We demonstrated the importance of the selection rules for the
rejection of undesirable phenomena such as pile-up, charge sharing and weighting
potential cross-talk, affecting the correct measurement of 7. Among them the
pile-up is the phenomenon which has a bigger impact on the estimation of the
correction factor. The introduction of the TOT technique for the rejection of these
events we are able to perform a correct measurement of this value even at a count

rates up to 2 Mc/s reducing the variation of < 1 > from 11% to 2%.
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Chapter 5

Stability performance of the
spectrometric detector with the
ballistic deficit compensation
method

In Chapter 4 a novel approach for the compensation of the phenomenon of the
ballistic deficit was presented. Its key points were underlined through experimental
measurements and the effectiveness of the proposed algorithm was demonstrated.
In this Chapter we are going to present and discuss the results obtained with the
algorithm for the compensation of the ballistic deficit in real-time in order to obtain
a stable response of the detector over time. The efficacy of the method during all

the operation time of the detector was tested under low and high fluxes.

5.1 System description

S0 A 11041

R

/ X
~ fhscre00014 8
4 /

4

Figure 5.1: (Left) Test bench used for the experiments. (Right) y-sources of >"Co
and ' Am.
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Fig. [5.1] represent the test bench used during the validation tests. The detector
was tested with two v sources (Fig. on the right) or with an X-ray source,
depending on the count rate needed. For y-ray measurements the sources were
placed above the detector window, almost 2 cm far from the CdTe sensor. For the
X-ray measurements the detector is placed 20 cm from the source. A thin layer of

Tungsten material (W) was used too.

The evaluation of the real-time compensation method is presented here for one
pixel. The algorithm can be easily extended to the entire 4x4 matrix. Fig. 5.2
represents the diagram of the entire process developed on the FPGA.

FPGA

Pulse shape and triggering Cotrection algotithms Real-time PHS on
a) 256bin |
"

PHS without
correction
Pulse shape and triggering Correction algorithms Real-time PHS on
256 bin |
r r " 1
i pixel
N vre " = Pulse Height analysis PHS with
erivation — performedwith the ;
T e 2 correction
ivel
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Pulse detection and SELECTION rules Measurementof 7 EMA (N=10)
1

T
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. _ (150ns)

—M— N~ Aselected

(50 ns)

)
+ smallamplitudes rejection
(E<55keV)

(50 ns)

Figure 5.2: Diagram of the process developed on the FPGA for the stability
improvement of the detector response.

In order to correctly compare the response of the detector before and after the
correction algorithm, we have configured the FPGA to provide the spectra on 256
energy bin with and without compensation. In Fig. we notice that the entire
process on the FPGA for one pixel is divided in two parallel processes. In a) the
standard DPP of the signals from the CSA as described in Chapter 2 is represented.
The resulting 256 bin PHS obtained with a fast shaper are affected by the unstable
response of the detector. The ballistic deficit correction is performed in parallel by
the second block (b).

The acquisition sequence for the evaluation of the efficacy of the proposed method,

consists in acquiring a sequence of spectra with the two processes a) and b) (Fig.
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during the operation time of the detector. Each spectrum is acquired every
2 minutes for a total duration of 2 hours after biasing the detector. In order to
reproduce the same unstable conditions, among each acquisition, the detector was
left unbiased for at least 2 hours. Fig. [5.3 represents a diagram of the followed

procedure for the spectra acquisition.

2 hours
Acquisition  Acquisition  Acquisition  Acquisition  Acquisition
Stop

T
Sa e |

t=0 min t=2 min t=10 min t=30 min t=60 min t=120 min

Figure 5.3: Diagram of the spectra acquisition procedure.

The performances of the method were studied both at low and high count rate,
following the same procedure. The evaluation of the effectiveness of the correction

on the PHS was performed in different ways according to the source (v or X) used.

5.2 Results under low-flux

For this first test at low flux we used the two v sources (Fig. on the right)
of 57Co (E,=122 keV) and ' Am (E,=59,5 keV) simultaneously for a total count
rate of 250 ¢/s. In this condition the phenomenon of pile-up can be considered as
negligible. Fig. shows the uncorrected and correct spectra measured with the
detector exposed simultaneously to the two 7y-sources. The improvement of the
stability over time is visible from the pulse height spectra. In the next Section,
we will quantify the benefit of the correction method by accurately measuring the

position of the photoelectric peak.
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Figure 5.4: Results obtained with the two 7-sources superposed. Pulse height
spectra performed with a SDL characterized by a Tp=50 ns before (right) and
after (left) applying the compensation algorithm.

5.2.1 Evaluation of the method performances

The test at low count rate shows two important results. First, the stability of
the detector response is reached immediately after biasing the system. Fig. |5.5
represents the position of the photoelectric peak over time before and after applying
the compensation algorithm. The estimation of the photoelectric peak position is
performed with a Gaussian fit on the main photoelectric peaks of the two v-sources,
i.e. at 122 keV for the *"Co and 59,5 keV for the ! Am. In order to evaluate the
shift over time of the peak position, this latter was normalized by the final position

of the peak, when the detector is stabilized.

1,01

0,93 T T T T T
0 20 40 60 80 100 120

Time (min)
Figure 5.5: Normalized peak position over time of the spectra.

The estimation of the photoelectric peak position was performed for the main

energies of the two sources in order to check the coherence of the results obtained.
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The results show that before applying the compensation algorithm we have a shift
of the photoelectric peaks of 6%, representing a shift of 5 channels. In order to give
a temporal estimation of the unstable condition of the detector before and after
the correction, we can estimate the time for which the variation of the normalized
photoelectric peak position is smaller than 0,5%. From the obtained curves we can
then notice that the response stability is reached around 60 minutes after biasing
the detector before the correction algorithm is applied and around 7 minutes after
the correction. The significant improvement obtained with the proposed method
is represented by the important decrease of the shift of the photoelectric peaks
over time, represented by only the 1% immediately after biasing the detector. This

represents a shift on only 2 channels in the very first minutes of operation.

The second results obtained with this first test is that the energy resolution is
almost unchanged. In order to compare the correct value of the measured energy
resolution of the system we estimate the (FWHM) from the Gaussian fit for the
acquired spectra at t=120 minutes, i.e. the stable one. We observed that the energy
resolution is slightly worse when the correction is applied. We have measured that
before applying the compensation method the energy resolution is estimated equal
to 6,8% at 122 keV and 13,7% at 59,5 keV. When the correction is performed, we
find a resolution of 7,4% at 122 keV and 14,1% at 59,5 keV. This slight increase is
due to slight fluctuation of the measured correction factor < 7}, > performed with
the algorithm of the Exponential Moving Average (EMA) discussed in the previous
Chapter. This result could be further improved by increasing the number of pulses
used for the average calculation and this can be easily achieved at higher count

rates.

5.3 Results under high-flux with material

Measurements under X-rays were performed in order to demonstrate that the
spectral drift is also corrected at higher count rates. The X-ray tube was set at
160 kV and at different tube currents. In this way we could investigate on the
effectiveness of the algorithm proposed at different count rates. Tab. [5.I] summarizes

the beam characteristics adopted for this test.
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Voltage Current Count rate
(kV) (mA) (Mc/s)

160 15 0,74
160 2,3 1
160 3,5 1,5
160 5 2

Table 5.1: X-ray beams characteristics for the acquisition when the thin layer of W
is used.

In this Section we are going to analyse the results obtained when a thin layer
of 0,5 mm of Tungsten (W) was superposed to the X-ray beam. The spectrum
is characterized by a narrow energy peak below the K-edge energy (69,5 keV) of
Tungsten. This peak can be used to accurately measure the spectral drift of the
detector. In this way, we can precisely quantify the drift of the detector response
over time as well as the efficacy of the correction method. It was used the procedure
described in Section 5.1 for the acquisition of the spectra over time. Fig. [5.6] shows
the uncorrected and corrected spectra measured with the detector exposed to the

X-ray beam at different values of current before and after the correction.

[uny
1

o
oo
1

Normalized # of photons
= =}
= [}
1 1
Normalized # of photons
o
(o)}
Il

=
N
1

0214 / \
\/\ 0 =7 . v: \ -

0 T T
0 50 100 150 200

0 50 100
Channels Channels

(a) 0,74 Mc/s before correction. (b) 0,74 Mc/s after correction.

-

O
[e9)
L

L
»
L

K= o
& [e2}
Normalized # of photons

o
N
I

Normalized # of photons
(=)
N

50 100 0 50 100 150 200
Channels Channels

o

o

(¢) 1 Mc/s before correction. (d) 1 Mc/s after correction.

106



CHAPTER 5. STABILITY PERFORMANCE OF THE ALGORITHM

1 @ 11 iy
g 2
g 2038 |
%- 0,8 <
- bS]
) 0,6 4
So6 =
2 g ‘
=04 5 0.4 \
e €
£ S \// N
20,2 z 02 1 \
0 T T 0 - T T T T
0 50 100 0 50 100 150 200
Channels Channels
(e) 1,5 Mc/s before correction. (f) 1,5 Mc/s after correction.
1 o
S 208 - |
E 0,8 f_" |
o o \
S o6 = 06 4 ““
; = ‘
= @
i S
s T 04 1 ‘
5 0,4 g
o
S 0,2 A
202 =z
O : : ; 0 7‘ T T T ‘\ —
0 < 100 150 0 50 100 150 200
Channels Channels
(g) 2 Mc/s before correction. (h) 2 Mc/s after correction.

Figure 5.6: Pulse height spectra from the fast shaping circuit before (left) and after
(right) applying the correction algorithm for different count rates involved.

From the pulse height spectra obtained it is possible to notice the effectiveness of

the compensation algorithm.

5.3.1 Characterization of the drift for polychromatic spectra

Contrary to y-sources, it is not possible to estimate the position of the spectra
with a Gaussian fit because they are polychromatic spectra. For this reason, in this
thesis work, we developed a new method for the characterization of the spectra
position over time for polychromatic sources. The method is able to quantify the
drift of the unstable spectra, Synstapie, in relation to a reference spectrum, S,qf.
Our reference spectrum is recorded at the end of the acquisition sequence when we
know that the detector response is stable. After the acquisition, the spectra are
normalized on the count rate in order to correctly perform the comparison. After
that we fixed an energy window on the reference spectrum equal to (Snmaz — SNmin)
where symin represents the lower value of the energy window and sy,.q. the upper

one. Once the energy window is fixed, the drift is evaluated as follow:
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Di(i) = Y |Sunstate(i - k) = Spef(i)] (5.1)
drift =1 — Argmin(Dy,) (5.2)

Where k is a parameter introduced for the minimization of the quantity D, among
the unstable spectrum and the reference one in the fixed energy window. This

parameter defines the drift. Fig. represent the concept here described.

Unstable spectrum

I Reference spectrum

Normalized # of photons

| \ \r
Channels
sNmin sNmax

Figure 5.7: Concept of the distance evaluation among stable and unstable spectra.

5.3.2 Evaluation of the method efficiency

In this first study, the method of the spectra position evaluation is performed on
the K-edge peaks, as Fig. shows. For the uncorrected spectra (left column
in Fig. SNmin—40 and syme:=70. For the corrected spectra (right column in

Fig. SNmin=70 and syme:=95. Fig. represents the position of the unstable
spectra over time compared to the reference spectrum before and after the correction.

With the method for the spectra position evaluation, it is possible to observe that
the measurements at different fluxes show that the correction algorithm is efficient
at every count rate considered. Before the correction algorithm is applied the
position of the normalized peaks over time increases by 4-7% during the first 60
minutes. In order to give a temporal estimation of the unstable condition of the

detector before and after the correction, we can evaluate the time for which the
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Figure 5.8: Normalized position of the Tungsten K-edge peak at different count rates,
before (full lines) and after (dotted lines) ballistic deficit real-time compensation.

variation of the normalized photoelectric peak position is smaller than 0,5%. We
can observe that the stability of the detector response is reached at a time t=40
minutes. Once the correction algorithm is applied the stability is reached at a time
t=4 minutes. The very interesting result is that the position of the normalized
peaks over time varies immediately after biasing the detector of a value smaller
than 1% on the range. It is important to notice that these results are obtained
without any loss of count rate, since we only apply a multiplicative correction to all

pulses of the fast SDL circuit.

5.4 Results under high-flux with direct flux

The last test for the evaluation of the compensation method was performed with a
direct flux, i.e. without any filter layers between the detector and the beam. In
order to obtain the same count rates as with the Tungsten filter, smaller currents
are now applied. Tab. summarizes the characteristics of the beam for this last
test.

Voltage Current Count rate

(kV) (mA) (Mc\s)

120 0,06 0,696
120 0,1 1,102
120 0,15 1,537
120 0,21 2

Table 5.2: X-ray beams characteristics for the acquisition with the direct flux.

The same procedure (Section 5.1) was used for the spectra acquisition over time.

109



CHAPTER 5. STABILITY PERFORMANCE OF THE ALGORITHM

12
w
1 s 11 A
5 208 | o
Fos | s0 g
(=] |
< =06 \'\
0,6 - g \
e 8 \
S04 | T 04
e e
= o 4
202 - z 02 /
0 0 +—= T T T
0 20 a0 60 80 100 0 50 oY 150 200
Channels Channels
(a) 0,74 Mc/s before correction. (b) 0,74 Mc/s after correction.
1,2
v
14 § 19 r’\/‘
@ <] f —\
g 508 *
2 08 - .
5 5 \
Y E:3 4
506 - 5 06 \
pud & \
2 5 04 1
e E /‘ \
= [} i
o2 - 2027
0 ‘ ‘ , ‘ G ‘ ‘ ‘
0 20 40 60 80 100 0 50 100 150 200
Channels Channels
(¢) 1 Mc/s before correction. (d) 1 Mc/s after correction.
1,2
v
c 1 4 \
1 |
2 E 4 v \
o 4
508 1 508 \
(e} a
5 206 | \
506 - 50 | \
[ | \
b o /
204 | 5044 | %
£ £ \
5 802 |
So2 | 20 ’
/ -
0 ‘ ; ; ; 0+ ‘ ‘ .
0 20 40 60 80 100 0 50 100 150 200
Channels Channels
(e) 1,5 Mc/s before correction. (f) 1,5 Mc/s after correction.
12
w
1 § 17 , /\
@ <] -\
g 508 - [\
50,8 - - / X
s = 06 [ \
s | /0 1
206 § /
2 504+ |
3 £ \
= o i \
202 =" W, N
0 ‘ ‘ ‘ ‘ 0 - ‘ ‘ T
0 20 40 60 80 100 0 50 100 150 200
Channels Channels
(g) 2 Mc/s before correction. (h) 2 Mc/s after correction.

Figure 5.9: Pulse height spectra from the fast shaping circuit before (left) and after
(right) applying the correction algorithm for different count rates involved.
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Fig. shows the uncorrected and correct spectra measured with the detector

exposed to the X-ray beam at different value of currents.

5.4.1 Evaluation of the method efficiency

Because of the broad distribution of the non-attenuated pulse height spectrum, the
drift on the channels of the energy spectra is evaluated with the method presented
in Section 5.3.1. In this case, we notice the fluorescence lines of tungsten, whose
energies ranging from 57 to 70 keV are combined into a single peak observable
around channel 50 of the uncorrected spectra. Nevertheless, the use of only this
small peak for the estimation of the spectra position was not sufficient for a correct
measurement of the factor k in Eq. [5.1} For this reason, in order to estimate the
position of the spectra over time compared to a reference spectrum, Eq. and
are applied to the non-zero region of the spectra, i.e. were the value of the spectrum
is different from zero. This mean that Symim=10 Snmaez=100 for the uncorrected
spectra (left column in Fig. and Symin=—25 Snmaz—150 for the corrected one
(right column in Fig. |5.9). Fig. [5.10| represents the concept of the drift evaluation

for direct flux X-ray beam.

—— Unstable spectrum

Reference spectrum

Normalized # of photons

Channels

sNmin
sNmax

Figure 5.10: Concept of the drift evaluation among stable and unstable spectra.
Once the values of the drift are measured for all the spectra before and after apply
the correction algorithm, the trend of the spectra position over time is traced. Fig.

[5.11] represents the position of the unstable spectra over time compared to the

reference spectrum before and after the correction.
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Figure 5.11: Normalized position of the normalized spectra position at different
count rates, before (full lines) and after ballistic deficit real-time compensation
(dotted lines).

The measurements at different fluxes show that the correction algorithm is efficient
at every count rate considered. Before the correction algorithm is applied the
position of the normalized peaks over time change of 6-9% on the range. We
estimate the time from which the distance to the reference spectrum is less than
0,5% and we observe that before the correction the stability of the detector response
is reached 40 minutes after biasing it for all the count rates considered. The same
estimation can be done after applying the correction. We observe that the time in
which the variation is smaller than 0,5% is only 4 minutes after biasing the detector.

Moreover, the shift measured immediately after biasing the detector is smaller than

1%.

5.5 Conclusions and discussions

In this Chapter, we have shown that the ballistic deficit correction method provides
a stable detector response over time. The method was validated with experimental
measurements performed with v and X-ray sources at different count rates. The
method is based on the measure of the ballistic deficit with a double shaping circuit
and perform the compensation of this phenomenon during all the operation time of
the detector with a real-time process. The results obtained prove that the real-time
correction method is capable to provide a stable response of the detector over time

both at low and high count rate.

Measurements with the ~-ray sources show that the the stability of the detec-
tor response is reached after only 7 minutes of operation. In the first 7 minutes

the estimated drift of the photoelectric peak is smaller than the 1%. Moreover, we
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demonstrated that the energy resolution when the stability is reached is almost

unchanged.

Measurements with the X-ray source both with the Tungsten material and with
direct flux prove the efficiency of the method for count rates up to 2 Mc/s. We
observed that once the correction is applied the drift of the spectra over time is
reduce from 6% to 1%, immediately after biasing the detector. The stability of the
detector response is reached some minutes after biasing the detector, when the drift

of the spectra is smaller than 0,5%.

113



CHAPTER 5. STABILITY PERFORMANCE OF THE ALGORITHM

114



Chapter 6
Conclusion and perspectives

Recently, there is a growing interest for energy resolved photon counting detectors
for X-ray imaging application. In this context, CEA-LETI Detector Laboratory
has developed a CdTe pixel detector based on an original architecture where the
signals of all pixels are continuously digitized and processed with an FPGA able
to perform advanced pulse processing algorithms. The detector provides real-time
high-energy resolution energy spectra over 256 energy channels. However, under
certain conditions, the performances are degraded by stability problems that affect
the spectral response of the detector. The goal of this thesis was to develop DPP
algorithms to improve the performance and the stability of a spectrometric pixel

detector for high-flux X-ray imaging applications.

After a first study of the State Of The Art on PCDs and on the pulse processing
algorithms associated to these detectors (Chapter 1), the characterization of the
spectrometric pixel detector developed in CEA-LETTI in terms of energy resolution
and dead-time was performed. We first studied the impact that the shaper has on
the performances of the detector (Chapter 2). With this study we demonstrated
that working with high fluxes imposes an important compromise between energy
resolution and dead-time. Moreover, the study of the detector response stability
(Chapter 3) has shown that it is difficult to have good spectrometric performances
and a stable response of the detector over time. Detectors operating under high flux
require the use of a fast shaping time of the shaper causing the phenomenon of the
ballistic deficit. We demonstrated that the amplitude of the ballistic deficit is sensi-
tive to variation of the electrical field profile inside the material. This effect is the
cause of a slight increase of the rise-time of the transient signal. The consequence is

an unstable response of the detector over time during the first two hours of operation.
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This is the reason why a real-time compensation method for the improvement
of the unstable response of the detector over time able to preserve its performances
in terms of energy resolution and dead-time was developed. In Chapter 4 the
principle and the characterization of the proposed method is presented. A double
Single Delay Line, characterized by a fast and a slow delay, is used for the measure-
ment of a correction factor n for the compensation of the ballistic deficit on the
fast shaper. The measurement of the correction factor cannot be performed on a
single pulse because of the noise, and thus the importance of measuring it on a big
number of pulses and then average the values measured. Moreover, it was observed
that undesirable effects such as pile-up, charge sharing and weighting potential
cross-talk, affect the measurement of the correction factor < n >. For this reason,
the rejection of these events is performed with a consequent improvement on the

measurement accuracy of < 1 > and thus on the compensation of the ballistic deficit.

The correction method was then implemented on the FPGA, after some adap-
tations. Experimental test at low and high flux were finally performed for the
validation of the proposed method (Chapter 5). The results obtained show that the
compensation of the ballistic deficit is well performed by the proposed algorithm.
The stability of the detector response over time is reached and the performances in

terms of energy resolution and dead-time are preserved.

Further tests and improvements have to be conducted to complete the charac-
terization of the proposed method. At first, the behaviour of the correction method
has to be tested under higher fluxes, e.g. 107 ¢/s or more. Once the limit of the
algorithm is tested it is possible to investigate different methods for the rejection of
undesirable effect for the measurement of the correction factor < n >. Finally it
will be necessary to evaluate the efficiency of the method with regard to the final
applications, in order to demonstrate that the detrimental effects on image quality,
material discrimination performance or the induction of reconstruction artefacts in

Computed Tomography (CT) applications will be effectively corrected.

The encouraging results obtained with the proposed method open new perspectives
for different approaches. The architecture developed is adapted for 1D-linear detec-
tors but the big challenge is to adapt it for 2D-matrix detectors. The various digital
processing methods for the correction of the pile-up or charge sharing performed in
FPGA were adapted for the implementation inside the pixel. The implementation of
the ballistic deficit correction method in the same way is the challenging task. The

two SDL can be represented by two delay circuits, the average can be thought as
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an RC and the multiplication is simply a gain. On the other hand, these operations
are difficult to perform in a pixel with a small size of 1 mm?. For this reason, other
type of solutions have to be found for a correct implementation of the method

inside the pixel.

This method was developed because we work with a fixed geometry spectrometric
pixel detector. A possible way to solve instability problems of the detector response
is to improve the proprieties of the semiconductor material. As we studied in Chap-
ter 3 it is also possible to optimise the geometry of the sensor in order to minimize
or better remove, the phenomenon of the ballistic deficit. The compromises with the

geometry optimisation is sometimes to increase phenomena such charge sharing.
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