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Abstract

he aim ofthis Doctoral activity has been the stydlye realization

and finally the integration of the analog front end for the

DEPFET Sensor with Signal Compress{@5SQ project in the
framework of the imagers develpmentfor the EuropeanX-ray Free
Electron Laser (European XFEL) To cope with the challenging
requirements of high frame rate, very low noise, power consumption and
area occupancy a novel filtering architecture has been proposed. The
circuit, called FlipCapacitor FilteFCF), processes directly the current
signalof the detectoto achieve high frame rates stitoviding excellent
noise performances. Two correlated measurenpartsead out cyclean
be performed, one of the baseline current beforeasigrrival and one
afterwards. The difference between the two values is obtained by flipping
the feedback capacitor in the integrator stage, hence the name of the
architecture. A single operational amplifier ised to savearea and
power consumption. A atlicated stage is introduced to cope with
threshold shifts in the detector after irradiataomd norhomogeneities in
the imager

In recent years, other circuits based on the current readout
approach hee been proposeds anexample, VELA (VLSI ELectronig
for Astronomy) is amulti-channel ASIC developed at Politecnico di
Milano that implements a trapezoidal weighting function by means of the
Switched Current Technique (SCT).hasexcellent noise performances




at processing ti meswherethetnioe commahe r of

source follower approadtarts to shovits intrinsic limitations. The same
filtering technique has also been usexda second stage in ASI@st try
to exploit the advantages of both readout approadikesYERITAS. In
these chips the signal is initiallyread outin voltage modeand then
converted to a current that can be processed with the BGany case,
none of the available solutismvas able to fulfill the requirements of the
European XFEL and thus a dedicated design wasededd fact, the
DSSC project specificatiengo beyond any existing instrumentation in
terms of speed, noise, area and power consumgitiom FCF represents
therefore a statef-the-art circuit in the field of current based filter
architecturesand beside matching thespecific project requirements it
can be successfully employed as analog input stage in other spectroscopic
experiments.

The recent development of Free Electron Lasers based on the
SelfAmplified Spontaneous Emissiortechnique has allowed a
considerable reduction of the emitted wavelength. Nowadays it is
possible to provide cohe-regmmetwithl i ght
unprecedented brilliance and short pulseatian. Having laser sources
these short wavelengths is beneficial for vasiapplicationsranging
from medical diagnostic to biology and physical studfe€uropean *
ray Free Electron Laseés currently undeconstructionin the Hamburg
area, Germany. The first lasing operation is foreseen for tHe Z8&nks
to the supercondiing nature of its linear accelerator this facility will be
able to provide the highest pulses rate ever achieved, witly Yulses
only 220ns apart and grouped in bunches of 2700 flashes each. The
energy range will be tunable between 206.6eV and 124keV
corresponding to a wavelength span from 0.1nm to 6nmFuHaVNidth
at Half Maximum(FWHM) of the pulses will be less than 100fs, thus
providing an extremely high peak brilliance.

To detect the Xay photons several imagers are under
development includng singlepoint, D and 2D detectors Among
othess, the DSSCproject aims to provide wide energy coveragevith
single photon detection capability thanks to visry low noise. To




achieve this result a novel detector structwgh a compressive
charactéstic based on the DEPFET concept is under developatethie
Max-PlanckInstitute Halbleiterlabo(MPI-HLL), Munich. The high gain

for small collected charge and the compressionldoge signals will
provide bothdesired features dfingle photon deteicin capability and

wide dynamic range. The imager will be composafd1024x1024
detectors, each orfleump bondedo a dedicated read out channel. Full
parallel read out is mandatory due to the high frame rate. Each channel
will comprise a fast, low noise alog front end, an-8it analogto-digital
converter and a static RAM to store the information. Data will be sent out
from the focal plane during the long gaps between subsequent macro
bunches.

The first Chapter of ik thesis describes the working prinkeimpf
Free Electron Lasers, comparing them to standard light sources. The
European XFEL project is also introduced in its main aspects and
characteristics. The second Chapter introduces tirea g devek@ment
for thefacility, and focuses on-R systemsThree differentprojectsare
under development for-R X-ray detection, one of them being the DSSC.
The latter is analyzed in details in the third Chapter.

The fourth Chaptedescribeghe FCFworking principleand the
design solutions adopted to implerhéme filter and cope with the DSSC
guidelines. Measurements @ndedicated FCRRASIC are shown in the
fifth and sixth Chapters, both for the FCF alone and coupled to a standard
technology, linear DEPFET detector. Finally, Chapter seven shows the
measuremds obtained with small, 8x8 DSSC pixels matrix prototypes
integrating all foreseen building blocks. In particular, the measurements
that are relevant for the filter characterization@esented




Italian abstract

0 scopo della miatesi di Dottorato e stato lo studio, la
realizzazione ed infinéontledd nt egr
analogico per il progetto DSSC nel contedello svilypo di

rivelatori per loEuropean Xray Free Electron Lasefprogetto Europeo

XFEL). Per soddifare i requisiti di elevatdrame rate basso rumore,

consumo di potenza ed occupazione di area una nuova architettura di

filtro & stata proposta. Il circuito, chiamatelip Capacitor Filter,

processa direttamente il segnale di corrente in arrivo daktorel per

ottenereu rel@vata velocitdmantenend@ccellenti prestazioni di rumore.

Vengono effettuate due misure correlate, una della correrttasdiine

prima dell 6arrivo del segnale ed una
misure € ottenuta girandta capacita in retroazione nello stadio di
i ntegrazione, operazione danaoloi der i

amplificatore operazionalke utilizzato cosi daisparmiare area e limitare

il consumo di potenza. Inoltre, per far fronte alle variazawstia tensione

di sogliadel rivelatore in seguito ad irraggiamergd alle disomogeneita
della matriceuno stadio dedicato e introdotto nella struttura. Oltre a
soddisfare le specifiche richieste del progetto in esame, la soluzione

proposta puo esserdlizizata in altri esperimenti di spettroscopia.

Negli ultimo anni sono stati proposti altri circuiti basati sulla
lettura in corrente. Ad esempio, VELA (VLSI ELectronics for
Astronomy & un ASIC multi canale sviluppato Bblitecnico di Milano




che implemeta una funzione peso trapezoidale sfruttand&watched

Current TechniqugSCT). Il circuito e in grado di fornire eccellenti
prestazioni di rumore a t esngdpve di pr c
la pit comune lettura asource followercomincia amostrae i propri

limiti intrinseci La stessa architettura di filtraggio € anche stata usata

come secomul stadio in ASIC che cercano di sfruttare i vantaggi di
entrambe le tecniche di lettura,nee VERITAS.In questi chip il segnale

é inizialmente processato in tensione e poi convertito in una corrente che

pud essere elaborata tramite S@T ogni caso, nessuna delle soluzioni

di sponi bildi era in grado di soddi sf
rendendo necessario uno sviluppo dedicdndatti, le specifiche del

progetto DSSC vanno oltre le prestazioni di qualsiasi strumento esistente

in termini di velocita, rumore, area e consumo di potelhzarcuito FCF

S i pone quindi cedb campo glelle architetire Idil 6 ar t ¢
filtraggio basate sulla lettura in corrente, ed oltre a soddisfare le
specifiche richiestéel progetto DSSC puod essere utilizzato con successo

come stadio analogico di ingresso in altri esperimenti di spettroscopia

Il recerte sviluppodi Free Electron Laserbasati sulla tecnica di
SelfAmplified Spontaneous Emissioha consentito una sensibile
riduzione del | a l ung®Wé z zgai od @ on ddad o d ¢
possibile generare impulsi di luce coerente nel campo deiraggi X € o n
caratteristiche di brillanza e brevita senza precedenti. Varie applicazioni,
dalla diagnostica medica alla biologid alla fisica traggono vantaggio
dalla disponibilita di sorgenti laser in questmgedi energie.Un Free
Electron LaserEuropeo oprante nel campo dei raggi ¥progetto
Europeo XFEL)é attualmente in fase di reaimazi one nel |l dar
Amburgo,GermaniaL 6 at ti vazi one del faScio | a
Grazie alla natura superconduttiva del suo acceleratore lineare questa
strutura sara in grado di generare il piu elevato tasso di impulsi mai
raggiunto, conflash di raggi X separati di soli 220ns e raggruppati in
treni da 2700 i mpul si ognuno. Loenel
12. 4keV, ossia tra O0.danbaFuleWidhmatm di |
Half Maximum (FWHM) degli impulsi sara inferiore a 100fs, da cui
deriva una brillanza di picco estremamente alta.

Vi



Vari sistemi di rivelazione sonin fase disviluppo, tra cui
sistemisinglepoint, monadimensiondl e bidimensionali.Lo scopo del
progetto DSSCEPFET Sensomwith Signal Compressione di fornire
un sistema D con vasta copertura energetica e basso rumore per
consentire la rivelazione di singoli fotoni. Per ottenere questo risultato
una nuova struttura di rivelatoreadata sul concetto del DEPFET e su di
una caratteristica ndineare di tipo compressivo, € stata proposta dal
Max-PlanckInstitute Halbleiterlabo(MPI-HLL) d i Monaco. Loel
guadagno per bassi fotoni e la compressione per grandi segnali forniranno
allo stesso tempo la capacita di rivelare singoli fomaon vastorange
dinamico. Il sistema completo sara composto da 1024x1024 rivelatori,
ognuno dei quali collegamun canale di lettura dedicatQuesto tipo di
lettura completamente parallela € dettdta | | 6 é&dme vagetOgni
canale sara composto dafuont endanalogico veloce a basso rumore,
da un convertitore analogiatigitale a 8 bit e da una memoria RAM

statica per i mmagazzinar e I 6i nf or m:
all 6el et tha dunante ali iesvalle tra duemacro bunch
successivi.

Il primo Capitolo di questa tesi descrive il principio di
funzionamento deFree Electron Lasex offrendo un confronto con le
sorgenti laser tradizionali. Il progetto Europeo di XFEL €& introdotio n
suoi aspetti principali. Il secondo Capitolo introduce lo sviluppo e le
richieste dei rivelatorid immagine, concentrandosi in particolare sui
sistemi 2D. Tre diversi progetti sono allo studio per questo settore, uno
dei quali e il progetto DSSC. Quésti | t i mo ~ anali zzato
nel terzo Capitolo.

Il quarto Capitolo introduce #Flip Capacitor Filtere descrive le
soluzioni progettuali adottate per implementare il filtro e soddisfare le
specifiche di progetto. Le misure sul filtro in un AS#fedicato sono
mostrate nel quinto e nel sesto Capitolo, sia per il circuito da solo che
collegatoa un rivelatore DEPFET lineare. Infine, il settimo Capitolo
mostra le misure ottenute su matrici 8x8 di pixel in formato definitivo. In
particolare, le misurehe sono rilevanti per la caratterizzazione del filtro
sono descritte in dettaglio.

Vi



Contents

The Free EIeCtron LaSersS.........coccvviiiiiiiiiiieeee e 1
1.1  Historical background..........cccccccovmiiiiiiieeeieee 1
1.2  FELS WOKING PriNCIPle.......cueiiiiiiiiiiiiiieeeiiie e 4
1.3 Activation tEChNIQUES...........uvvviiiiiiiiiiiieene e, 7
1.4 FEL PrOPertiES....cceiiieiiiiiiiiiiiieiieeeeeeee et eeeeee e 10
1.5 The European XFEL project.......cccccvvvvveevivivieeeeeeeeeeeeeenn, 12
1.6  Scientific possibilities............ccccciiiiiiiiieeeeccc . 17
1.7  Bibliography........ciiiiiiiiiii e 20

Imagers for the European XFEL...........cccccoooiiiicc e 23
2.1  Detectors for the experimental esgtions......................... 23
2.2 Single point and lineattetectors...........ccooeeeieeriiiiiiccceeeeeee. 26
2.3 2-D detectors reqUIrements...........cceeeeervinvimmmnnennnneeeeennss 26
2.4  2-dimensional detector systems projects...........ccccccee.... 28

241  The AGIPD PrOJECL.......uuviiiiiieeeeiiiiieeesiiireeeea e 29
A S N U= o D o] o] = ot A 31
243  The DSSC PrOJECL.....cuuuiiiiiieeiiiiiimemssiieneeee e e 32

VIl



2.4.4  Comparison between the 2D imagers projects........ 34

2.5  Bibliography.........ccooiiiiiiiieee e 35
THe DSSC PrOJECT....uuuiieeiiiee et e e e e e e 37
3.1 The DEPFET detecCtor...........cccoiiiiiiiiiiemniiiee e 37
3.2 The DEPFET Sensor with Signal Compression..............43
3.3  Theread Out ASIC.........cvviiiiiiii e 49
3.4  The analog input filter...........coeeririiiiiiieeee e 1
3.4.1  Source follower read out approach......................... 54
3.4.2  Current read out approach...........ccccvvviiiiiicemnneeeenn. 58
3.5  Analogto-digital CONVEIEN..........ccvvvvevveiiiiiiiieeer e 63
3.6 The inpiXel MEMOIY.......ovviiiiiiiiiiie e 63
3.7  Bibliography..........coooiiii e 72
The Flip Capacitor Filter ... 75
4.1 Reviewof a current read Out CiIrCUIL..............coevuvvriiieannee. 75
4.2  Preliminary studies for XFEL.................ccoooiiiieeeiiiinnnnnn, 79
4.3  The Flip Capacitor Filter..........ccoooiiiiiiiiiieeeiieeeeeeeee 82
4.4  Theflip pPhas@......iiiieee e 88
4.5 The feedback SWitChes..........cccooiiiiiiiiccciieee a1
4.6  The operational amplifier dynamic range........................ 94
4.7  Choice of the feedback capacitors................cccvvvieennnnnnn 98
4.8  CUIMENt DOOSL......coviiiiiiiiii e 101
49 Thereset phase.......cccciiiiiiiiii e 105
4.10 The dump amplifier........oooiiiiiiiiii e 106
4.11 The programmable current generator................ccoeeeee. 107
4.11.1 The programming l00P........ccooviiimiiiiiiiiieeeieeeee e 109

4.11.2 Noise considerations and current source architectdrEl

4.12 Complete circuitand layout..................coo v veeeeiinnnns 115

IX



4.13 Bibliography.........cooooiiiiii e 118

Characterization of the FCF ... 119
5.1 Experimental setup for the FCF ASIC............c.cevvee.e. 119
5.2  External network to generate the bias and signal.......... 121
5.3  Oscilloscope waveforms............cccvveeeeeeiiiecceee e 123
5.4  The programmable current generator.................ccoe.ee. 124
5.5  Weighting funCtions............ccooiiiiiiiiiiieesiieeeee e 129
5.6  Linearity Mmeasurements........cccceeeeeeeeeeiisimeeeeeeeeeeeeeeeees. 133
5.7 Noise performance of the filter alone....................o...eee. 136
5.8  Bibliographyi.....ccccooooiiiiiiii e 139

Measurements with @ detector...........cccoecvvviiiiiiimenic 140
6.1 Measurements with a radioactive SOUrCe....................... 140
6.2 Measurements with a laser setup............coeeeeeeivicmeeeee, 146

6.2.1  Weighting fUNCLIONS..........ccoviiiiiiiiiiii e 147
6.2.2 LoNg flattOp.......ueeeeieeieeee e 149
6.3 Bibliography...........ciiiiiiiiiiiee e 151

Measurements on the 8X8 Prototypes........cccceeeeeeeieeeiiiiceeeeeeeeeen. 152
7.1  ASIC description and test Setup...........ccccuvveeeriiieeneeeennnn 152
7.2  FCF characterization in the MM chips...........ccccccoee..... 156
7.3  Measurements with a detector..............cccvvvveevieeeceeneeeenn. 159
7.4  Bibliography....cccooooiiiiii e 162

Discussion and CONCIUSIONS.............eeviiiiiiiiiiiemn e 163




CHAPTERl

The Free Electron Lasers

1.1 Historical background

The discovery of Xrays in 1985by W. C. Réntgenplayed a
fundamental role in basic science and medical diagnd&iigg]. In fact,
it was labeled a medical miracle andra¢s soon became an important
diagnostic toqgl allowing doctors to see i@ the human body fahe
first time without surgeryThe mostimportantdiscoveries made using-X
rays and awarded with the Nobel Prize are listeflable 11. Howevet
in spite of the considerable efforts madebtdld high-power Roentgen
tubes, the obtained progress was only moderate for a long ime
particular if compared to the tremendous progress which was made with
synchrotron radiation sourcasterms of flux and brightnegEigure 11).

Pag.1 of 165



Chapter 1. The Free Electrm Lasers

Main discoveries made using Xays awarded with the Nobel Prize

1915

W. H. Bragg and W. L. Bragg, in physics, for the determination of crystal structur
using Xrays.

P. Debye, in chemistry, for determining molecular strires by Xray diffraction in

1936
gases.
1962 M. F. Perutz and J. C. Kendrew, in chemistry, for determining the structure of
hemoglobin and myoglobin.
F. Crick, J. Watson and M. Wilkins, in medicine, for their discoveries concerning
1962 molecular struatre of nucleic acids and its significance for information transfer in
living material.
1964 D. Crowfoot Hodgkin, in chemistry, for the determination of the structure of penic

and other important biochemical substances.

1979

A. M. Cormack and G. N. élunsfield, in medicine, for the development of
computerized tomography.

1985

H. A. Hauptman and J. Karle, in chemistry, for the development of direct method
X-ray crystallographic structure determination.

1988

J. Deisenhofer, R. Huber and H. Michielchemistry, for the determination of protei
structures crucial to photosynthesis.

Table 11 List of the main discoveries made usinga)s and awarded

with the Nobel Priz¢source: www.nobelprize.org).

Figure 1.1 Brilliance development of-Kay sources since the discovery of
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Chapter 1. The Free Electrm Lasers

After the first observation of synchrotron radiatid} and the
evolution of cyclic electron synchrotrons and then storage forgsigh
energy physics applications, it was realized that these accelerators could
alsobe exploited as much more intenseray sourcesMany scientific
disciplines ranging from physics, chemistry and biology to material
sciences, geophysics and diagnmsstivould benefit from a powerful -X
ray source with pulse lengths in the femtosecond range. The main reason
for this is thathe X-ray wavelength, that determines the smallest distance
one can study with such a probe, is comparable to atomic dimension. The
availability of such a radiation source would allow, for example, -time
resolved observation of chemical reactions with atomic resolution

The firstgenerationof synchrotronsources utilized radiation
from storage rings built for higanergy physics purpes Initially only
bending magnet radiation was used and experiments were carried out
parasitically during higlenergy physics runs. The secegeheration
machines were builbn purpose but still initially used bending magnet
radiation[4]. The design andonstruction of storage rings with special
magnetic insertion devices, called wigglers amtlulatos, has led to
third generationfacilities specially designed for synchrotron radiation
research5]. However,in thesemachinesll electrons emit their chation
field without a fixed phase relation leading tonaarly incoherent
superposition.

A different concept was thus needed to realize a powerful
radiationsource with laselike propertiesAlready in the 1951, Motzg]
showed that an electron bunclavelling through arundulator magnet
array cancoherentlyamplify radiation, and in 1960 Philipdeveloped
Ubitron [7], a microwave tube quite similar what we now call Free
ElectronLaser(FEL). Theoretical work on FELs was done in the 1960s
and 1970sby Palmer 8], Robinson 9] and Csonkd10], and he first
FEL was operated in 19 by Madey [L1] at 1&m radiation wavelength.

While the existence of an exponentially growing solution for the
FEL equations has been studied by many auttids the first theory of
a SelFAmplified Spontaneous Emission (SASE) FEL in th® Xase,
including the start from gmtaneous radiation and saturation, was given
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Chapter 1. The Free Electrm Lasers

in [13]. The theory was then extended to three dimensicfjs The first
proposal for a single pass softrAy FEL starting from noise was
published by Murphy and Pellegrini in 198%]1but the project waglill

based on a storage ring structure. This limited the performances due to
storage ring collective effects

The development of radio frequency photocathode electron guns
[16] and the work on linear colliders hawdlowed overcoming these
limitations. In particular, the continuous improvements in linear
acceleratordrave demonstrated that it is possible to accelerate and time
compress electron beams without spoiling their brightnggs In fact,
while thetheory of the SASE FEL has been developed staiitinthe
1980s, experimental results have been obtained only during the last few
years The first demonstration of the SASE mechanism gaased out in
1997 and concerned lasing in the infravealzelength [18]In September
2000, a group at Argonréatioral Laboratory (ANL) became the first to
demonstratsaturation in a visible (390 nm) SASE FEL9]. Soon after,
in September 2001 a group at DESY (Hamburg, Germdegjonstrated
lasing to saturation deep into the vacuum at 98nm[20].

Through several wéshops[21-23] it became clear that these
new sources are so fundamentally different from previous lasers that they
will become for many fields a complementary tool and will open up
completely newareas of Xray science and applicatiorihe discussions
convinced nearly all participants thatdiaraaceleratoibased FELs would
be the most effective machines farontinuing to improve the
performance o-ray sources, and in particular, would provide the only
viable route to a diffracticiimited hardX-ray urce.

1.2 FELs working principle

The emitted radiation from a FEL has much in common with
radiation from a conventional optical laser, such as high power, narrow
bandwidth and diffraction limited beam propagation. On the other hand,
the working principles completely differentOne of the main differences
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Chapter 1. The Free Electrm Lasers

between the two lasers is the gain medium. In a conventional laser, the
amplification comes from the stimulated emission of electrons bound to
atoms, either in a crystal, liquid dye or a gas. Therefdre, set of
possible energy states an electron can occupy is finite, which directly
translates to a limited output spectru@onversely, the amplification
medium of the FELs represented biyee (unbounded) electrons stripped
from atoms in an electron gunnd then accelerated to relativistic
velocities. Since the electrons in the FEL are not limited to specific
transitions, the output wavelength of the laser is tunable over a wide
range.Moreover, the lack of a lasing medium in the cavity allows the
laser tooperate at vgrhigh power levels witholtteating problems.

Figure 1.2 Working principle of a singkpass FEL By travelling through
a magnetic undulator electrons emit photons that are in phase with each
other, thus generating coherent output pulse.

The basic principle makes use of the fact that an electron beam of
sufficient quality, propagating through a long, periodic magnetic dipole
array i a so called undulatof exponentially amplifies an initially
existing radiation &ld. This amplification is initiated by an increasingly
pronounced longitudinal density modulation of the electron bunch. In the
magnetic structure, the electrons travel on an oscillatoryipgtbsedby
the periodic sequence of transverse magnetic fidlidsighthe Lorentz
force Figure 1.2). The initial radiation field can be an external source
that copropagates with the electron bunébr, exampleprovided by an
external seed laser, or an internal field gemeraly the spontaneous
emission in the undulator. In the latter case it is callSASEFEL [24]-

[25]. The two different activation techniques will be described in the next
section
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Chapter 1. The Free Electrm Lasers

In the undulator, the deflection afharge from the forward
direction is omparable to the opening angle of the synchrotron radiation
cone.Thus, theelectronsemit synchrotron radiation in a narrow cone and
the radiation generated while travelling along the irdlisi magnetic
periods overlaps.This interference leads to a spameous, ofaxis
undulator emissioninto a narrow bandwidth around a resonance
wavelength_ determinedby the undulatorparameters and the beam
energy:

_ — p U ,withf —and0 —— TdOG _

Here, O is the electronenergy, @ the electron resimass,Q the
elementary chargep the speed of light in vacuum, the undulator
periodin cm, ando the peak magnetic field in the undulatoeasured

in Tesla U is called the averaged undulator parameterd varies
between 1 and 10 for aepmanent magnet undulator that has a few
centimeters long period2¢]. Two main advantages of the FELs are
evident from the last equationhe unability of the wavelength by
varying the electron energy or the magnetic field, and the possibility to
achievevery short photon wavelengths at high electron energies.

The interference condition basically means that, while travelling
along one period of the undulator, the electrons slip by one radiation
wavelength with respect to the electromagnetic fitdfact, since the
radiation is faster than the electrons it overtakes the charges travelling
ahead and interacts with them along the wWagpending on the relative
phase between radiation and electron oscillation, electrons experience
either a deceleration or @eration: electrons that are in phase with the
electromagnetic wave are retarded while the omis opposite phase
gain energy.As a result, alongitudinal periodic chargedensity
modulation of the electrons at the electromagnetic wavelenigth
establi®ied (Figure 1.3). This process ofmicro-bunchingamplifies the
electromagnetic fieldvlore and more electrons begin to radiate in phase,
which resul$ in an increasingly coherent superposition and enhanced
power ofthe radiation emitted from the mickmnched electrons. The
more intense the electromagnetic field gets, the more pronounced the
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Chapter 1. The Free Electrm Lasers

longitudinal density modulation of the electron bunch, and vice versa.
This is what leads to the high intensities and Higer properties of
FELs.

Figure 1.3 Example of the development of mitnenching of the electron
beam along the undulatoifhe electron density is represented by the
density of dots. Left, at the undulator entrance. Middle, altimeg
exponential growth regime. Right, saturation at the undulator exit.

The lack of suitable mirrors in the extreme ultraviolet anchX
regimes prevestthe operation of an XFEbscillator This is due to the
low reflectivity in normal incident geometrgt these wavelengths and
potential mirror deformation, or even damage, due to the high absorbed
power. Consequently, there must be suitable amplification over a single
pass of the electron beam through the undulator and this leads to very
long structures.

1.3 Activation techniques

In the previoussectionit is statedthat to start theFEL micro-
bunching procesan initial electromagnetic field is necessargide the
magnetic undulatorsThis starting condition can be obtained in two
different ways:

i. by using an external, conventional laser at the desired
wavelength, realizing a stalled seeded FELPower increase in
a high gain mode, seeded FEL is directly related to the energy
modulating process of the electromtigh quality radiation can
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be geneated since it is directly derived frothe seedOn the
other hand, by using conventional lasers this technique poses
limitations to the obtainable output wavelengths

ii. by amplifying the spontaneously emitted radiation in the initial
part of the magnetic wulator by the electrons, in which case the
system is called 8ASEFEL, as already describedsaction 1.2.
In SASE mode no external laser sources are needed, thus it is
possible to fully exploit the FEL properties and generate very
short wavelength phohs. Moreover, since it is completely
independent of atomic excitation levels it can be tuned over a
wide range by acting on the undulators parameters.

The second technigue herediscussed in more detsilsince it is
the one that will baisedatthe Eubpean Xray FEL The SASE process
implies a very short, high energy electron pulse producing a similarly
short and very intense FEL radiation pulse. Therefavegbtain the
desired behavior differentriteria have to be met. First of all, it is
necessaryo have a good electron beam quality, specifically high peak
current, small emittance, small energy spread and short bunch length.
These properties can be produced by linear but not circular accelerators.
Moreover, a sufficient overlap between radiationspuand electron
bunch along the undulator has to be guarantéedlly, an intensity gain
in excess of 1010 has to be provided in the short wavelength regime.
At this level of gain, the shot noise of the electron beambeamplified
up to complete mro-bunching.

Before micrebunching takes place, all the electrons With
usually0 p 1) can be treated as individually radiating charges with a
power due to spontaneous emission that is proportional toThe
interaction of the eleémns with this initial radiation starts the lasing
action, and if the charge density and undulator length are sufficient the
micro-bunchingprocesgakes placeWith complete micredbunching, all
electrons radiate almost in phase leading to a radiatiorempdvat is
proportional to0 . Therefore, an amplification of many ordeof
magnitude with respect to ehinitial condition is obtained and the
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radiation power along the longitudinalazis can be written as follows
[27-29]:

where0 is the field gain lenid for the electromagnetic field) is the
effective input power, and is the input coupling factor. For a ene
dimensional FEL with an ideal electron beam this constant is equal to 1/9.
Concerning the initial input power, faa SASE FEL it is possible to
estimate this parameter by the spontaneous radiation power on the initial
part of the undulator and within the laser bandwidthe exponential
amplification continues until the electrons are completely grouped in
micro-bunches, after which the bunch is over modulated resulting in
saturation of the obtainable pow@igure 1.4). If the undulator length is
sufficient, the sy®m does not require a mufiass cavity to reach
saturation ad can hence deliver light with wavelengths where optical
mirrors are ineffective. In this way it is possible to reachuteviolet

and X-ray regime, with photons having a wavelendtwn toless than

an Angstrom Beginning from shot noise, it typicallpkes a SASE FEL
about 18 to 2@ to reach saturation.

Saturation

Radiation power
(Log scale) @

Uniform distribution of the
electrons in the bunch

Travelled distance
along the undulator

Figure 1.4 The longitudinal density modulation of the elecgbunch is
shown together with the resulting exponential growth of the radiation
power along theundulator. In reality the number of micrbunches is
much larger.
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In the 906s two |l ong wavelengths

that the SASE process works as theoretically predithedTESLA Test
Facility (TTF) FEL at DESY in 1995 (with wavelengths between 1000A
and 60A)[30] and the Low Engyy Undulator Test Line (LEUTL) at
Argonne National Laboratory (lllinois, United States) in 1996 in the short
wavelength part of the visible spectrum. Both experiments were
successful in 2000, and opened the way towards the construction of hew
SASEbasedX-ray FELs.

The first lasing and operation of LCLi& 2010[31] has produced
results in very good agreement with standard FEL theory and numerical
simulations, indicating that FEL physics in theay waveéngth range is
well understood.

1.4 FEL properties

The output radiation oi SASEXFEL hasmost of the properties
that characterize conventional laseddthough many transverse modes
can be excited at the beginning of the undulator, by the end of the
exponential growth regime a fundamental mode with tigbdst growth
rate will dominate. As a result, a SASE FEL has excellent transverse
coherence at saturation and can be usually approximated by a
fundamentalGaussiarmode.

100

P [GW]
dE/d © [mJI%]

@
o

. — 0 L ;
50 100 150 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10
t [fs] Aol [%)]

Figure 1.5 Typical temporal (left) and spectral (right)rgtture of the
radiation pulsefrom a SASE XFEL at a wavelength of 1A. The red lines
correspond to averaged values. The dashed line represents the axial
density profile of the electron bunch.
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On the other hand, compared to conventional optical laser®and t
seeded FELs the longitudinal coherence of amXSASE FEL is rather
poor due to the initial radiation from shot noise. Examples of temporal
and spectral structuwseof the radiation pulse from an-bay FEL are
shown inFigure 1.5. The output radiation consists of a large number of
independent wave packets that give rise to spikes whose characteristic
duration is the coherence timg2]. Within one wave packet, transverse
and longitudinal cohererccharacterizeshe radiation. Anyway, the
consequence of the shot noise bastadupis recognizable in the chaotic
nature of the output radiation.

In addition to laseflike properties a FEL has the following
peculiarities:

i. tunability: as described insection 1.2 the ekctron beam
represents the gain medium of a FEL and the resonant condition
can be easilymodified by changing either its energy or the
magnetic field strength. For these reasons, FELs are tunable over
a wide spectral range. A factor of kOthe obtainablefrequency
has already been achieved using ttame accelerator and
undulator

il. high peak powerthe lack of a physical lasing medium allows
FELs to produce very high peak powers. Gigatt peak powers
havealreadybeen demonstratd&0]-[33]-[34];

iii. flexible pulse structurethis property descends from the fact that
the pulse structure of the radiation follows the initial pulse
structure of the electron beam. Therefore, linear accelerators can
be used to manipulate and control the FEL output structure.
Picoseonds pulses with very low jitter can be produced, and
thar interval can be variedwith the possibility of realizing
compkex pulse structures

iv. broad spectrum coveraggince the gain medium is transparent at
all wavelengths, in principle FELs are capalote generating
radiation at any desired wavelength. In practice, electron beam
energy, required current, emittance, and energy spread
requirements become prohibitive at very short wavelengths.
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1.5 The European XFEL project

FELs have been developed since the® @0 dut short
wavelengths, down to the-day regime, have been obtained only after the
realization of SASE FELs in thiate 199 0.6As already mentioned,
systems working in this spectral range are callegyXFELs, or simply
XFELSs. After the first succssful development of a FEL in the softr&y
region atthe Free Electron LASer (FLASH) in Hamburgeveral other
facilities have recently started, likkhe Linac Coherent Light Source
(LCLS) at the Stanford Accelerator Center (SLAC) National Laboratory
or have been proposelh particular, a European XFHhaboratory for the
A wavelength ranges under construction since 20085]. Starting from
2015, this facility will deliver ultreshort pulses of soft to haXfrays. It
will then be open for experimenggarting from the following year. To
realize and operate the European XFEL, international partners agreed on
the foundation of an independent research organization named the
European XFEL GmbH. At present, a total of 12 countries are
participating in the mject: Denmark, France, Germany, Greece,
Hungary, Italy, Poland, Russia, Slovakia, Spain, Sweden and
Switzerland.

The laboratorywill be located in the federal states of Hamburg
and SchleswigHolstein, Germany. Although will comprise three large
sites above ground, the European XFBEWill be mainly located
underground, along tunnels with a depth between 6 t8&rs. The
network of tunnels will have total length of about 5.77km. The 3.4km
long facility will run from DESY in Hamburddahrenfeld to theown of
Schenefeld (Figure 1.6) that will host the research campus where
international scientists will carry out the experimeBiectrons generated
from a solid cathode by an optical laser beaith be acceleraté by a
radio frequency gun up to 120MeV. The electron bunehifisthen be
steered to theuperconducting, low frequendipear acceleratathat will
occupy the first 2.1km of the facility, with an effective acceleration
length of 1.7km. The electrons wile brought to relativistic velocities by
means of micro waves inside niobium resonators, which will be
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maintained at a temperature of 2.15K to exploit the superconductivity
advantages. In particular, due to the low losses in these cavities large
beam curents can be accelerated at high power efficiengiesording to

the present concept, it is planned to vary the bunch charge from 20pC to
1nC with a maximum peak current close to 5kA436]. Along the
accelerator, two stages of bunch compressitinbe locaedto produce

the short and very dense electron bunches required to trigger the SASE
process.

Figure 1.6 The top view indicates the dimensions and the placement in
the surrounding area. The side cresectional view shows theaynd
profile and the various shaft buildings.

The multi bunch property and the flexible pulse structure will
provide an efficient way to have a muliser facility. In fact, each
electron bunch will passhrough the system only once, giving the
possibility to extract individual bunches and guide them to various
undulators.Multiple extraction lines will bebuilt in parallelto have
different beam energie?n a quasisimultaneous mannerTo fulfill
experimental requirementgperation at different electroanergies of
17.5GeV, 14GeV and 10.5GeVfareseenThe system will also be able
to provide a maximum energy of 50GeV on one line in case new
scientific applications W require a higer energy At the end of the
extraction tunnel, a beam switchyard isefgeen to distribute the beam to
different undulatorsThree undulator systems, named SASEASE2,
and SASE3 will deliver photons to six experimental statialeslicated to
a specific field of researc{Figure 1.7) [37]. Each of these undulators
section produces -Xay radiation by the SASE proce3he SASEL and
SASE2 beamlines will deliver photons in the range of 0.1nm to 0.4nm
but extension to shorter wavelength seems possible. SASE3 beam
line will be dedicated to sofK-ray range between 0.4nm and 3nthe
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undulators will be of different types to change polarization and photon
energy range.

[— clectron tunnel € electron switch

=== photon tunnel ® electron bend

T undulator 1 electron dump

ﬁ. = L}
e . :
\l\“\“\\\\\\“ -
—— -
.Hﬂ‘ﬂuﬂ- .
~®
-

SCS
linear accelerator SASE 2 SASE 1 SASE 3 _
for electrons (10.5, 14.0, 17.5 GeV) | 0.05 am -0.4nm 0,05 nm - 0.4 0.40m-4.7 nm

Figure 1.7 Layout of the three undulators foreseen for stertup phase
of the Europan XFEL.

Properties of the radiatorsasforeseen in the baseline design for the European XFEL

SASE1 SASE2 SASE3
Length [m] 201.3 256.2 128.1
Energy [keV] 12.4 3.1112.4 0.253.1
Photons/pulse 10 1.6x10" 102 3.7x10" 1.6x10"
Beam si 70 55/ 85 601 90
Beam di 1 3.4i0.84 18i3.4
Spectral BW [% 0.08 0180.08 0.650.2

Table 12 Main properties of the five radiators of the European XFEL, as
foreseenin the initial desigr{ 35].

The photongyenerated by thendulatorsare transported through
the respective photon beamds A higher magnetic field results in a
wider travelling path for the electrons and thus inaX radiation with a
longer wavelength, and vice versa. Therefore, reducingetbetron
energy at the end of the accelerator would generate longer wavelengths,
in case they are required by some experimdris photon pulse length
will be approximately 1000 times shorter than at classical third
generationsynchrotron storage ringsyith an expected FWHMf about
100fs to be compared to the 30ps of available synchrotron sources.
Moreover, the horizontahnd vertical erttance will be smaller by a
factor of 100 and 3, respectively, with the number of photons per pulse a
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factor of 300 f[gher and the natural mono chromaticity a factor of 10
better. All of these give an increase in peak brilliancaioé orders of
magnitudgFigure 1.8).

1035
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FLASH /
(seeded) LCLS

§' 1031 -
[==]
=T FLASH
NE 29 —
E 10 FLASH (3rd)
=
©
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=
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Figure 1.8 Peak brilliance of XELs and undulators for spontaneous
radiation at TESLAand at the LCLS, Stanford, in comparison to the
undulators at present third generati@ynchrotron radiation sources. In
addition, also the spontaneous spectrum of an XFEL undukagtrown.

Thanks tathe superconducting accelerator technology, the system
will be able to deliver Xay flashes per second. This high repetition rate
is what makes the European XFEL unique among thayXasers in the
world. As a comparison, the average rate afa}( pulsedor the Linear
Coherent Light Source (LCLS) in the US& 120Hz, while forthe

Pag.15of 165



Chapter 1. The Free Electrm Lasers

Spring8 Compact SASE Source (SCSS) in Jajga@0Hz.In fact, both

facilities use normatonducting, room temperature linear accelerators.
Pulsesn the European XFELill be only 220ns apart one from the other

and grouped in bunches with a frequency of 10Hz. Every train of pulses

will thus be composed by approximately 270aay flashes, for a total
duration of about 600es after which
dedicatedo the cooling of the linear acceleratbigure 1.9).

100ms 100ms 100 fs

v

0.6ms

= ™ 99.4ms 220ns i
z mmmm z X-ray pulse
7 7

Macro bunch

Figure 1.9 Temporal structure of the European XFEL pulses.

At the end of each undulator it will be possible to selectively
guide tle pulses to lower the repetition rate if the experiments require so.
This is another peculiarity of tHacility, as the electron bunches can be
prepared and distributed according to the needs of the experiments.
Table 13 the main properties of various XFE&cilities are listed.

Comparison between different XFEL facilities

LCLS SCSS PSIXFEL EU XFEL
Wavelength (nm) 0.15 0.1 0.1 0.1
Design peak brilliance *) 8x10* 5x10* 1x10% 5x10°
Electron energy (Gev) 14.35 8 5.8 17.5
gl;:{?;:i::d slice design € M 12 1 043 14
Undulator period (mm) 30 18 15 35.6
Saturation length (m) 92 80 39 140
Facility length (m) 3000 750 910 3400
Start of operation 2009 2010 2016 2015

Table 13 Comparison between different XFEL faciliti€s) The peak
brilliance is measured iph/(s mnt mradf 0.1%bw.
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1.6 Scientific possibilities

Given the revolutionary properties of the European XFEL,
accurate projection of its scientific applications is difficult. Nevertheless,
major advances can be anpaied in many fields of research, exploiting
the high photon number per pulse, ulsfaort pulse duration and high
coherence ofEL radiation For instancescientistswill be able to map
atomic details thanks to the short wavelengths and benefit fronetkie
high repetition frame rate to study processes as they evolve in time.

Possible areas that would benefit from this facility are listed in
the following part of thesection[35]:

i. analysis of microscopic structures: thanks to the very short
wavelengthsof the order of atoms dimensioasd to the laser
like properties of the pulses scientists will be able to study the
structure of biemolecules and materials at the atomic scale. X
ray radiation sources now available do not generateough
power to study sigle molecules. These researches will allow
better understamag of biological cells and creimlg new
materials with improved propertiggloreover,the duration of the
flashes is so short that the molecule hardly changes during the
exposure. The moleculdasts to decay due to the enormous
forces generated by the strong incident lighanly after the X
ray flash has passed the sample and the picture of the atomic
structure has been taken. Special emphasis will be put orwirus
that cannot be crystallide for instance the viruses responsible
for AIDS and herpes

ii. study of very fast processes: the small FWHM of the pulses
makes it feasible to follow molecules behavior in time with an
unprecedented precisipanabling scientists to study for example
the fomation of molecules and functional processes at cell
membranes. Snapshots can be taken without moving details
becoming blurred, and with short wavelengths even atomic
details become visibleThis property can be important to
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investigate infection processesd thus pave the way to the
development of new therapies. Another field of research that
would benefit from the short pulses concecatalytic processes
and the reactions that are involved in the energy generation. A
deeper understanding of these preesscan lead to significant
improvements in energy production

generation and study of extreme states of the matter: using XFEL
pulses scientists will be able to investigate the behavior of matter
under extreme conditions. In fact, the European XFEL pwd#ks

be so powerful that they will alloweaching pressure and
temperature conditions similar those present inside planets.
With a secondary laser beam, it will be possible to study the
plasma state and develop new models for astrophy3%ice
theoretcal description of theseonditionsis extremely difficult,
especially since therareonly very little experimental data. The
European XFEL offers unique opportunities to both create and
study matter in extreme states

observing small objects in strongglfils: the X-ray flashes will
enable novel experiments with atoms, molecules, iand
clusters. Thanks to the high intensity of the flashes, the particles
are excited into new, previously unknown sta@se examplés
highly ionized states in which théose several electrons at once.
In theseconditionsparticles exhibit new properties. Investigating
these statet which scientists were unable to observe sd fer

very important for the understanding of atomic physics
phenomena. Such insights could diemefit research into energy
generation.

In particular, in the TDR eight main scientific fields are

identified: Small Quantum Systems (SQS), High Energy Density Matter
(HED), Coherent Xay Scattering and Lensless Imaging in Materials
Science (CXI), Xray Photon Correlation Spectroscopy (XPCS)yay
Absorption Spectroscopy (XAS), Femtosecond Diffraction Experiments
(FDE), Single Particles and Biomolecules (SPB) and Research And
Development (RAD). Table 1.4 shows a possible distribution of scientific
instuments on the photon beam lines as initially foreseen. Since XFEL
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features a relatively small number of photon beam lines, each of them
needs to serve more than one application eray technique. The
electron bunches can be prepared and distributed @cgdalthe needs

of the experiment. The specific electron beam parameters could be the
time pattern, the electron energy (and, therefore, the photon energy) or
even more sophisticated parameters of thaypulse.

Experimental stations and assigned sci¢ific applications for the startup phase

Beamline X-ray features Proposed instruments
About 12keV PCS 1 X-ray Photon Correlation Spectroscopy
SASE1 High coherence FDE 1i Femtosecond Diffraction Experiments
High flux SPB 1 Single Particles and Biomoleasl
3.1keVi 12.4keV CXI 1i Coherent Xray Imaging
SASE?2 High coherence HED 2 High Energy Density
High flux XAS 2i X-ray Absorption Spectroscopy

HED 1i High Energy Density

SQS 1 Small Quantum systems

XAS 1i X-ray Absorption Spectroscopy

SQS 2 Small Quantum systems

PCS 2 X-ray Photon Correlation Spectroscopy
CXI 2i Coherent Xray Imaging

0.25keM 3.1keV
SASE3 High coherence
High flux

Table 14 Possible assignment of the scientific applications for the
various experimental stations diet European XFEI[35]. Main X-ray
features of the beam lines are indicated (see &igue 12).
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CHAPTER2

Imagers for the European XFEL

2.1 Detectorsfor the experimental endstations

The European XFEL will be used for diftt@on experiments in
which the sample under study is illuminated by thea}( flashes and the
scattered photons carry the desired information. Typical sets of
experiments will be of spectroscopic natwraere the emission lines of a
highly excited statefaspecimen must be recorded as function of energy.
Another set of experiments consists of the detection of elastic or inelastic
scattering from a sample where a set of diffraction lines must be recorded
as a function of position in space. On one handdhteging function can
be local in space, i.e. it may consist of a single diffraction line of high

Pag.23 of 165



Chapter 2. Imagers for the European XFEL

intensity (Bragg or Bragtike scattering); here one has to detect the

correct position (scattering angle) and scattering intensity (integrated
intensity ofthe whole scattering curve). On the other hand the scattering
can be nearly uniform in space (diffuse scattering), but exhibit
characteristic features which have to be identified above the uniform
background.

The realization of these experiments has a hdgimand for
appropriate detectors, since all scattering events have to be detected in
space, time and energy. Many of the requirements and challenges are
intrinsic and common to all XFEL sources. However, an additional
challenge for the detectors at ther&pean XFEL, as compared to other
systens at LCLS, SCSS or ahe FERMI project in Italy, is the nen
uniform time structure of the sourdéor instancel.CLS and SCSS use
so call ed A wa-superconduntng) adcateratorneachmology
and produce 12@nd 60 evenly spaced pulses per second, respectively
[1]-[3]. On the contrary, the European XFElill use superconducting
accelerating cavitieswith the capability to produce an extremely high
number of pulses per secoaddthe drawback that all flashéswe to be
delivered in only 0.6% of the time to avoid heating of the system.
Moreover,since thesystemhas great flexibility in the filling pattern of
the bunch train, the detector should be programmable to receive any
bunch patternThis irregular timestructure has major consequences for
the X-ray detectors design.

To read out the signal different detector systems are under
development, whichmeet the various requirements in different
wavelength ranges and with different properties. For instance,etlye v
large energy range from 250eV for SASEIp to 90keV for U1l and U2
cannot be covered by a single detector or detector technaiadyy
different systems need to be developed, each one optimized for a limited
energy rangeA common requirement for all sigsns is the ability to deal
with the very fast repetition rate of light pulses, as shstiet imaging
capability is fundamental for various experiments where the sample under
study is destroyed by the-bay pulses and no averaging techniques can
be emplogd Figure2.1) [4].
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Figure 2.1 Sketch of an experiment in which the sample under study is
destroyed by the highly energetieray pulse This can be the case of
Single Molecule Imagingnd Coherent Xay Imaging experiments.

In fact, even though the energy absorbed by a particle during an
ultrarintense XFEL pulse will destroy its chemical structure because of
massive ionization and a subsequent Coulomb explosion of the sample, a
pulse hat is short enough should still yield relevant scattering
information directly related to the original electron density of the particle.
This is because the-Mys are scattered before the Coulomb explosion
occurs B]. In addition the detector systems stibe large size for angular
coverage and have a high dynamic range. As a fin&, it must be
considered that the extreme photon flux will generate a total absorbed
dose in the 100Grad range within few years of operdtiohigh energy
p h ot ons mahicksilié® eresoin fact, some of the experiments
expect a maximum of 5xi@hotons per pulse per pixel and for small
angle scattering, as well as for liquid scattering experiments, these intense
parts will always be more or less in the same plddbeodetector. Even
though this is a worst case scenario and the total integrated noise might
well be much lowerradiation tolerant technologies for both the sensor
and the front end electronics are mandatory.
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Detectors typginclude point, linear (dimensional) and area{2
dimensional) systems for electron, particle and photon detection. The
detectors will be fully functional and commissioned systems, integrated
into the general DAQ. The current main focus is etir@ensional Xray
detectors, for whiclthree different projects are beidgsigne: AGIPD,
DSSC and LPD. In the following part of teectiona brief description of
the various detectors @rovided with particular attention to the DSSC
project thais the framework of thigissertation

2.2 Singe point and linear detectors

A certain class of experiments foreseen at the European XFEL
could be served very well by-dimensional detectors, at least in the
beginning [6]. Examples are liquid scattering, or powder diffraction
experiments of nowrierted samples, when the scattering pattern is
circularly symmetric. Femtosecond Diffractions Experimen{&DE)
requirements in particular can be well covered by this type of systems.
Another, very important area wheredimensional detectors are of prime
importance is for beam diagnostics and beam steering.

Currently an inventory of the requirements for the different 1
dimensionaldetectors is being made, with the goal to design a solution
that is as generic as possible. A lot of the requirements for thstars
are similar to the 2limensional detectors. Thus, it is envisaged that parts
of the system, in particular the back end electronics, will be common.

2.3 2-D detectors requirements

Requirements for the-@imensional Xray detectorgredescribed
in [7]. In the followinga brief summary of the main aspects that drive the
design is providedAdditional requirements are strongly dependent on
the scientific experiment. These include for instance angular coverage
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and detectosize, angular resolution, pixelze and number of pixels, in
vacuum operation capability and sample to detector distance.

For what concerns the photon energy range, if direct detection in
silicon is used and single photon sensitivity is required at low energies
along with the ability taneasure up to f@hotons per pulse per pixel
even at higher energies, then combining the two aspects in a single
system becomes very challengifigne different photon energies will also
have different consequences for possible radiation damage, irufzartic
for underlying microelectronics in case of hybrid pixel detectors. In fact,
whereas 250eV photons are fully ab:c
sensors, 25% of the 12keV photons will be transmitiédufe 2.2). In
this case special radiation hard electronic structbaseto be used. For
all of these reasons, a dedicated optimization for different photon
energies is appropriate.

1000

Absorption Length (um)

Soft X-ray Extreme Far (or vacuum) Near UV,
r Ultraviolet Ultraviolet Visible, Near IR
0.001 T L M L
0.1 1.0 100 1000

10
Wavelength (nm)

L 1 L
10,000 1000 100 10 1.0
Photon Energy (eV)

Figure 2.2 Absorption length in silicon at different plootwavelengths
or equivalenenergies

Single shot imaging capability is very important for all the
experiments in which the sample under study will not survive tnayX
flashes. Every single shot has to be treated as a separate experiment in
these casedror statistical relevaiycmany pixels in the imagemust

Pag.27 of 165



Chapter 2. Imagers for the European XFEL

record more than one photon, thus excluding the possibility to do photon
counting to achieve high signal to noise ratios. Consequentlyhése
experiments integrating -xay detectors will have tbe usedFor single

shot imaging to be effective, a complete image has to be recorded every
220ns during the 600&gs | ong withacr o
current technologyo transmit a full image in the short time between X

ray pulses, the front end eteanics must provide storage capability and
send the information out during the long burst gdjpgs means either an
analog or digital pipeline per pixdh case the first solution is employed,
special care has to be taken to assure that the signdl aitered by the
leakage of both the storage capacitors and the switches.

Ideally, the detector system should be able to store all images
during the pulse trains, which would mean large pixel sizes. This is not
acceptable for many applications, so thatompromise, based on the
scientific application, is most likely needdelast triggering and vetoing
will be used to store only useful images. For instance, this can be useful
when fast moving samples are under investigation, and not eveay X
pulse overlas with the sample in time and space. Moreover, since the
European XFEL is based on the SASE principle, the accelerator might
occasionally produce low intensity and unusable pulses that have to be
vetoed.

Since the primary Xay beam has sufficient energy ablate
most materials, small primary beam stops cannot be used in front of the
detectors, a#t is customary at storage ring sources. Therefore, theeyX
imaging detectors in the forward scattering direction need a central hole
to let the direct beanhtough.To minimize the loss of smadingle data
this hole has to be as small as possible, while still being large enough to
allow for occasional small fluctuations in the direct beam position.

2.4 2-dimensionaldetector systems projects

To meet the descrddl requirements for-@imensionalimaging
systems three independent projects have been funded to meet the
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challenging aspects of the European XFEL in a conceptually different
manner.Common sensor issues have been studied collaboratively. These
include thecapability to reach a high dose [&hd to control the charge
explosion of the 41 pairs generated in the detectét.the same time,

they target different applications and wavelength ranges.

All three projects agreed on the use of the IBM 130nm CMOS
tedhnologyfor the front end electronics desigrhis technology will be
the standard for LHC upgrades, based on the excellent experience with
the 250nm process already employed. The 130nm technology is well
established for layout based radiation hardeniegngs sufficiently high
integration intensity and provides long term availabilitifthe
development of some common blocks like LVDS 10s and enclosed
standard cells will be shared among the groups.

The main characteristics of the projects are outlined & th
remaining of this Chapter. Similar-dimensional systems are under
development also in the United States for the LCLS sourg@d (9]

2.4.1 The AGIPD project

The Adaptive Gain Integrating Pixel Detector (AGIPD) is a
hybrid pixel detector that employs a dynasaily switched gain to
accommodate the large dynamic range, with a sHimmsor bump
bonded to a readut ASIC [1]. The AGIPD Project is led by DESY and
is a collaborationbetween DESY, Paul Scherrer Institut (PSI), University
of Bonn and University oflamburg.

Each pixel contains a charge sensitive amplifier with three
different gain settings which integrates the current generated-fay X
absorption. The gain of the preamplifier is dynamically switched, so that
when the integrated signal rises towatdd e pr eampl i fi er 0s
the pixel commutes to a lower gain setting. An analog pipeline for in
pixel frame storage during the bunch trains is used, and the recorded
images are subsequently read out and digitizeechoff during the
99.4ms interval btween bunch train&igure 2.3).
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Figure 2.3 Schematic layout of the pixel cell for the AGIPD detector.

The storage capacitors in the pipeline have to be low leakage,
which is possible sing either MIM (MetallnsulatorMetal) capacitors or
DGN (dual oxide AFET in nwell) capacitorsA major concern for the
AGIPD design isthe switches that connect the amplifier to the storage
capacitors. They should permit charging within the 220ns-miach
spacing, but minimize discharging due to leakage. At the same time the
storage cells have to be kept as small as possible in order to record the
maximum possible number of images during the bunch train.

~2mm
_f_= =l | | | |
~120 mm
[ e e | T R
P v
h ~ 105 mm
A B

Figure 24 Layoutof the 1M pixel detector, built with modules of 2x4
ASICs with a monolithic sensoh) and B) show two different layouts,
where B) provides a central hole for the primary beam.
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The goal is to build a inega pixel detector composed by four
quadrants, with@0 e mx 200em pi xel size contai
capacitors, and a central hole for the primaryscattered beantigure
24). The quadrants that compose the imager can be moved with respect
to each other in omt to adjust the central hole size. The silicon sensors
and read out ASICs will be mounted in vacuum, while the interface
electronics will be housed at ambient pressure to facilitate access for
maintenance. The main scientific applications are CoheremnayX
imaging and Photoforrelation Spectroscopy atke/ photon energies.

The noise requirement is about 300 to 400 electrons, to allow for the
requested single photon sensitivity [12].

2.4.2 The LPD project

The Large Pixel Detector (LPD) is also a hybrid pixetedtor,
using three different gain settings (low, medium and high) in parallel per
pixel as well as three corresponding analog pipel{ffégure 2.5). An
analogto-digital converte will be included in the chip.

xzo VTVJV‘I‘ I‘-.>- 17‘ ‘l'r

° 'r'l""l'r",,, 7171777

A A e e

Sensor Preamplifier Multiple Gains Pipeline

Figure 2.5 Schematic layout dhe pixel cell for thé.PD detector.

The LPD front end module will include an interposer between the
silicon sensor and the ASIC, which gives the flexibility to have different
pixel sizes and layostbetween the two parts. It also provides extra
radiation shielding, relaxing the required radiation hardness of the ASIC.
The three fold I ayout requires relat
the name of the project.

An interesting aspect of the LP&pproach is the possibility to
string together the three analog pipelines, which will allow to record up to
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1500 images per macro bunch. To exploit this option the required gain
setting has to be know in advance, which is normally the case for liquid
scatering experiments where the scattering pattern is very reproducible.

Each LPD chip will contain 16x32 pixels and 8 chips will be
bump bonded to a monolithic sensor to give a 128x32 pixels tile. Sixteen
of these tiles will be used to obtain the so calledes modules with
256x256 pixels that can be used to construct the final 1024x1024 pixels
imager. A central hole for the direct beam transport will be inclutigd [

The LPD focuses on the B2V photon energy range, and is
optimally suited for liquid scégring experiments. The project is managed
by the detector group of the Rutherford Appleton Laboratory and
executed in conjunction with the University of Glasgow.

2.4.3 The DSSC project

The DEPFET Sensor with Signal Compression (DSSC) project
adopts a pixéhted detector architecture based on an innovative single
pixel structure[14]. The detector has a ndinear gain response to
provide signal compression and relax the large dynamic range
requirements for the following electronic. The pixel mfiexagonal
sha with size of approximately 200x208°. Even though the system
will be able to work at room temperature, the optimum working point will
be at-30°C [15].

An advantage of the DEPFET based detector is the low noise
performance, which makes this solution well suited for low energy
experimentsgdown to a few hundrexkV. For instance, the corresponding
specification for the DSSC system is to have an Equivalent Noise Charge
(ENC) of less than 50 ettronsr.m.s., enabling single photon resolution
with a SNR of at least 5 for 1keV photons at maxim operating
frequency. For the high energy range, the system is designed such that the
resolution is limited by the Poisson statistics at of incoming photons. In
this way it is possible fulfill the requirements of noise, dynamic range and
speed simultanesly. The target energy range is from 500eV up to
12keV photons, with optimized performances for energies up to 6keV
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and a dynamic range greater than 6000 photons (at 1keV) per pulse per
pixel. The capability to read out the signal with the challengingh220
frame rate combined with low energy single photon resolution goes
beyond all existing instruments.

The detectors are each connected to a dedicated read out channel
in a custom mixed signal ASIC to be bump bonded to the detector matrix.
This type of conaction minimizes stray capacitances and easily
accommodatethe connections for the 1024x1024 foreseen channels. The
read out ASIC has builh ADC and digital pipeline storage that follow
the analog filter stage. It will possible to store at le&t frames per
macro bunch in each pixé\ veto mechanism will give the possibility to
discard uninteresting events during the hurst

x-y Gap for
unscattered
beam

>

21 cm (1024 pixels)

&
<

128 x 256 Pixel Sensor

Figure 2.6 Full instrument arrangement, composed of four quadrants
geometrically arranged such that central hole is left for unscattered
photons.

The total sensitive area will be of approximately 210x210mm?2.
The ASIG will be connected to a monolithic DEPFET sensor of 128x256
pixels. Two of these monolithic units will be used to build a ladder with
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128512 pixels, that can then be stitched together to form the final 1M
pixels imager. The insensitive area between the individual detector
modules is about 15% witthe present mechanical desighs in the
AGIPD and LPD projects, a central hole in the fomvagcattering
direction will be present to let the direct beam pass through without
damaging the imag€Figure2.6).

The DSSC Consortiumled by MPHHLL (Munich), has the
following partners: Deutsches Elektonen &yrotron DESY, Ruprecht
Karl Universitat Heiglberg, Politecnico di Miland Dipartimento di
Elettronica e Informazione, Universita degli Studi di Bergamo and the
Universitat Siegen.

This PhD dissertatioplaces itself in the framework of the DSSC
project, so this detector systens described in details in Chapt&
underlining the project aspects that have a direct consequence on the
analog filter designThe front enddesignis analyzed in Chaptet, while
measurement results are presented in the lagit€ls

2.4.4 Comparison betweenthe 2D imagers projects

The key characteristics of each detector system are summarized
in the followingTable 21.

Comparison betweenthe 2D imagers projects

AGIPD LPD DSSC
Detector ype Hybrid pixel detector Hybrid pixel detector = DEPFETbased
Target energy range 12keV 12keV 0.5keVi 12keV
Number of pixels 1024x1024 1024 x 1024 1024x1024
Pixel size 200 mx 200 m 500830 0¢&er 200e nmx200e m
Noise ~300400el ~700el ~50el
Concept Adaptive @uin switching Multiple gain paths  Non-lineardetector
Data storage 2 bit digitalandanalog ~ Thredold analog Digital (SRAM)
Storage capability >350 up to 1500 >640

Table 21 Comparison between the main properties ahdracteristics
of the three projects under development for 2D imagers.
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CHAPTER3

The DSSC project

3.1 The DEPFET detector

The DEPFET (DEpleted -Bhannel FET)concept has been
proposedoy J. Kemmer and G. Lutz in 198§1]. It is a silicon radiation
sensor that combindsoth detection and amplification in a single device.
This result is obtained by exploiting the advantages of sideward depletion
[2] and by implementing a-phannel FET tragistor on a high resistivity,
high purity and fully depleted rype silicon bulk (Figure 3.1). In
common sideward depleted sensors the stray capacitance due to
connections from the detector to the read out eleictorsens the noise
performances of the system. This problem is no longer present with
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DEPFETSs, as the amplification of the signal is direcdglizedat the
detector level. Therefore, this solution allowsnimizing the parasitic
capacitance associatedth the anode and obtang a very lownoise,
which has anyway to be maintained by the following read out electronic
[3]. Arrays of DEPFETSs of this type are used as active pixel sensors for
X-ray imaging spectroscopy, for example in satebtised Xray
observatoried].

amplifier prd
rain

clear gate

source clear gate

external internal .
gate " gate clear

o f o

deep p-wey|

©
©

deep N-doping

depleteq internal gater drain
n-Si bulk

P+ back contacy

Figure 3.1 Cutaway of a glindrical DEPFET (left)and device symbol
(right). Signal el ectronsmodulamg col | ec
the transistor current. These charges can be removed via-MO%

6cl ear 6 Atlarge areai deodedsrrealized on the opposiige of

the wafer

As shownin Figure 3.1, a pchannel FET is located on one of the
two surfaces of the detector, while on the other sidenajymction is
grown. The gate voltage determines the proper DEPFET biasing
conditions to minimize the noise contribution and maximize the Ghin [

The ntype bulk is completely depleted by biasing at negative voltages
the p’ contactsof the backand transistowith respect to the voltage of the
substrate. The entire bulk is therefore sensitive to incident radiation and
the backside can be used as an entrance window improving spectroscopic
performancs, especially for low energy photons.

After full depletion ofthe detector volume a potential minimum
for electrons occurs at a plane parallel to the front. Solving the one
dimensional Poisson equation with the given boundary conditions
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(* T W, Q ) yields the potential distribution as a functin
of the depthi in the detector substratBigure 32):
,oone . a
cd —aQ a4 -~w w W
G- Q

wheren is the elementary charge, is the doping concentration of the
substrée, Qis the total wafer thickness, is the dielectric constant of the
semiconductor andy h are the voltages applied to the back and the

front side, respectively. Thus, the depth of the potential minimumis
given by:

o - |
— W
C

no Q
If the voltages are equal the potential minimum is formed in the
middle of the detectomwhile by applying asymmetric voltages it can be

shifted arbitrarily in depth.The principle of sideward depletiois
commonly used in semiconductor drift chamt@is

V=V ov = potential electrical field
Ve Ee
| —]

L ]

z z

V,= V<< 0V ==
v Eu

- /,_J
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Figure 3.2 Principle of sideward depletion (left). Distribution of the
resulting electrical field (right) and potential in the detector substrate
(center) for different biagig conditions
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By buried doped regions and by applied voltagles local
minimum for electronsin the DEPFET is located underneath the
transistor channel at a plane parallel to the fréigure 3.3). Due to
asymméric voltages at the transistor chanrab@ut-5V) and the detector
backside @bout-100V), the potential minimum plane is shifted very
close to the detector surface, where the embedded transistor is |8sated.
additional Rimplants below the transisttris region is confing laterally.

p+ source
Clear gate FET gate

n+ clear

p+ drain

Energy potential [eV]

Figure 3.3 Potential distribution inside the silicon bulk across a section
parallel to the device front surface in normal working conditions.

Electrorthole pairs released in the bulk by therrgaheration or
by absorption of ionizing radiation aseparatedby the internatlepletion
field. While holes travel towards the back contact, electrons are collected
and stored in the potentiahinimum that acts as collecting anode. As
signal and thermajl generated electrons are collected, the electric field
inside the devicés modulatedIf the gate and source voltages of the p
channel transistor are fixed gtbharge enhances the channel conductivity
by inducing positive mirror charges. Therefore, theasurement of the
DEPFET currenprovidesthe information on the amount of stored charge
and thus o the absorbed energy. Alternatively for fixed transistor current
(source follower configuration) the source voltage will change after
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charge collection. Bmuse ofits current steering function the potential
minimum is called internal gate, 1G][

During the chargeintegration the clear contact is biased to a
relatively negative voltage teepealelectrons. This contact is isolated
from the substrate by mes of a deep qwell. Moreover, the clear gate
electrode is also biased to a negative voltage to create a barrier for the
electrons that otherwise would flow from tl&to the clear contact.

p+ source
Clear gate

FET gate

r n+ clear
p+drain

Energy potential [eV]

y[um] 0_10 %

Figure 3.4 Potential distribution ingle the silicon bulk across a section
parallel to the device front surfackiring the clear phase

However, it is necessary from time to time to remove the
collected charge and avoid saturation of the internal gate. To achieve this
result a positive voltagis applied to the'rclear contact. By also driving
the clear gate contact the corresponding reset transistor is turned on
creating a conductive path that removes the chafrgas the IG and
drives them to the clear contact. The latter acts as a drairthéo
electrons. The energy potential in the bulk when the cigmal is
applied isdepictedn Figure 3.4.
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It has been experimentally demonstrated that the clear procedure
does not introduce additional noise trdaution. In other words, there is
no statistical fluctuation in the amount of left over charge. This
characteristic qualifies th&F@WEPFET
what concerns theead outprocedure charge can be measured by the
current hcrease after charge collection or by the current difference before
and after clearing of the IG.

Since the electrons are confined in a potential well, the read out
of the signal does not destroy the information on absorbed energy. For
this reason, apartdm offering detection and amplificatidar incoming
photons, the detector also acts as an analog memory cell with respect to
the collected charge, providing signal storage capability fedesnand
read outlt is worthwhile to underline that tH& is present even when no
current is flowing in the external FET structufEhe device can be
switched on only to read out the signal. Thanks to this characteristic, it is
not mandatory to have a dedicated read out channel per DEPFET pixel.
For this reason, DEPHE have been used in a big matrix arrangement,
with the possibility of random pixel acces§.[

The sensitivity of the current from the external gate is defined
"Qp (external transonductance) and can be very easily measured.
Conversely, ameasurem@ of the IG transconductances very
complicated, and it is even impossible to experimentally obtain the
capacitance between this potential minimum and the transistor channel
[3]. For these reasons, even though the charge is physically collected into
the G and amplified by its transconductanites simpler to associate the
signal and noise sources to the external FET gate. The effects on the
output current are made to be the same by the definition of an equivalent
input capacitance

To evaluatethis parametewe suppose that a charge is
collectedinto thelG, so that a DEPFET current variatidiO is induced
We can therefore define the equivalent capacitance as:

c| CA
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whereYw is the voltage to be applied at the external gate to obtain the
sameY'O, with no collecteccharge A 6 in the order of 40fF has been
calculated for a DEPFERBiased at 100 A .

The gain"O of the DEPFET can be defined as the current

variation YO corresponding to a certain amount of collected charge
inside thelG for a given gaté¢o-source voltageb and drairto-source
voltagew :

0

0
i Q
The"O can alsdie expressed in terms of the leeobility *°  and of the
transistor gate lengtih for a given saturation voltage [8]:

V)

A common value fofO in spectroscopy DEPFETSs is around 200pA/e
fora bias curBent of 100eA [

3.2 The DEPFET Sensor with Signal
Compression

A large variety of DEPFET matrices have been developed in
recent years. For the European XFEL project, a novel detector structure
called DEPFET Sensor with Signal Compression (DS&Clunder
developmentn which thelG extends beyond the channel into the source
region[10]. As a consequencenly partof the electrons will be stored
right under the channel, giving a large effect on the transistor current,
whereas additional electromsll be stored increasingly under the source
region, having a reduced effect on the transistor current. As a result, a
nonlinear gain characteristic is obtained. This feature allbvasing
simultaneously high energy resolution at low signal charge and an
extended dynamic range.
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Apart from signal compression, the DSSC design brings the
additional advantage of an increased charge handling capability with
respect to standard DEPFETs. The maximum dynamic range is therefore
extremely high for these devicedlith the actual design a maximum of
about 440fC can be stored into the IG.

The desired signal compression will be implemented by a triple
staggered concentration of deeglaping diffusions Figure 3.5). This
physicd implementationalso generates an electric field facilitating a
short charge collection time and a fast clear process.

Source

Color coded Potential: positive BN negative X

Figure 35 Simulated potential of a DSSC detectdhe colorcoded
potential indicates the staggered dopiod t he i nter nal gat
region.

A fundamental parameter for the European XFEL application is
the collection time of generated charges. If we consider the 220ns interval
between two subsequentray pulses, the longer is the time dedicated to
signalcollection, and also to the following DSSC clear phase, the shorter
is the time available for the electrosi filter the signalAs a result, a
higher noise is obtaineds white noise is the dominant source at these
short processing time3o minimizecollection and clear timesachpixel
will have a regular hexagoshapewi t h a si de .Teengt h o
DEPFETwill be locatedin the middle of the structure, surrounded by a
small drift chambelFigure 3.6) [11]. The detector will be enclosed by
two drift rings, with the outer onedsed at a more negative voltage with
respect to the inner. This configuration defines a futikel potential
distribution guiding signal electrons towards the central DEPFET.
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136 um

Figure 3.6 Left: DSSC pixel layout showirige poly-Si gatesfield plates
(grey, blue) and doped regions (red, green). Right: 2x2 poethil of a
sensor showing the zag onchip wires in Al (dark blue) and the Cu
connections (purple) to the circular bump bond pads.

Compared to a square pixel of congiale area the hexagon has
on average a shorter distance fromdbaterto the edge, translating to a
shorter charge collection timé. is expected that about #8Dns will be
necessary to collect charges from the far edges of the pixels, and the same
amount of time will be necessary to obtain a goedetof the device. The
collection and the clearing tirmeare obviously independentrom the
operating speed of the European XFEL system.

The hexagonal shape of the drift rings will also provide a more
homogerous drift field and it will be more effective in focusing the
charge into the internal gate. In addition the hexagonal shape minimizes
the fraction of split eventgll], i.e. absorption events close to the pixel
border resulting in charge sharing betwedem or more neighboring
pixels, as it provides a more efficient perimeterarea ratioThe DSSC
mesh results in different pixel pitches ihe horizontal (20¢ m) and
vertical ( 2 3 6 diraclions This sizeis compliant withthe minimum
pitch of 200egm all owed by the | BM
bump bond the read out ASIC

From several conceptual and technological aspects the DEPFET
array for the DSSGystem is a completely new development. For this
reason the production steps have been validated in recent years through

Pag.45of 165



Chapter 3. The DSSC project

the realization of small scale prototype arrays. Of particular concern are
the realization of the signal compression, radiation hasi@ed bump
bonding compatibility and yield. Different designs have been studied to
obtain a consistent model descriptifor the DSSC and optimize its
performancesProduction of the 128x256 full format sensgroviding

the desired shape of the nlimear response has started in JLp@11.

Regarding the compressive characteristic;calV cluster of non
linear DEPFETs was produced and tested at room temperatielat
HLL (Figure 3.7) [12]. The prototypes haveelen processed on a wafer
together with spectroscogype DEPFET devices. For this reason the
process technology was not the one optimized for DSSC performance. In
particular, the prototypes have a thicker gate oxide and features only one
n-diffusion for the overflow region. Thus the gain curve basically consists
of two linear parts with different gain values. In any case these devices
offered the opportunity to study the signal compression experimentally.

VAT 2 AR
R D, ¢ ,mm;as:em_:m\!
'mmw.ﬁmm e RASE A F BRI,

;’_@VSI&EM NSRS A SRR S A TR
R S el O/~
) Y e

ARSI 28 IS RN R 2.7

Figure 3.7 Micro-photogaphs of a DSSC prototype device: seven cells
cluster and closeip of the central devicelhe pixel format is identical
and the detector layout similar to the final DSSC design. The cluster is
enclosed by a series of guard rings.
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The detector was configurddr drain current read out using an
external current to voltage converter and associated ADC. AC signals for
clear and clear gate were applied via programmable SWITCHER ICs
[13]. Applying a series of calibrated laser pulses thelim@ar gain curve
has feen directly measuredri@ure 3.8). As expected, the linear region
extends to an integrated energy of roughly 100keV. For comparison, in
the finaldevicea depth of the linear region of about 10keV is foreseen.
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Figure 3.8 Nonlinear gain curves of the seven cells cluster DSSC
prototype measured ing a series of calibrated laspulses.

From the measurements on theells prototype, the sensitivity
in the linear region is about 600pA peignal electron. In the
compression region the gain is reduced by a factor of Thé.signal
current reaches a maxi mum of Thebout
pixel-to-pixel nonrhomogeneity of the seven curvesHigure 3.8 settles
to al0%level thatin the final system can be compensdigdhe read out
ASIC and calibration procedwseThis measurement is the very first
proof of principle of the new detector concept.

Figure 3.9 shows a room temperature simulation of the charge
collection time for he final DSSC design in the case charge generation
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takes place at the edge of the pixe

center. In this worst case scenario about 60ns are sufficient to collect 99%
of the injected charge into the internal gate. Fasteecidn times are
expected for lower temperatsgresince higher electrors mobility is
obtained
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Figure 3.9 Simulation of the charge collection for the final DSSC
topology The charge is generated at the edge of the pixel at th ddp
17%m. At the end, all the electrons are collected into the inner region of
thelG (solid blue curve). Part of the charge transits through the first and
second overflow regions dreen dashed andred dashedanddotted
curves).

As a final remark, recalling theefinition of the equivalent input
capacitance given in the previosection it is evident how the is not
a constant parameter for these devices. In partidtdavalue increases
with the signal level since to obtain the same output curreiattican it is
necessary to collect more and more charge into Ithe These
considerations make the noise evaluation of the system a tagkubkat
be carried out appropriatelftor the DSSC project the goal is to have
Poisson limited performance on the ientdynamic rangeA detailed
analysis of this topigs given in thesection3.5.
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3.3 The read out ASIC

The DSSC based megixel camera will feature 1024024
pixels, divided in four quadrants of 512x512 pixels each. Each quadrant
will be realized by eighDSSC sensor chip, having famal format d
128x256. The associated mixstgnal readout ASIC will be composed
by 6464 channels and each block will be ftpip connected to the
DSSC detectordgure 3.10) [14].

Auxiliary electronics and Flex lead and
passive components heat spreader

N

Bump and
" wire bonds

TW ““““““““““““ . A-A cross
! section

Figure 3.10 Sketch of a ladder assembly, comprising a DSSC monolithic
matrix and eight associated read out ASITs.realize a full focal plane
16 ladders will be employed.

Full parallel read out of all pixels is imposed by thgh
repetition rate of Xay pulses In fact, the 220ns interval avoids the
possibility to multiplex several pixels to the same channel and read them
out sequentially by exploiting the charge storage capability of the
DEPFETs.As a consequence all pixeave to be powered during the
pulse trainThe size of a single electronic chaniseimited by theDSSC
pixel; however, its shape will be rectangular for simplicity. Taking into
account the need of a lateral padw for power supplies, digital control,
input and output signals, the total area of the ASIC will be about
13x14 |
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The design of the ASIC is carried out by several institutions: the
University of Heidelberg, DESY, the University of Bergamo and the
Politecnico di Milano. In particular, Padicnico is mainly focusedn the
realization of the analog filter, which is the main subject of this thesis.

Cascode Filter S&H Ramp  Discriminator
Generate

Drain
DEPFET

DEPFET
Bias Dump
Subtract Buffer  Injection Reference Time Fast Latch RAM

Stamps Latch /RX

Figure 3.11 Simplified block diagram of one pixel of the DSSC read out
ASIC

Every channel in the chip will provide lomoise read out and-n
pixel digitization and storage of the DSSC signal by employing a current
read out strategy. It will be able to run at the maximum speed of 4.5MHz
and also allow for slower operation. A blocks diagram representation of
the pixel archiecture is shown ifrigure 3.11. Apart from the blocks in
the pixel, some global circuits like 10 pads (both CMOS and LVDS),
referenceshias DACs, slow control, ADC control (Gray coded counter),
RAM control, maincontrol and a data serializer are providadthe
ASIC.

The power dissipation is dominated by the DEPFET, the analog
front end and the ADC. It will amount tabout1lmW per pixel, so that
one chip dissipates more than 4W when actvea.| vy 3 00¢ Ae ar e
to power a complete read out chantelorder to relax the burden on the
cooling system, nearly all elements will be turned off dunvagro bunch
gaps. The cycling of the current is a mayor system challenge. Moreover,
commercial power regulators aretrfast enough to maintain a stable
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voltage in the short macro bunch time. As a consequence external bypass
capacitors are fundamental to provide the necessary charge to the system.

In the remaining part of the Chapter the key properties and the
main designconcepts of the channel building blocks are discussed. The
design and realization of the analog input filter is covered in details in
Chapterd. The development and prototyping of all building blocks in the
pixel, as well as of two first 8x8 complete med#ss (minimatrices MM1
and MM2), have been successfully carried out starting from 2009. A
complete 64x64 ASIC will be submitted by the end of 2012.
Representative results are shown in the remaining oCtegpter for the
main building blocks, while for e analog input filter a detailed
characterization is given in Chaptdrgo 7 along with reslis from the
complete matrices.

3.4 The analog input filter

To achieve single photon resolution capability at low energies it
is fundamental to reduce the frontdenoise contribution, providing the
most suitable filter function with respect to the experiments constraints in
terms of read out speed and energy resolufiorchoose the appropriate
st r at egnygideld tre folfowing acquisition chajRigure 312):

Svfet— Sv1lf—C/ W

)=Q06(t)
u PRE FILTER r—
@ ICD @ Sitot=b

Figure 3.12 Schematic representatiasf a read out chainAll the noise
sources are referred to the input node. The detector is assumed to be
equivalent to a current sourcgdelivering a charge Q on the capacitor

Cp. The electronic is composed by a pre amplifier followed by a filter.

The bilateral power spectral densitie$ the physical noise
sources of the systesmown inFigure 312 are:
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i. Y, —— () series noise component mainly related to the

thermal noise of the input transistor
ii. Yhr oe 1/f noise component related to the trapping and

release of charges in th@nsistorchanné; ¢ is the flicker mise
coefficient

iil. Y R0 'O /O « parallel noise component given
by the leakage curref® of the transistor an of the sensor

The flter electronicscan be represented by its weighting fuoti
w(t) normalized to unity area, such that a delta input signaroduces
an output response of amplitude 76 where & is the input
capacitance. The Equivalent Noise Charge (ENC) of the system can now
be expressed as:

006 & 1T W1 sT1 ¢“00o g w1 sT1

> 0 1
w —@1 21

wherew 1 is the Fourier transform of the weighting functia(t). This
formula can be written inhe following equivalem form in which the
terms related to the shape of the weighting functiom separated from
the terms connected to its duration:

00 d)éé% H8 6 Bb
The parametert is the shaping time, and itepresentsthe

duration of the output response of the filter. Its definition is arbitrary, but
the values of thehapeparameter® 0 are derivedromiit:

- W TS
113 T
p CANOES
o0 = LT
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where the variableds 17 has been used

Considering tht theDEPFETimplements both the detection and
amplification of the incoming photoris is possible to identify the pre
amplifier stageof the DSSC bain with the device itself. The input
capacitanc® is given byd (see section 3.1t is therefore possible to
express the ENC of the DSSC system as follows:

00 6L $o 0 0 C‘®O0 L 0 wbd
where the dependency ob from the input charge) is put in
evidencelt can be demonstrated thaetideal shape to minimizerhite
series noisewhich is the dominant noise source tae European XFEL
fast operdahg speed, is the itmgular [15-19]. The signal should be
instantaneously delivered on the peak of the shape to maximize the gain
However,this weighting function cannot be realized sirzcénite time
interval is needed for the Xay pulse to arrive anélectrons to be
collected into thdG. The introduction of this flattop entails a trapezoidal
weighting function(Figure 313). This shape still minimizes the white
noise contribution, havinthe samdactoro as for the triangular case

w(t)t  220ns w(t)s  220ns
1_:‘—’\ 1—:‘—.\
“ TA_IN
| : Tw t L_J :__:rM t
T 1 T T

Figure 3.13 Triangular (a) and trapezoidal (b) weighting functions. The
first is the ideal imelimited shape to minimize noise, but cannot be
implemented in the XFEL case since a finite timaeisessary between
the two integrations for charge generation and collection. The DSSC
clear phase takes place at the beginning of the read out cycle.
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On the other sidethe value of the other facto® and 0
increases with the flattop duratiamaking the contribution of the 1/f and
of the parallel noise sources more import&igre 314).

12

—A1
—A2
—A3

ENC coefficients
L=z

///

0 10 20 30 40 50 60 70 80 Q0 100
Flattop duration [ns]

Figure 3.14 ENC coefficients for different flattop values, considering an
available praessing time of 220ns amdclear phase of the same length
of the flattop. The coefficients for the parallel and flicker noise
components increase with the flattop duration.

Since the signal arrival tima the European XFEls known, a
time variant filterimplementingthe desired weighting functiocan be
successfully used. Two different read out techniques have been
developed since 2009 and are described in the following, a source
follower strategy at MPI and a current approach at Politecnico di Milano.

3.4.1 Source follower read out approach

DEPFET detectorhave been usually read outsaurce follower
mode. The first integrated circuits designed for DEPFETs based on this
approach are CAMEX (CMOS Amplifier and MultiplEXef20] and
ASTEROID[2]1], withareadot t i me upft oo ra bdbdndhisl 6 ¢ s .
configuration the drain of the detector is biased with a constant voltage
and the current flowing in the channel is set by a current sobrgeré¢
3.15). Since the curranin the FET channel is fixed, charges collected
into thelG lead to a negative voltage shift at the source node, that is AC
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coupled to the front end electronics. The amplitude of this step gives the
information about the energy of the incident radiation.

o

Biasl @ ] | '_‘
current
Source »—i }——4 ——o0
" e

Front end
Q Internal
< gate
External

electronics
gate

o]
Drain

Figure 3.15 Simplified schematic diagram of the source follower read out
approach.The voltage at the source changes with a finite constant time
due to the capacitive load at the node.

This approach is intrinsically insensitiv® thresholdvoltage
variations that might be induced by either mismatches in the detectors
matrix and by absorbed radiation. Any difference that can be present
between sensors in the array ledd slightly different gateo-source
voltages without alténg the signal measurement.

The main limitation of the source follower approach is the time
needed tgrocesghe signal. After charge bdeen collected into thk&
it is necessary to wait a certain amount of time to properltheetource
voltageat thefinal value. This time is defined by the capacitive load a
the source node and the traosductance of the DEPFET®][ as it will
be obtained in the followingA small signal equivalent circuit for the
DEPFET in source voltage read out topology is shawirigure 3.16
[22]. 6 is the sum of thelG-to-back and IG-to-drain parasitic
capacitances, whilé is thelG-to-source capacitance. When the detector
works in saturatiomegime this capacitance is dominated by the coupling
between théG and the conductive channél. is the input capacitance of
the voltage preamplifier, with | 6 .
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ro Cf ro % C2—:|E
C1 External gate C1
l— referred to }_‘

P =
Internal gate Itj ground Internal gate Itj '_1—

) . External gate
Q‘.‘n(t)J‘\~ Cp Qm“(t)_A- Cp referred to
] __the source

a) = = = = b) C—alC — =

Figure 3.16 Floating-gate equivalent circuits for the DEPFET in source
follower configuration.In a) the external gate is referred to ground,
while in b) it is referred to the source via a floating battery.

The gain is independent af , as the soureto-gate voltage
remains constant due to the unitary voltage gain of the source follower.
Thus,6 should preferably be small to obtain a Ramplification.If the
external gate is referred to groyntie output resistanc&  of the
system is determined by the parallel of the output resistance biabe
sourcei and the external transconductancd the detectorQ . The
following approximatedxpression for theettlingtime can beobtained:

6 @6 6 p = Y 6 8 p = i

¢ P 0 P 0 p Qpi
wherei i s usually about 5 0dedmetdyewniendi ng
common valuesfolQ,ar e bet ween 50&eS to 100¢S.

This finite time introduces a low pass filtering of the weighting
function implemented by the filter when the detector is connected, thus
worsening noise performances when the reatdhas be done in a short
time. The final value of the source voltage can be expressed as follows:

Y Qg

a Qo 0 . 0
0 0
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Figure 3.16 shows also a second pilde configuration in which
the external gatés referred to the source via a floating battery. In this
case the output resistance of the systemdefinedonly byi . As a
consequence, the time response of the circuit is slower.

It is worthwhile to pint out that the amplification of the system
is directly proportional to the value of the output resistance, as it is the
rising time of the signal at the source node. So a high amplification
necessarily corresponds to a slow rising time. Another dissatyarof
this configuration is that the voltage shift at the source node has to be
compatible with the maximum allowed voltage at the input of the ASIC.

In the first phase of the electronics development for the DSSC
project, the source follower approach hbheen studied and also
implemented in the MM1 chip as a possible filtering scheme for the
signal [23]. In fact, the small stray capacitance foreseen at the source
node, on the order of 1pF, provides an estimated rising time of about 20
30ns. Even though ¢himplemented weighting function is severely
filtered such a value is still feasible with the 220ngra} pulses
repetition rate.

To overcome the difficultyin modulaing the bandwidth to
optimize the signalo-noise ratio the proposed source follower
implementation made use of the same filter stage implemented for the
drain current approach to synthesize a trapezoidal weighting funason
already done in ASTEROIFigure3.17).

| DEPFET } n | -

' I N o :

: :: c2 :: - % :: .
1 l—l— - I| . 1

1 Iy 1 | |

i1 ls . 1 I :I \

! e ' Amplifier j1Comp i Shaper |

Figure 3.17 Proposed source follower read cartchitecture, including a
voltageto-current converter ), a current compensation stage and the
trapezoidal shaper designed for the drain current read out mode.
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The input voltage stefs converted to a current sigre@mpatible
with the input of the filter.The 1 0 O Koi¥s resistor and the 0.5pF
coupling capacitor would have been integrated directly on the sensor
pixel, complicating the design of the DSSC detectors. In addition, an
offset current compensation at thatjput of the preamplifier was needed
to account for the differerlDC levels between the output of the source
follower amplifier and the input of the filtelhree different techniques
have been studied and implemented for this purpose.

Initial simulationsfor the source follower configuration showed a
long settling time up to 80ns in the worst case. Moreover, the noise
performances obtained from the first ASIC prototype were not within
specification Figure 3.18). For the above mentioned reasons, the DSSC
collaboration decided to focus on the current read out approach with its
better noise performance, lower power dissipation and simplified sensor
design.

250

£ Current compensation technique 1

--#- Current compensation technique 2

=+ Current compensation technique 3
@ Simulated values

200

-
o
=3

ENC [electrons]

=
o
=3

50

|
0 50 100 150 200 250 300 350 400 450 500
Integration time [ns]

Figure 3.18 Measured quivalent mise charge at the input of the source
follower read out chain fothe three implemented current compensation
solutions, along with simulated values.

3.4.2 Current read out approach

Even though less common than the source follower approach,
current read out modaef DEPFET detectos has been already employed
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in previous workg24-26]. In the basic current read out configuration, the
detector is biased with a fixed gatesource voltage so that electrons
collected into thdG produce a variation in the current Wing in the
device Figure 3.19). No passive components are required in the pixel
cell, simplifying the sensor design and moving the DSSC bias power
dissipation to the chip, which is better for thermal managenidre.
detectordrain can be made a low impedance node by introducing a
cascode stage before the filter. In this way any parasitic capacitance that
might be present at the node does not contribute a significant time
constant, making it feasible to oper#te system at high frequencieln

first approximation, the settling time of the system corresponds to the
charge collection time. The output current follows the charge collection
with insignificant delay 11]. It is worthwhile to note that in this
configuraton the detector has all external nodes at a fixed voltage. This is
beneficial to obtain stable and repeatable performdnoesthe detector.

Vsource

Idraln

Idraln Idraln
I (o} Filter

Figure 3.19 Basic configuration othe current read out approach.

Another advantageof this approach compared to the source
follower read out is the possibility to bias the detector at relatively high
current. As previously describethe tradeoff betweenrising time and
gain setsa relatively small bias current for the latter approach
Conversely, in current read out mode a higher current leads to a higher
gain "0 that reduces the input referred noisghout major drawbacks.
Common values for the detandthi®ise curr ¢
also the baseline value for the DSSCjgeb taking into account power
dissipation constrains
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Figure 3.20 Current read out basic scheme with the addition of a current
generator to subtract the bias current of the detector and leave only the
signal component to be pressed by the trapezoidal filter

The bias current of the detectis normally removed by a
programmable current source to leave only the current signal to be
processed by theapezoidafilter and thus maximize the output dynamic
range Figure 3.20). For the XFEL case this requirement is stressed by
the limited voltage supply of the IBM technology. The current source
also provides a mean to cope with threshold shifts andhoorogeneities
in the detector array. Ifiact, the sensitivity to threshold shifts after
significant dose irradiation is a potential drawback of the current read out
solution if compared to the source follower technique that is a self
adjusting configuratiof27].

XFEL pulse * 220ns *

time

time
DSSC signal
current / \

time

. Read out cycle .
DEPFET Baseline Signal DEPFET Baseline Signal
clear integration settling clear integration  settling

Figure 3.21 Current read out timing scheme, showing the various phases
of the timevariant trapezoidal filter (bottom row) along with a sketch of
the XFEL pulses timing (top row), the DSSC clear signals (second row)
and a simplified drawing of the signal cent component (third row).
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To implement the trapezoidal shapetcorrelated measurements
can be usedThe correspondingiming scheme for the XFEL case is
sketched inFigure 3.21. The result of a first integrationf the current
before signal arrival (baseline integration) is subtracted from the value of
the subsequent signal integration. The duration of each integration
represents the shaping timie of the associated weighting function.
Moreover, this implementi&ain removes any baseline that mighaccur
due to anonoptimum cancellation of the detector bias current and to
reducel/f noise contributiorj28].

In the following a detailed analysis of the filter action on the

input current is derived. e tdéfire'O asthe current delivered by
the cascode stage. After a clear phase no charge is stored itoahe
its value can be written & O ¢ 0, where¢ O represents

the noise contribution from the detectonrfvhat concerns the current
generator, it is also necessary to include a constant value
corresponding to the sampled noise on the current source after the
programming has completed. Thus it is possible to write:

(O] ‘O € € 0
where¢ 0 is the noise contribution of the generatbhe current that
flows to the filter during the first baseline integratien
© 0 ‘O o to O £
€ 0 €0 € ¢ O
and for thecorresponding output voltage variation:

Yo €0 &€ € 07T 0 ¢f €0 € 010

Thus, as th& contribution is constanin this first integration
the detector and programmable current source noise contributions are
averaged by the filter. The voltage is stored to be subtracted from the
following signalintegration result.
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After chargecollectioninto thelG the drain curret in the DSSC
detector, and thus the current delivered by the cascode, increases and can
be written as follows:

O O €0 O
whereOrepresents the signal contribution. As in the previous situation,
the filter receives the difference between the current from the cascode and
that flowing towards the current source:
0 ©° ‘O

O ceo O O € € 0

€0 0O ¢ ¢ 0
In this second case the output voltage variation is:

Yo €0 0O ¢ ¢ 01 o

0 ¢t €0 &€ 010

whereo is the time the second integration stafitaking the difference
between the two voltage variations leads to the following result:

Yo Yo Yol 10 €0 €€ 010
€0 £ 01 0O

As can be seen, the final value of the output voltage is
proportional to the input signal, while the noise is filtered by the two
integrations. The sampled ise from the current source does not appear
in the result since it is a constant contribution.

Even though the presence of the flattop does not directly impact
the ENC, it reduces the available time for the integrations once the total
processing time is gen. For instance with the European XFEL
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operaing at maximum speed only 45ns might be available in this
configurationfor each integration, since a considerable amount of time is
needed for charge collection and for clearirfgtlte detectar When
slower operation will be employed, a longer time can be dedictied
each integrationthus improving the noise performances of the system.
Since the drain current provided by the detector is independent from the
timing read out scheme, to maintain the same awpliage swing in
these cases it is necessary to reduce the gain of the filter.

To allow for longer integration times at high repetition rates an
alternative read out scheme has been proposed, in which a single baseline
measurement per macro bunch is dbefore Xray pulses start to arrive.
Then, between subsequent pulses a single, longer signal integration can
be performed. With this approach the baseline value is stored on the
current source generator, which can be programmed before every macro
bunch sart. The corresponding timing scheme for this second approach is
shown in Figure 322 The time interval between the baseline
measurement and the signal integration gets longefray Kulses arrive.

As a consequee, flicker noise is differently filtered for pulses in the
macro bunch, the last one being the more affected by the reduced noise
filtering efficiency.

Read out cycle

Baseline DEPFET Signal DEPFET Signal
integration clear settling dear settling

Programming
phase XFEH pulse 220ns XFEH pulse

Figure 3.22 Timing structure in which a single baseline measurengent
dore before the macro bunch startdlowing for a longer integration in
each cycle

3.5 Analog-to-digital converter

The output voltage of the analog filter is sampled onto a capacitor
after the signal has been processed. While the following pulse is stored
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onto a second capacitor, a single slope 8 bit ADC converts the
information on the first one into a timing val(leigure 3.11) [29]. Due to

its simplicity, low power consumption, and small area requirement this
type d ADC is suitable for pixelevel implementationsThe time
required until the capacitor in the double buffer is discharged to a fixed
threshold level is measured by latching gray coded time stamps. These
are distributeadtolumnwiseto the pixels as low sving differential signals

on coupled coplanar waveguides, watliast800MHz external clock that

is used to toggle the counter on both edges. This gives a timing resolution
of 65ps The Gray Code minimizes the Hamming distance of two
adjacent ADC bins thefere minimizing the probability of latching an
incorrect value and also redng the toggling frequencyThe ramp is
started with a precise strobe, common to the whole, @gng 13mm

long transmission lines

The foreseen fulscale range (FSR) at the ADGput is 800mVY
ranging from 0.95V when no signal has arrived to 0.15V for the
maximum signal. A serial control register swdata for adjusting the
sample and hold capacitors, the current reference for the ramp generation,
the pixel delay for offset eaopensation and the starting value of the gray
code counter. The control data are written during an initialization phase
into the register. When operating at repetition rates lower than 4.5MHz, a
9" bit can be obtained by toggling a ffifop in the pixel The LSBsize is
about 3.125mV for ®&its andabout 1.56mV when 9 bits are desired.

The analogto-digital converterexploits the fact that Xays are
perfectly monochromatic. By knowing the energy of incoming photons it
is possible to set the ADC bins ihet low part of the dynamic range to
match thesingle Xray photon. This condition can be obtained by
properly setting the gain of the systenfirat adjustment can be made by
changingthe gain of the front enfilter, while fine regulation is achieved
regulating the discharge current. The offset can be adjusted by adding a
delay in the signal which latches the time stamps.

The one to one correspondence between the number of collected
photons and the number of ADC bins holds in the whole linear region of
the output characteristic of the DSSEdure 3.23).
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10

ADC bin
o

% 1 2 3 4 5 6 7 8 9 10
Input photons

Figure 3.23 In the linear part of the DSSC characteristic a do®ne
correspondence between input photons and ADC bins is desired. Th
uncertainty introduced by the Poisson statistics of the incoming photons
is negligible with respect to the electronic noise introduced by the front
end and the converter.
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Figure 3.24 Density function of the electronic noiséhat can be
considered Gaussian, centered in the various ADC @ihs.threshold is
placed in the middle of the bins,Pis the probability that a pixel
erroneously detects one photon because of the electronic noise, even if no
photon has been collected.

Pag.65of 165



Chapter 3. The DSSC project

With the actual detector designist foreseen that the linear part
of the characteristic will cover an energy range equivalent to about 10 to
20 photons at 1keMVn this low energy region no quantization error is
present, since the input signal is alrediscrete. This means that there is
no uncertainty in the number of the collected photons given by the ADC.
The electronic noise, mainly given by the detector and the analog front
end, is the major source of fluctuations that may lead to an incorrect
measuement of the photons signal and thus to a wrong bin attribution. To
have a sufficiently small probability a noise level of less than 50 electrons
is required Figure 3.24). For a 1lkeV photon the corresponding
probability is less than 0.1%sufficient for the requirements of the target
application [1].

For higher absorbed energies, an increasing number of photons
will be converted to the same digital wordrigure 3.25). As a
consequencenithis part of the dynamic rangei$ possible tcknow the
number of collected photonsonly with an intrinsic uncertaintyThis
would be true even if the systenagscompktely free of electronic noise.

162

161 40464

ADC bin
)
=3

15
1%80 1985 1990 1995 2000 2005 2010 2015 2020
Input photons

Figure 3.25 Due to the compressive characteristic of the detector an
increasing number of photons is assigned to the samelADfor higher
absorbed energies.

The root mean square value of the quantization noise can be
evaluated as the number of photons assigned 8ingle ADClevel
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divided byWp ¢ In other words, the distribution of photons in one bin can
be considered, in first approximation, uniform. It follows that for high
dynamic range the uncertainty of the ADC becomes higher. However, the
system is desigrd in such a way that the quadratic sum of electronic and
quantization noise is negligible with respectth@e Poissorgeneration
noiseon the whole dynamic randg80]. The 8 bit resolution is sufficient

for this purpose, and this is true even though thleet®nic noise
contribution gets more relevant in the high part of the dynamic range
because of the reduced detector gain.

The ADC resolution has a direct impact on the achievable
dynamic range of the system. This parameter depends on the shape of the
DSSC characteristic and on the number of ADC bits, once the first input
photon is assigned to the first bin of the converter. This topic is analyzed
in details insection4.6.

200 1.5

y —,

>
>

o
o
INL [LSB]

Elapsed time [ns]
a

0 i i R
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08"
Input voltage [V]

Figure 3.26 Time interval between conversion start aB@C latching
(blue) and INL (red) versus input voltage.

Experimental data of the voltage to time transfer function are
shown inFigure 3.26 for thefirst ADC chip productio31]. The system
was operated at full egd, and the integral non linearity is also sketched.
The characteristic is relative to one of the two sample and hold
capacitors, and its slope amounts to 203nsAry close to the nominal
design valueof 5MV/s. The gain for the second sample and hold
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cgpacitor was measured to be 201.7ndWasurementsn the developed
ADC chipsdemonstrate the achievement of a signaloise ratio of 67

dB, a mean DNL of less than 0.3 LSB, and an INL below 0.5 LSB for the
5MHz sampling rate.

Several chip prototyps conmprising an 8by-8 ADC matrix
representing a single @ixel column of the final matrixhave been
fabricated. The area and power dissipation of the ADC pixel circuitry
amounts to 0.0139nfmand 63 4¢ W, respectivel y.
require an area of 0.0143rfmand consume a mean power of 3.07mW.

3.6 The in-pixel memory

Since it is not feasible to send the complete image out from the
ASIC in only220ns digital data is stored locally withithe pixels before
it is read out in between of the XFEL bunch trainsorder to accumulate
a maximum number of events during the XFEL bunch trains, a compact
digital memory solution is required. For this reagamg approaches have
been studied: a statieersion uses the dense SRAM cell layout provided
by | BM with a%perhitrasda dyndmic 2ersortbased on a
three pMOS transistors dual ported ceR][3lest chips for both versions
have been submitted and tested.

vdd

datain 1 Vstore M2

writeB j T
readB d

readbus

Figure 3.27 Schematic (left) and layout (right) of a cell of the dynamic
memory designed in a first phase of the DSSC project.

The dynamic memory is based on a custom 3T dynamic storage
cell. The layout of the cell is fousidesabuttable and can be madery
compact as it only uses one type of transistor. PMOS transistors are used
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because they project better radiation hardness and lower leaKage
single cell occupies an area of 1.84x 8 4 (Eigure3.27).

The operating conditions of a DRAM for the chip would require a
retention time ofmore than20es, which is only feasible with an extra
supplyvoltage Discharge of the storddvel ismainly through the closed
switch M; and its reversely biased drain diottehas been measured that
without extra voltages, 13% of all cells are erroneous at a refresbfrate
20es. Figure 328 shows the measured retemtibmes of three different
cell types for a nominal supply voltage of 1.2V diod different off
voltagesat the M gate It can be seen how an increase of 100mV in this
turn off voltage improves retention time by more than an order of
magnitude, followingan exponential relationship that demonstrates how
data loss is due to leakage. The red curyéguare 328 shows one of the
very few cells wheré¢he effect saturates at a certain voltaifethis state,
the diode leakage through the drain of ;Mbecomes dominant, which
cannot be influenced by externalltages.

1e+06, T
* Good cell *
* Bad diode ¥
v Bad p-MOS

1e+04.

ke
»
%

<%
"\ld
%
»*.
*
*

*k

1e+03

Retention time [us]

1e+02 v

1e+01 Y.

1 1.05 1.1 1.15 1.25 1.3 1.35 1.4 1.45

1.2
Cell turn off voltage [V]

Figure 3.28 Retention time as a function of the turri wbltagefor a
supply voltage of.2V.

The static solution uses a clasdi 6T SRAM cell. The pixel
memories are organized in 9 blocks as showirigure 3.29, each of
them storing one bit position of each digital word. The column selection
is implemented with a two stage nMOS passegaiultiplexer. This
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arrangement yields a perfect usage of area and wiring because transistors
can be abutted efficiently and the differential data busses and
intermediate nodes are very short.

From prev
Precharge RAM bit
B To next
Serln o0
Data<0> T : I
Write
Data<0>

D RAM bit
ColBlockSel

r In< . = = -- = = l = -
Colbnsl 70 =1L L I, L T 15
Precharge - - = - = - i -
. L L L L 1 oy
RowEn <0
RowEn=<I>

SRAM Cell

Figure 3.29 Architecture of a SRAMIock storing a single bit of each
word. This circuit is replicated nine times to store the full words.

Reading is done by simply connecting a selected cell to liteir
lines. Because access timesnabre than200ns are required, no sense
amplifier is neded and it suffices to evaluate one of thelibiés with
simple CMOS logic. In order to avoid corrupting the stored data when the
cell is connected, the Hihes have to be preharged before.

Writing of a cell is done by forcing the cross coupled irafsrto
one of the two stable states. This is done bycperging both bitines to
VDD and then driving one of the Hihes to GND before connecting the
selected cell to the biines. Enabling a row always connects all cells of
that row to their respege bit lines. In order to prevent corrupting the
stored data, all bitines have to be preharged before a new row is
selected.
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To test the radiation tolerance of this solution, one DRAM and
one SRAM chips have been irradiated up to a dose of 5Mraddnoki
ray tube, without showing bit errors.

The sensitivity of the dynamic version to transistor leakage and
the additional power needed fogfresh led to the decision to use the
SRAM with a small penalty in densitfthe memory currently has a size
of 6409bit words andccupies about one third of the pixel arehefe is
still some room to increase the size to 720. The periphery overhead
within the pixel is only 15%.
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CHAPTER4

The Flip Capacitor Filter

4.1 Review of a current read out circuit

In Chapter 3he current read out mode irgroducedunderlying
its main benefits. As an example the VELA (VLSI ELectronics for
Astronomy) analog front end briefly presentedext[1]-[2]. The ASIC
hasbeen developed to comply with the requirements of space missions
such as IXO (International -¥ay Observatory), XEUS (Xay Evolving
Universe Spectroscopy3][and SIMBOL:-X [4]. In particular,low noise
anda processing time on the order of some micro rIsggare common
requiremensto all theseprojects.
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VELA is a 64 channels ASIC desigd to read out a
spectroscopitype DEPFET matrix by processing one row at a time,
while the others are turned offigure 4.1). Each row collects the signal
when it is off while the electronscreads another row of the matrix. In
fact, DEPFETs are able to collect and store charge into the internal gate
even though the external FET structure is not active, thus providing on
demand rad out capability.

SOURCE @
N g gy
=] A A A
o -
© I A v [}
58 INININL 5k
2 L L L E5
£ I N e o s <
& 5 , ® 5
= 8 L Tk 38
58 | Pyt et
o] =4
1N [N (N [
pis il el il
DRAINS lines

VELA
read out, filter, multiplexer

Figure 4.1 Block scheme for the operation of a DEPFET matrix in
conjunction with the VELA ASIChe Gate Switch and Clear Switch
blocks represent dedicated circuitry designed to operate the detectors.

In sucha matrix arrangement all draand source nodes of the
detectors in a column are shorted together. Goitg DEPFET per
column at a time is turned on to read out the signal. For a mega pixe
i mager with a typical detector size
length of about 8cm. The stray capacitance associated with the node is
thus very high, in the order of 30pF to 40pF. Considering ribsults

Pag.76 of 165



Chapter 4. The Flip Capacitor Filter

presented in Chapter&corresponding se time for the source follower
approach of more thah ¢ is obtained. VELA has been developtxd
overcome the noise limitations due toistHong settling time and
implement an almost ideal trapezoidal weighting function. This result is
obtained thanks tahe Switched Current Technique SCT [5]. The
channelblock diagram of a single analog channel is sketchdéigare

4.2.
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1 Is IC.,,q :: _ZL - :
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: ¥ il — i
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source vess ! 1 LoBIC fe—— Din

_________________________________________

Figure 4.2 Simplified schematiof the VELA read outhannel

Ead channel comprises an input cascode stage connected to the
drain of the DEPFETs, a programmable current generator and a time
variant filter that implementthe desiredrapezoidal weighting function,
thus recalling the basic scheme described in the prewbapter. The

ASICisrealized using t he 0.35em 3.

Austrian Micro Systems. Power consumption is about 4mW per channel.

The input cascode is studi¢al stabilizethe drain voltage of the
DEPFET detector. A simple cascode stage,izedlwith only one
transistor, would not be effective due to the relatively small
transconductancef the devices in theadoptedtechnology. A local
reaction that lowers the node impedance is thus implemented to move at
high frequencies the pole associatedhe drain nodes of atletectorsn
a column. The trapezoidal weighting function is realized using two

Pag.77 of 165

3V



Chapter 4. The Flip Capacitor Filter

stages. The first one is an integrating stage, with diffggedgrammable

gains while the latter is used to store the value of the first measutemen
that has to be subtractéem the second one. This operation is achieved

by propely operaing the switches, thus implementing the SCT. An on
chip sequencer is used to generate the digital signals, and the final output
value is the difference of the vabes at the end of the two integrations.
The read out speed can be adjusted to cope with different experiments
and can be as s hor tTheasrreni geseratpr asr mat |
necessary to subtract the bias current of the DEPFETs and process only
the curent signal. In this way it is possible to maximize the gain of the
first stage in the front end. The current source must be programmable to
match the currentlelivered bythe different detectors among which the
ASIC input is switched. Thus, a programminbage is needed before
every DEPFET read out. This phase determines the voltage on the
capacitord by means of a local feedbatibop thatis then removed
when the filter is processing the signal. Neither the sampled current noise
nor thekTC contribution influence the final measuremesince theyact

as a constant parametér that doesnot change between the two
correlated measurements performed by the filter and is thereforgegdmo
(seealsosection3.4.2).

—— Expected ENC

—— DEPFET contribution
16 ——VELA contribution

¢ Measured ENC

ENC [electrons]

P

—

1 1.5 2 25 3 35 4 45 5 55 6
Processing time [pus]

Figure 4.3 Comparison between the different noise contributions and the
measurednoise for the VELA ead out ASICThe processing time is
defined as the time required to read out a line of the detector matrix.
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Noise performances of VELA are shown kigure 43. The
detectorswere biased with a current of about E3@\ . Obtained
showvery good noise performanceghpr ocessing ti mes

4.2 Preliminary studies for XFEL

Even thoughthe same principles of the VELA front enduld be
used the DSSC project requiléhe development of a new circuit to eop
with the very demanding aspects of the European XFEL. For instance, a
very fast filter is needed to implement the desired trapezoidal weighting
function in only 220ns. Moreover, as every read out channel raatth
the sizeof a single DSSC pixel, alsarea becomes a primary issue, and
considering the huge number of chasrmdwer consumption has to be
minimized as much as possible. For all of these reasons, the VELA
architecture is not feasible for the European XFEL and other solutions
had to be devefmed.

Preliminary studies on a possible architecture for the DSSC
project have been presented 8} fnd [7/]. The circuit is based on the
same topology of VELA and was designed in IBM technol{igure
4.4).

_________________________________________
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Figure 4.4 Schematic of the first analog front end architecture proposed
for the DSSC read out ASIC.
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Thanks to the high transconductance of the devices in this
technology the input cascode can be realized as a simple transistor, thus
removing the power consumption associated with the local loop branch
present in VELAchannel Typical values for the transconductanceiare
the order of some hundreds ©ofSMoreover, since a single detector is
associated with the read out channel theystapacitance is reduced with
respect to DEPFET matrices that are scanned line by line. The expected
value for thestraycapacitance at the drain is in the order of 0.5pF to 1pF.

The filtering stage employs the SCT and it is still based on an
integrator bllowed by a subtracting stage. To reduce power consumption
a single amplifying stage waemployedin the shaper. A passive
integrator based on capacitor was foreseen to avoid the need to bias an
active integrator stage at relatively high currents to comply with the high
signal current arriving from the DSSC. The following active stage can be
biased at low currents if capacitods and 0 are chosen sufficiently
small. In these preliminary studies, the two capacitors were set to be both
equal to 0.6pF to minimize the noisentribution of the amplifier?).

100ms

A

A
v

| Programming !

Figure 45 Timing diagram of the European XFEL macro bunch
structure. The programming phase of the front end current generator can
be done before-Xay pulses start to be delivered.

As it is done also in VELA, a programmable current generator
wasintroducedto subtract the detector bias current. Since every channel
will read out always the same DSSC pixel the current source can be
programmed only once before a macro bunch starts to arrive, and not
between subsequent pulg€sgure4.5). In this way it is not necessary to
usepart of the 220ns and the programming can be very slow since the
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time interval between macro bunches is extremely léfaying a small
bandwidth programming loop is beneficial from the noise point of view.

Figure 46 shows simulated waveforms for two consecutive
pulses corresponding to a signal of pBotons of 6keV each. On the left
side the voltagey on the integrator is shown while on the right side the
outputw of the filter is reportedseeFigure 4.4). Even though &70mV
voltage swing is present tite output of the integratoin agreement with
the simulated signal and the value of capacitamcethe voltagew
shows a smaller voltage swing. Tleiect is due to the very low gain of
the amplifier, whichwas in the order of 40 sincthe single stage
architecturewassedt o have a current consumpti
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Figure 4.6 Simulated waveformef the current read outircuit for a
simulated signal corresponding 1@ photons of 6keV eacheft, output
voltage of the integratoRight, output voltage of the subtracting stage.

The main problem of this architecture is that the voltage at node
@ changes with the sighdhat is accumulatedonto the integrating
capacitor,asit is not a virtual ground. Since the gain of the following
stage is one and the input range of the following ADC is about 800mV,
this node would need to swing by the same amount on a voltage siipply
1.2V. Such a condition woulcbmplicatethe design of the programmable
current generator, as the voltage at its terminals would not be constant.
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4.3 The Flip Capacitor Filter

Starting from VELA and thee preliminary studies the design and
realization of anew filter architecture implementing the current read out
approach has been carried o8Jt-[9]. A first ASIC prototype with only
the analog front end has been realized and fully characterized to prove the
adequacy of adopted solutioi@he filter hasalso been integrated in the
8x8 matrices MM1 and MM2 along with all other DSSC channel blocks.

To reduce as much as possible power consumption and area
occupation a single operational amplifier is used to realize both
functionalities of integrating and subttang stage. The proposed solution
is shown inFigure4.7.

'DEPFET T ! Flip Capacitor 3
1

1

: :: Filter

1 1

ils c ! St s4
- é % ! [

! 1 ! I

]

' Cascode " S2
"
| i S_IN
i - ouT
| o e e e e e L__ul —{/O
I ---=-=-=-=-= ]
' Current i S_GND *
I'source N +
1 "
1

vVsss !

Figure 4.7 Architecture of the Flip Capacitor Filter solution for the
DSSC project.

The circuitrealizes a trapezoidal weighgirfunction by flipping
the feedback capacitor in between the two integrations. For this reason
the circuit is called Flip Capacitor Filter (FCF). In addition, the same
amplifier is used to program the current source that subtracts the bias
current drawn bythe detectorAll building blocks of VELA and of the
preliminary architecture can still be identified. However, it can be noticed
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that in this solution a virtual ground is present at the drain of the input
cascode, thus removing the issumsnected to # use of a passive
integrator

The reference timing scheme, composed by four different phases,
is the one described section3.4.2and shown again here for simplicity
(Figure 4.8). The filter uses two correlatadeasurements to reduce the
flicker noise, one measurement of the drain current before the signal
arrival (baseline read out) and one afterward (signal and baseline read
out).

Read out cycle

DEPFET Baseline Signal DEPFET Baseline Signal
clear integration  settling clear integration  settling

XFEH pulse 220ns XFEH pulse

Figure 4.8 Sketch of theiming scheme for the FCFniwhich two
correlated measurements are forasee

A read out cycle starts with the clear of the detector and the
concurrentreset of the front end electronics. The latter is obtained by
shorting the feedback capacitantethanks to thesimultaneouslosure
of all switchesY to "Y. The current source subtracts the bias contribution
of the detectorAny residual baseline that might arrive from the input
branch flows towards the reference voltage through thiclswy |
while the switcHY is open.

At the end of this initial phase th& of the DSSC is completely
empty and only the bias current flows in the input branch. By changing
the state of the two input switch®é and™Y the baseline current is
integrated on the feedback capacitor, with switclveand™Y closed and
switches™Y and Y left open. The charge that accumulates on the
capacitor and the corresponding output voltage variation can be expressed
as folow:

¥ O t
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) 6

where T is the integration time. The circuit situation after this first
integration is shown ifrigure4.9.

DEPFET ' Flip Capacitor -

: ]
' 1, Filter
1 :I Baseline
]
1 ls Iceq | st —>le I s4
| W

1
1
1
e o |
1
1
[}

:Cascode " S2
I + 1l
| 1 S_IN

|
| 0 ; - ouT
:::::::::::::': 0

1
' Current " S_GND * !
I'source i " + '
1 M :
! 1

Figure 4.9 Configuration of the FCF during the first integratigghase
The baseline can be due both to 1/f noise and to a mismatch between the
current source and the bias contribution of the detector.

In the following phase an -Xay pulse will be delivered and
scattered photons will be collected by the DSSC detectors. To maintain
unchangedhe value corresponding to the baseline integratio® two
input switches are commuted again. In the meanwhiligglses™ and™Y
are opened, while switché¥ and"Y are closed, which results in a
flipping of the feedback capacit@figure4.10). Ideally, the stored charge
does not change and therefore & ¢md of this phase the output voltage
has an opposite polariground the reference levelith respect to the
previous situation:
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Figure 4.10 Configuration of te FCFright after the feedback switches
have changed their state entertheflip phase, in which Xay photons
can hit the detector.

In the last phase the signal integration is carried out. By
switching again’Y and”Y the current is sentbwards the feedback
capacitor(Figure 4.11). Both the baseline arttie signal contribution are
integrated, and therefore the total charge that is deposited on the capacitor
plates is:

0 o 0 o 1
Considering the initial condition given by the first integration the

charge that is present at the exidhe read out cyclean be expressed as
follows:

0 O o 0 0 ot
Only the charge corresponding to the signal is left onto the
capacitor plates, while the baseline contribution is cancelletiefilter
operation The final output voltage is related only to the charge collected
in the DSSC and can be written as:

§O)

Yo -
6

O:| [e2]
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Figure 4.11 Configuration of the FCF during th&condntegration The
charge is deposited on the other plate of the feedback capacitor wit
respect to the first integration, thus cancelling out the baseline
component.

Four feedback capacitors are available to set the gain and cope
with different photon energie$n Figure 4.12 simulated waveformsf
the output voltagdor different values of the baseline are represented,
showing that the filter output returns to the same value when no signal is
applied. The final spread in the output voltage is considerably lower than
the ADC bin size of about 3.125m\A typical output waveformin
presence of a signa shown inFigure4.13.

For what concerns the nojsbe result obtained isection3.4.2is
valid and is here reportddr convenience

o . KO)
Yw =
0

t €0 € 010 €0 &€ 010

where ¢ 0 and ¢ O are the detector and current generator noise
components that are filtered by the analog front érid,the integration
time ando is the timeat which the second integration starts
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Figure 4.12 Simulated waveforms of the output of the FCF for three
different values of the baseline. The integrations last for 50ns, from
20.25¢s tofrolmR.03 Btbx sah.d40¢ s . The f1lirg

place in between. The reference voltage of the operational amplifier is set
to 1V.
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Figure 4.13 Simulated waveforms of the output of the F®&fh and
without signal. The timing and the referencaltage are the same of
Figure4 . 12. The reset phase is also sho

In Figure 4.14 the transitionsof the switches in the four phases is
sketched.

Pag.87 of 165



Chapter 4. The Flip Capacitor Filter

A s1-s4
| | R
A 52-53 t[ns]
I | >
A S_IN t[ns]
| I 4 [ 1.
S_GND t[ns]
1 [ 1 .
DSSCclear and First Signal Second £l
frontend reset  integration settling integration

Figure 4.14 Timing diagram of theswitches transitions during a
completeFCF read out cycle. The flipping of the capacitor takes place
during the ASignal settlingd interva

4.4 The flip phase

The stray capacitances and the charge injections make the flip
phase very delicatdn particular, the stray capacitance that is initially
connected to the output node injects a certain amount of charge after the
flipping phase. This charge flows through the feedback capaleitating
to an error in the baseline subtraction.

To briefly clarify this point,| e tohsder the circuit ifFigure
4.15, where thegoarasitic componentsssociated witld are sketched
and0 arerespectivelythe top and bottom stray capacitances. Qythe
baseline integration ideally no charge flows ontodhéhat is connected
to the virtual ground. On the other hand, the output voltage varies by a
quantity proportional to the baseline curtéltie charge that is left on the
stray capacitancean be written as:
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t 6

5

where w is the reference voltage at the ramerting input of the
amplifier. With the flipping phase the position @fand 6 with respect

to the main amplifier is switched. Since the virtual ground is at a different
potential from the reference voltagbe operational amplifier delivers a
current to cancel this difference. This current flows through the feedback
capaitor, thus altering the stored value of the baseline.

|| cf

Is -

L
ICb+ b ICt

Figure 4.15 Sketch of the FCF main amplifier along with the parasitic
components associated with the feedback capacitor during the first
integration.

Since the chargstoredontothe top plate stray capacitance is:

16

then the final voltage across the feedback capacitor, considering also the
baseline contribution, can be expressed as follows:
: 0 Y . . O
W —— 0 O =
0 0

This variation depends on the baseline, which is unknown. For
what concerns) , the current needed to charge it to the final value is

Pag.89 of 165



Chapter 4. The Flip Capacitor Filter

directly provided by the low impedance of the output of the arepkfnd
thus does not influence the measurement.

It is important to notice that the effect @f is always to increase
the charge stored onto the feedback capacitor, regardless of the direction
of the baseline current. Therefore, to solve this issueadtitional
capacitor is included that during the first integration subtracts the same
charge that is injected after the flip phase.

From the circuit point of view this result can be achieved by
connecting the new capacitor as showrrigure 4.16. Since during the
first integration only the switche® and "Y are closedthe 0 is
effectively connected in parallel &. Thus, the charge that is stored onto
the feedback capacitor is reduced by a quantity:

o 6 0

(0] o o (0]

The corresponding output voltage, and thus the voltage ,ois
also modified by the additional capacitor and settles to the following
value:

After the flipping phase thé does not play any role, since
now only the switche8Y and"Y are closed. The spurious charge that is
injected is equal to:

. 6
5 6

By requiring this contribution to be equal to the reduction in the
stored charge it can be found that the additional capacitor must have the
same value of the top plate stray capacitaB@mulations demonstrated
the effectiveness of this solutidn considerablyreducing the output

voltage spread for different values of the baseline. Anyway, a small value
of only 5fF was extracted for the parasitic capacitance. Therefore, in the
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first ASIC prototype a filter channel including the additional capaci
and one without it have been implemented to experimentally verify the
simulated values.

Cadd S3

Figure 4.16 Introduction of a second capacitor in the feedback network
to compensate for the spurious charge injected by the top massific
component.

45 The feedback switches

The switches in the feedback path are very delicate since they can
both inject charge and cause a charge loss if all closed at the same time
during the flipping phase. For what concerns the charge injectibasit
to be noticed that the switch@s and™Y have a voltage on the drain and
source nodes that does not depend on the signal and is set by the
reference voltage of the amplifier. In particular, whéims opened during
the flipping phase it injects a charge that is almost thesaravery read
out cycle. Thus, its charge injection acts as a constant contribution that
can be accounted for during calibration. The same conclusion is valid
also for™Y. For this reason both switches are implemented as simple p
MOS transistors.
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Corversely, switcheSY and"Y have voltage on the drain and
source nodes tharerelated to the input signal, since they are connected
to the output node of the filter. As a consequence, Wheis opened
during the flip phase it injects an aora of charge that varies from cycle
to cycle. To provide a first order compensation, and also to guarantee a
low resistance on the full output voltage range, these two switches are
realized as transmission gates, withBl@S and an +MOS connected in
parmllel. In the last version of the FCF for the complete pixel matrices
dummy transistors canceling the charge injection have also been added.

To avoid the possibility of charge loss during the flip phase it is
fundamental that the switches commute in aipesorder. For instance, if
the switchesY and”Y would openwhen™Y and"Y are already closed
there would be an interval in which the feedback capacitor is shorted. As
a consequence the stored charge would be altered in an unpredictable
way, leading to wrongignalestimations.

To guarantee the corretrtansitionssequence a dedicated logic
network has beemtroduced(Figure 4.17). Two blocks are present for
each feedback capacitor, one generatimegdriving signals forY and™Y
and the other the signals fo¥ and™Y. The pMOS outputs are used to
drive the ptype transistors, while the nMOS signals are connected to the
n-type devices that are present'fhand"Y. Even thoughY and"Y are
implemented asimple p-MOS switches, the logic network is the same
for both couples of switches to maintain the same delay between the
edges.

pMOS 1

nMOS 2
Enable

nMOS 1 pMOS 2

Figure 4.17 Logic network introduced to determine the correct sequence

of transitiors for the feedback switch€lhe outputs are all off when the
AEnabl ed input is | ow. The fAReseto
switches at the same time.
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A single input is used to derive the four gate signals. The delay
time introduced by the gatestised to determine the edges order and thus
eliminate the possibility of any charge logssimulation of the switches
transition during the flip phase is shownFigure4.18, where the signals

relative to the gype transistors are considered.
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Figure 4.18 Simulated waveforms of the driving signals for theype
transistors of the feedback switchéscan be noticed howy and Y
close after the other two switches are opened.

By acting on theiEnabl@® signal, common to the two networks
associated with a feedback capacitor, it is possible to set the gain of the
filter. In fact, when this signal is high the outpufstee logic network are
active and commute as expected. On the contrary, whefiEtieble® is
low all the switches connected to the network are open and thus the
corresponding feedback capacitor is left floating. It is thus possible to
determine the numbeof capacitors connected in feedback by enabling
the various logic networks.

The reset signal is used to force all the switches to be closed
during the clear phase of the detecteig@re4.19).
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DSSC clear and First Signal Second
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front end reset integration settling integration

Figure 419By setting the AReseto signal
feedback siiches are forced to be closed.

4.6 The operational amplifier dynamic range

As the collected charge in thH& leads to an increase of the
detector current it followshat the output of the integrating stage has a
corresponding negative swing. To maximize the output dynamic range it
is therefore necessary to bias the operational amplifier so that the output
is near the positive supply rail. To reserve enough voltage firothe
operational amplifierés current gene
dynamic range of about 800mV, the output is biased at about 950mV
(Figure 4.20). On the other hand, the baseline can flow in bit&ctions
and so the output node can also move towards the 1.2V supply. To avoid
saturation of the stage a very good programming of the subtraction
current source is thiandamental.

The extremely high dynamic range foreseen for the experiments
using theDSSC imager is handled first of all at the detector level. By
knowing the shape of the DSSC characteristic, the number of bits of the
ADC, the number of bins associated to the signal produced by the first
collected photon and the photon energy, the achlevdynamic range,
expressed in number of photons, can be evaluated.

Pag.94 of 165



Chapter 4. The Flip Capacitor Filter

| I Cf 0.95V
Signal 1.2V i
— E
- ouT !
—O |
+ :
+ '
0.95V ;
0.15V

Figure 4.20 To comply with the polarity of the incoming signal and
match the input range of the following ADC the output of the filter is
biased near the posie supply rail.

Once the photon energy is fixed then the signal current
corresponding to a single collected photon is knolis defines the bin
size of the ADC and by a suitable combination of gain settings in the
pixel it is possible to assign one wra bins of the ADC to this signal.

The assigned number of bins to the first photon is chosen such
that the quantization noise is always smaller than one half of the Poisson
noise. Based on this assumption, it is possible to calculate thb2Kew
photonsit is necessary to assign 2 bins to the first collected photon for
both the 8 and the 9 bit operatiamodesby increasing the gain of the
front end. lower energies require only one bin per photon to obtain the
desired result.

To determine the input signalrrent’© corresponding to one
ADC bin the gain of the detectdD, the energy of synchrotron photons
'O and the number of ADC bins per photon ¢ have to be known. In
formula:

0O P
QD 1
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For example, fol500eV photons, a expectedgain of 520pAe
for the detector and one bin per photon resolution the corresponding
current signal is:
0 0

———"0 : 0
@es ;o 1P

OnceO is fixed, the achievabldynamic range and the system
noise can be obtained. In particular, the bin size multiplied by the number
of ADC bins gives thenaximum input currerthat can bgrocessed

0O 0 ¢

This process is depicted Figure4.21, where a simulation of the
characteristic of the final DSSC is used.

o
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Figure 4.21 To detect single photorike bin size of the ADC is given by
the correspondingputputcurrentof the DEPFET. The bisize multiplied

by the number of ADC bins gives theaximum signakhat can be
acquired. The offset is set in such a way that the signal produced by few
photons fak in the middle of the bins.

The achievable dynamic range expressed in number of input
phobns is presented ihable 41 for different operating frequencies. For
all energies the first photon is assigned to the first ADC bin, except for
the 12keV case where two bins are dedicated to the first incoming
photon. Thanks to the introduction of photon energy dependent selectable
gains it is possible to obtain a dynamic range of a few thousands photons
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also for high energy operation. As can be noticed, the dynamic range
increases with the photon energy and with ADC number of bits. On

the contrary, the dynamic range decreasmslinearly as the number of

bins attributed to the first photon increaskss worth to underline that

the dynamic range does not depend on the operating speed of the
European XFEL mezhine.

Dynamic range expressed in number of photons

Frame rate
Ph. Energy

[keV] 0.9MHz 2.2MHz 4.5MHz

8 bit 9 bit 8 bit 9 bit 8 bit

05 900 4690 900 4690 NA
2370 12080 2370 12080 2370
8318 23220 8318 23220 8318
11539 15600* 11539 15600* 1153
12 5765 8000* 5765 8000* 5765

Table 41 Dynamic range of the system for different photon energies and
frame rates.The asterisk means that the corresponding value is limited
bythedet ect ord6s | G charge capacity.

Dynamic range expressed in number of 1keV photons

Number of bins Frame rate
attributed to the| 0.9MHz 2.2MHz 4.5MHz
first photon 8 bit 9 bit 8 bit 9 bit 8 bit
1 2370 12080 2370 12080 2370
2 453 2360 453 2360 NA
3 162 905 162 905 NA

Table 42 Dynamic range of the system for 1keV photons and different
frame rates when assigning one or more bins to the first collected photon.

While assigning one bin to the first photon is mandatory in order
to achieve single photon resolution, assignimg bins to the same signal
is beneficial in order to decrease the quantization noise even if this
reduces the available dynamic range. As an example, the dynamic range
for 1keV photons and for different numbers of bins attributed to the first
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photon is sbwn in Table 42. Gain settings can be switched during
experiments to meet the best performances in terms of noise and dynamic
range.

Based on this explanation and considering the expected DSSC
gain in the linearegion of520pAle, the minimum and maximum current
values for different energies and XFEL operating frequencies can be
found (Table 43). As it can be seen, a range of three orders of magnitude
in the current sigridas to be processed by the analog filter. Therefore, to
accept input photons of different energies and preserve the dynamic range
a coarse gain adjustment is needed. Considering the following ADC
section and the requirement to place the first incomingtgrhin the
center of the first bin, this is accomplished by increasing the size of the
feedback capacitance in the integrator stage and by regulating the shaping
time.

Minimum and maximum signal current with single photon detection

Framerate
Ph['ki\”/]ergy 0.9MHz 45MHz

8 bit 9 hit 8 bit

0.5 718nA 1839 ¢ 4 718nA 367 7 ¢ A NA
147nA 367 7 ¢ A 147nA 7355¢ 4 147nA 367 7 ¢ /
431nA 1103 2 ¢ | 431nA 2206 4 ¢ 431nA 1103 2 ¢ .
6 862nA 2206 4 ¢ | 862nA 3000 0 & 4 862nA 2206 4 ¢ .
12 862nA 2206 4 ¢ | 862nA 3000 0 & 4 862nA 2206 4 ¢ .

Table 43 Minimum and maximursignal current for different photon
energies and operating frequencies. For the 12keV case the first photon
is assigned to two ADC bins. The currerailues with an asterisk are
extrapdated from available DSSC curves and correspind full 1G.

4.7 Choice of the feedback capacitors

In the front end the input current is converted to a voltage by
integrating it during a time interval, common to all pixels, onto a
feedback capacitdy , which can be chosen separately in every pixel. By
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knowing the maximum curreny 'O it is possible to determine the
value of the feedback capacitor based on the integration time and the
correspondingnaximum output swing aat the outptiof the filter:

t o p
—. c ___ "~ 0—,
We QD 7 W

To increase the signéb-noise ratio the maximum available
swing of the filter output should be exploited. In the preserigdethis
swing is about 800mV over supply voltage of 1.2V. If the supply
voltage is increased to 1.4V, the swing would increase correspondingly.
The range fow ais therefore:

O 00 psw

Given a specific frame ratehe maximum possible integration
time should beused to reduce noise. Considering that a total of 120ns
might beneeded to collect the charge into f&and to remove it after
the signal read out, a maximum filter integration time of 50ns, 162ns and
495ns for the frame rates of 4.5MHz, 2.25MHz and (H@Nespectively
is available. The range fdris therefore:

VHEHI T 1 wi

Feedback capacitor value for different photon energies and frame rates

Frame rate
Ph. Energy|
keV] 0.9MHz 45MHz

8 bit 9 bit 8 bit

05 10.60F® | 7.4FY | 3.70FY | 7.4QFY NA
1 7.4QFY | 46QFY | 7.4QFY | 460pFY | 2.30F° NA
6.9pF9 | 11.0%FY | 6.90F9 | 11.0pF? | 6.9pFY NA
6 11.0F? | 22.00F? | 11.09F? | 22.00F? | 11.09FY NA
12 11.0F? | 22.00F? | 11.09F? | 22.00F? | 11.09FY NA

Table 44 Values of the fdback capacitance® cope with the maximum
signal current from the detector at different photon energies and frame
rates. Thantegration time is chosen to obtain relatively small values of
the capacitance. a)=454ns, b)t=161ns, c)=50ns, d)t=40ns.
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Possible values for the integration capacitance at different frame
rates and energies are showiTable 44. A voltage swing of 800mV is
considered, with the value®rf the maximum signal current shown in
Table 43. Even though a long integration time is benefifialthe noise,
when high energy photons have to be accommodated in one ADC bin it is
mandatory to reducd since the gain cannot be reduced enough by
increasing the feedbadapacitor. This is becausige feedback capacitor
is limited by layoutconstraingo about 13pF, a value that already requires
significant economization in other parts of the ASIC. Therefore
compomises must be made andhidable ranges are restricted.
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Photon energy [eV]
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Figure 4.22 Contourplot of feedback capacitovaluefor various photon
energies and integration timeshe lines have a spacing of 1pF and end
at 13pF.

Contour lines ofthe feedback capacitancelue for various
photon energies and integration times are showrigure 4.22. A
maximum value of 13pF for the capacitance is considered. From the
graph it is evident how short integ@ti times are needed when the
system has to detect high energy photons. The set of integration time and
corresponding feedback capacitance is therefore limited. However, when
high energy photons have to be detected the electronic noise requirements
are moraelaxed.
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The agreed values of the feedback capacitors for the final chip are
based on all these considerations and are chosen to minimize the
percentage increment between one capacitance configuration and the
following. The goal is to cover all possiblaig values by a suitable
combination of integration time, feedback capacitance and ramp current.
For this reason binary scaled capacitors are not used. The chosen values
for the four capacitors are 1pF5pF, 34pF and ®BpF. A maximum
capacitance of 130 can be obtained, thus covering all 8 bit cases and
also lower energies if working at 9 bits. The increment in total feedback
capacitance for the varioumnfigurationsis shown inFigure 4.23 and
compared to thease of binary scaling.

100
\ ’T@W
90 —— Binary scaled values
80 \
70 \
60 B(
50 \
40 \
30 \ 7\
20 \

Relative increment [%]

\

Gain setting

Figure 4.23 Relative increment betweengain setting and the previsu
one for the chosen values in the FCF and for the case of binary scaling.

4.8 Current boost

Besides beingoeneficial from a noise pdinof view, a high
detection gain requires an electronic front end able to withstand
extremely large signalais shown imable 43. For the DSSC project, if a
standard two-stages operational amplifier is used théme input
transistors have to betype to accommodate the high bias point of the
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system. Thus the output stagmuld comprisea pMOS with a fixed
current provided by a current generator.

The signal current, flowing towards the output of the operational
amplifier, would be drawn by the-KOS current generator and balanced
by a reduction of the current in the actively drivetype device. As a
consequence, to cope with high converted energies it would be necessary
to bias the second stage of the operatiamaplifier with a consistently
high current.This situation is stressed even more by considering the
current required to discharge tl@lowing sample and hold capacitor
(Figure4.24).

Cr :
Signal i lSlgnaI
—_
First l S&H
stage =

0.95V§ —L—O
l Bias Ichol ’

Figure 4.24 Circuit situation during the signal integratiofhe current
generator of the second stage of the amplifier has to be biased with a
sufficiently high current to sink both the signal and the S&H contribution.

The limitation of the twestages echitecture is that the current in
the output AIMOS is fixed and it is only redistributed between tHd@S
current, the signal and tf&&H contribution. By actively driving the-n
MOS it is possible to reduce the static bias current in the output stage and
at the same time to cope with large signals. For this reason the adopted
architecture comprises an additional branch able to boost the output
current oademand Figure4.25).

During signal integration the currem the additional branch
increases and so does the current in the output trangistarhe mirrors
are sized to guarantee a total current consumption that is less than in a
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classical twostages amplifier with the same signal capability. In the

adopted architecture the output branch is biased with approximately
120 A and tbhreanacdhd iwiitomadbout 25¢A, f
to be compared with t hhe ouputsthgaa st 20
standard amplifier.The maximum current that can be absorbed is
obtained when the input stage is completely out of balance, and is
therefore he doubl e of the 120egA static c

MblE“ el L‘}

FJ M4
I—|

|l
| M5

I
IN + \_‘
}J\N\,——o
ouT

szfl {a M6

Figure 4.25 Architecture of the FCF operational amplifiefhe branch
composed by and0 is implemented to boost the current of the n
MOS0 proportionally to the signalthus reducing the average power
consumption.

This architecture provides also two other benefits. First of all, for
a fixed current flowing towards the output the variation of the virtual
ground is reduced since a higher gain is provided. In partichiamgdin
of the amplifier in terms of output current versus input voltage can be
written as follows:
Q

— Qr1 §Qp

- QF _ -
5 h = -

N IO

where™Q j, is the transconductance of the input transisiorsy, is the
output resistance of the first stage at the gate Dof with a
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trangonductance ofQ , and_ and_ are the ratios for
the mirrors in the additional branch.

The second advantageoncerns the frequency response of the
amplifier. The additional branch is very fast in responding toitipait
signal because it comprises otbyv impedancenodes Moreover, as the
virtual ground increases to accommodate the signal so does the gate of
the output AMOS and this determines reegative swingof the output
voltage Figure4.26).

Mbl\:“ M3 I—q%j_ IE‘ M4

s
|—M5

Mb2

Figure 4.26 A positive variation at the inverting input of the amplifier
propagates to the output along two different paths. The one associated
with the additional branch (red steps) has the oppositarjigl with
respect to the path through the compensation brébicie).

This counter balances tlitial positive output variation that is
induced by the right plane zero associated with the compensation
capacitor and thereforemproves stability With a1.6pFcapacitor and a
smal | resistor of about 400q the ban
set to about 60MHz with a phase margin of about 75°. Frgure 4.27
it can be noticed that even with no resistor theesgsivould have been
stable, but with a lower phase margin, thanks to the effect of the
additional branch.
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Figure 4.27 Bode diagram of the phase of the FCF operational amplifier.
The introduction of a small resistor in series withe compensation
capacitor provides a phase margin of about 75°.

The total power consumption of the operational amplifier is about
240¢e W, a Vv al utle projécpecifitattons wHowelrgiwith
this architecture iis still not possible to measure high energy photons,
since themaximumsignal current is stilldo high. For this reason the
possibility to increase the size, and thus the current capability, of the
output ”AMOS has been included. To obtain this result a static switch
used to connect a second transistor in parallél tthas been introduced
in the latest FCF design.

4.9 The reset phase

During the reset phase the feedback capacitors are short circuited
and thus the output goes back to tbference voltage. However, also the
compensation capacitor inside the operational amplifier has to go back to
the bias conditions. Since the needed current is provided by the first stage
then the virtual ground has to move quiet a lot and moreover this process
has been found to be rfaist enough.
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To avoid biasing the first stage with a higher current to increase
the slew ratean additional switch is added in the architecture that short
circuits the compensation capacitor during the rdsethis waya very
fast recovery is obtained-igure 4.28). This solution can be exguted
since the voltage drop on the capacitor in static conditions is zero.

Mbl\j{ W3 L‘}

{PJ M4
a

{]: M5

-{-Y- ouT

sz$ ”jl M6

Figure 4.28 To obtain a fast recovery during the reset phase an
additional switch is introduced in the opgiional amplifier architecture.

4.10 The dump amgifier

The DSSCsignal current must be dumped to a low impedance
node at the same potential of the amplifier inguting the flip phase
Since the reference block that biases theinwarting input is not able to
sink current, and also to avoid distartzes on the reference voltage, a
dedicatedbuffer to dump the current is introducedthe circuit(Figure
4.29). This block was not included in the first FCF ASIC and also not in
the first 8x8 minimatrix.

A source follower output configuratiofollowing a standardwo
stages architectuiie used to provide very low resistance and high output
current capability maintainingow power consumption. The circuit
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occupies a very small area of abouk10unt and consumesnly 22pA
still being able to cope with signals as high as.2Q0

'DEPFET T uFlip Capacitor < !
:: Filter

:Current
!'source

Figure 4.29 Architecture of the FCF with the introduction of a buffer to
dump the current coming from the detector between integrations.

4.11 The programmable current generator

Threshold shifts in the DSSC detectme expected after -Kay
irradiation. Since the FET is atppe device, trapped charges into the
gate oxide lead to an increase of the threshold voltage and thus tend to
turn off the device. Measuremeritave been conducted on a dedicated
run to study the radiation hardness of the detector. The test devices were
processed in the technology scheduled for the DSSC production and they
have been irradiated at the DOR¥8 beam line at DESY from 100krad
up to100Mrad in three steps per decade. The analysis was focused on p
MOS transistors with and without channel implantation that are
representative of the gate and the clear gate of the detector. The threshold
voltage shift at a dose of 100Mrad is about 4VtFka depletion type and
about 5.5V for the enhancement type transisteigu(e 4.30).

Pag.107of 165



Chapter 4. The Flip Capacitor Filter
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Figure 4.30 Transfer characteristics of a depletidype (left) and of an
enhancementype (right) transistorat different levels of irradiationThe

first case is representative of the DEPFET gate, the latter of the clear
gate.

For the DEPFET gate the limitation is given by the dynamic
range of the ASIC in terms of the minimum and maximum bias current
that the front end is able to sink. For the clear gate the limitation is given
by the effective operatiowindow, whichis assumed to have a width of
less than 3V based on simulations and experience with similar devices.
Both constrains translate to an aied absorbed dose of roughly
100krad. The transfer from the absorbed dose to the number of absorbed
photons per pixel as a function of photon energy is showigire4.31.

To avoid having dead pixels in the mat possibility is to
decrease thexternalgate voltage of the transistor to compensate for the
increased threshold. However, since the gate voltage is not provided
separately to every pixel such a choice will lead to a considerable bias
current spread othe imagerAs a consequence, the front end must be
able to cope with a wide range of bias current. Also flicker noise can
determinea slow variation between subsequent macro bunahdst is
fundamental to avoid saturation of the filter because of aldoge
baseline.

The proposed current generator is based on a two steps process: a
coarse regulation of the current is obtained setting the bits of a daital
analog converter, while fine regulation is achieved controlling the gate
voltage of the trandisrs in the actie branches of the DAC. While the
bits can be set once for a certain number of experiments, the gate voltage

Pag.1080of 165



Chapter 4. The Flip Capacitor Filter

has to be continuously updated to be effective. As already foreseen in the
preliminary studies, this programming phase can be tefere Xray
pulses start to arrive on the imager.

20
10 —T—T—T

LA PR e b e i B e

100 krad .

18
10

450 pm wafer
= === 1000 um wafer 1

1
10"}

14
10

no. of photons / pixel

1012 |

T i S R R T B T

0 5 10 15 20 25 30
photon energy [keV]

Figure 4.31 Radiation tolerance of the DSSC sensor in terms of
maximum number of photons per pixebdanction of the photon energy.
The solid line refers to thactual wafethickness of 45In. The dashed
curve refers to a wafer thickness of 1 mm as an option for future device
generations.

4.11.1 The programming loop

The time structure of Xay pulses gives the possibility to
program the current source before the start of a new nimoroh, and
makes feasible to use the same amplifier used for the filtering phase to set
the DAC gate voltage when closed in a different loop, once more saving
area. One simple inverting stage must be included in the loop toahave
negative feedback. Thidock is realized using an icon cefligure 4.32).

The error current arriving from the drain of the cascode flows in the first
branch of the icon and is mirrored to the output with opposite direction.
The cell isbhiased fixing the gate voltages of the central transistors at the
same reference voltage of the filter amplifier, thus blocking also the input
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node at the same value. The icon is off when no current is arriving, thus
saving power, while it is very fast neacting when needed.

Figure 4.32 Schematic of the icon cell us&d the FCF front endo
obtain a negative programmingop.

At the end of the programming phase this cell is left floating, and
does not require current from teapply. The circuit configuratioduring
the programminghaseis shown inFigure 4.33. The voltage on the gate
is sampled onto a dedicated capacitor to maintain the programmed
current stable during the macro bunthe size of this capacitor has to be
large enough to minimize the voltage variation due to leakage and to
reduce coupling from the filter input node through the parasitic
components of the transistors. A value of 2pF has been chosen.

When the single intgration read out scheme is employsae
section3.4.2)the weighting function of the filter is no longer trapezoidal,
since the baseline measurement is obtained by means of the programming
closed loop configuration with a finite bandwidth. As a result, an
exponential shape following the time constant of the programming loop is
obtained. Measured weighting functions with this behavior are presented
in Charter 5.

The gain of the programming loop is about 65dB, so that a
residual baseline current proportiortal the bias component is always
present. The filter is designed to withstand a residual current after
compensation of 3¢ A in either di
voltage.
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Figure 4.33 Circuit configuration during the pragmmirg phase of the
current source.

4.11.2 Noise considerationsind current source architecture

The noise of the current generator has to be minimized, since this
block is directly connected to the input noaled its noise contribution
directly compares to thegmal arriving from the detectolf the cascode
stage is considered ideal, then current noise spectral density flowing
towards the filter can be expressed as follows:

: QY Q7Y QY Y
Yog Yog Yog PV
where'Y is the detector equivalent resistance that gives the same

noisespectral density as the DSSC itselfth a value o8 . 3. K Yj
accounts for the programmable generator noise contributioris
therefore mandatory to use sufficiently high resistors in the current
generator architecture

In the initial ptase of the project, with an expected gain of the
detector around 35044, this required an additional negativoltage to
bias the resistorsThe initially designedcurrent generator architecture,
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shown inFigure 4.34, has been implemented in the first versions of the
front end ASIC and also in the mimatrices chips with a small
modification for what concerns the MM2 ASIThe architecture is
studied to avoid the possibility that internal nodes reach too negativ
values. For this reason it is not possible to switch off the current in the
unused branches. TheMOS transistors are then connected to the supply
to provide an alternative path for the currels. a consequence, current
absorption depends on the pragraed word, complicating the design of
the external power boards.

' DEPFET - !\ Flip Capacitor S3
1
: [: 1!
1
1
1

R 2R 2R 2R
R R R R Current
M AN AN '\N\I:L source

Figure 4.34 Architecture of théirst version of th@rogrammable current
source The icon and the dump are not shown for simplicity.

The nominal value of the extel voltageVSSSis -3V, but the
possibility to lower this level was also foreseen to increase the maximum
current that the generator couldraw. Current ratios between the
branches are on a qudshary scaling, as the dimensions of the
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transistors, movig from the LSB By. to the MSB Bs.. The circuit
always sinks the same current to VSSS, taking the difference to the
DEPFET bias current from the ASIC supp§imulated values fothe
current drawn by thérst version of the programmable current sousiee
shown inFigure4.35.

i — |

120 J__y
guuy B
g 80 J J_ J'_J_
g . _,'__,_ _,,__,_
iy ——

w e

[
o J__l_ [
T

0%00 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111
Digital word

Figure 4.35 Simulated values for the current drawn by tingt version of

the programmable current source for the minimur2\{).and maximum

(1V) voltages at th control gate and for different binary codes applied
for the coarse regulation. The shadowed area represents the coverable
detector biasing.

After the measurements on the DSSC prototypes and the
simulations of the detector in the final technology a higlsén of about
520pAe is expected so that the noise requirememndn the current
generatomrerelaxed. For this reason, in the last design of the system the
external voltage has been removed to simplifyekiernalpower boards
design, and smaller vaduesistors are used. Secondly, only one branch is
connected to the gate voltage regulation loop, while the others are
connected to the reference voltage. The current in the unused branches is
set to zero by opening a switch in the branch: this was netigp@én the
previous architecture since a zero voltage drop on the resistors would
have lowered the source voltages of the transistors too rinuthis way
there is no additional contribution to the overall power consumption,
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sincethis circuit only sink the detector currenthe new architecture is

shown inFigure 4.36.

DEPFET
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: 1 S1
S C ::
VT

~ '\ Flip Capacitor S3
Y- I
nFilter o4

sy

R1 R2

Figure 4.36 Architecture of thaew version of thprogrammable current
source along with theomplete FCF front endircuit. The VSSS node is

Rtrim

now at ground potential. The icon and the dump are not shown for

simplicity.

The aspect ratioof the n-MOS transistors connected to the
reference vdhge along with the resistors values is determined by the
desired maximum prognamable current and step size. Current ratios are
on a binary basis. To increase the valoéghe resistors as much as
possible the structure employs z¢hoeshold devices. Design values are
1 5 k q The 8n@ tunjng Brandh wihOakesgistor

of 7.5kq,
of 25kq i

2 to 3 stepwith the samévinary code providing a suitable combination
of bits and gate voltage womply withary bias current value that is in

S

designed

SO

t hat

it
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Chapter 4. The Flip Capacitor Filter

dynamic. The switches are-fype devices sized to minimize the series
resistance when on and thus guaranteethigat-MOS transistors work in
saturation.

A simulation of the charaeristic for this new architecture is
shown inFigure 4.37. The circuit is able to cope with bias currents
ranging from about 230&¢A down to onl
gate voltage and changing the digital word by one bit i& e A, whi |l e
the fine regulation range at a fixed

250

| _‘__|
0 ..
—‘—11‘\_
31,{; —I——-l_—‘__‘l_
t L L
g 1
§ 100 _\__l _\——||_
111_‘_
o _I__\_ -
_\__\_

0%00 0001 o010 0011 0100 o101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111
Digital word

Figure 4.37 Simulated values for the current drawn by the new version of
the programmable current source for the minimur2\{p.and maximum
(1V) voltages at the control gate and for different binary codes applied
for the coarse redation. The shadowed area represents the coverable
detector biasing.

4.12 Complete circuit and layout

In the first phase of the DSSC projeatl building blocks have
beensubmittedon dedicated ASICsThe FCF ASIC includes all blocks
described in this Chaptewith the exception of the dump amplifier that
has been introduden a second moment.
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The expected noise performances of the analog front end are
shown inTable 45.

Expected noise values

45MHz( O=40ng 09MHz ( U=4o(q HSMH2(U=80ns)

integration
DEPFET 32el DEPFET 10.3el DEPFET 22.8¢l
FCF circuit 25.3¢el FCF circuit 5.3el FCF circuit 14.8el

Total 42el Total 11.6el Total 27.2¢el

Table 45 Expected noise values ssported in B]. The initially foreseen
gain of 350pAe for the detector is used. This is the same value of the
gain obtained during measurements with a standard type DEPFET.

DG<g> DO<0>

EEEEEEEEEEEE
SEQPTOQ EN
SCLK

B
4

[ [ ]

" ooz

SEQStaticregout<15:0>

R =E ¥

Seqdyn<9..0> Seqstatic=15:0>

SEQout<o>
G
SEQoul<8:0>

Figure 4.38 Architecture of the sequencer impiented in the first FCF
ASIC.This block has been designed in conjunction with MHRIL and
the University of Mannheim.

SEQSel
e

A digital sequencei(Figure 4.38) is includedto provide the
signals for the internal switcheDedicated test inputs and outputiow
verifying the functionality of the filter and characterizings
performancesin particular, dedicated circuitry gives the possibility to
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test the ASIC without a detector connected. A sample and hold stage is
includedand a dedicated buffer with high current capability is present to
bring out the output signal. A second buffer is used to monitor the voltage
on the programmable current source.

Three similar structures have beemplementedto test slightly
different degn details in the circuitln this first ASIC all feedback
capacitors have the same value of 1.6pF. The chip size is 1.4x4.4mm
while the area of the FCF is abdlicx16Cem?. The layout of thdilter,
along with the output buffergs shown inFigure 4.39.

L

[ TR R b

T AT i s

Figure 4.39 Layout of the first version of the FCPBn the left side are
located the main filter amplifier, the programmable current source and
the feedback capacitors. The right sid@ccupied by the output buffers.

After characterization of the various ASICs, two nmmatrices
have been produced integrating all DSSC blocks. The dump amplifier is
included in the second version of the 8x8 chip, called MM® layout
of the filter has been optimizedb fit in the available spacand the final
areais 88x84n’. This is less than 20% of the total pixel arBhae new
programmable current generator has been included in the MM3 chip,
submitted in May2012
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CHAPTER5

Characterization of the FCF

5.1 Experimental setup for the FCF ASIC

A dedicated experimental setup, shownFigure 5.1, has been
developed to test the performances of the FCF, both alone and together
with a single pixel linear DEPFHEL]-[2]. The setup has been prepared in
collaboraton with MPI-HLL, Munich. The first board carries theECF
chip and a 4x4 DEPFET matrix, and is connected to the second main
PCB which delivers the bias voltages @hedigital signals necessary for
the systemoperationand providesadequateamplification d the filter
output signal. Moreover, two DG419CJ analog multiplexers from Maxim
Integrated Productare used t@eneratehe clear and clear gate signals
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An adjustable polzero compensation network is also introduced to
speed up the transitions and remopossible oscillationsat the
multiplexers output

Figure 5.1 Picture of the experimental setup for the characterization of
the FCF ASIC.The boardsare placel in a box toscreen the detector
from external light

A last boardhosts a VIRTEX Il FPGA that regulates the global
timing of the signals, programs the-ohip digital sequencer and handles
the communication with the PC. LVDS lines are sent to the main board
through a high speed connector and then converted by a dedifit€d
to 1.2V CMOS signals compatible with the ASI@namic The
LCMXO1200E from Lattice Semiconductor is used for this purpose. The
clock for the orchip sequencer is provided by the FPGA at a frequency
of 82.5MHz, thus giving 42.12ngime resolution.

To test theASIC alone the detector can be emulated by means of
a test signal given bgn Agilent 33250A external pulser. The output
signal of the filter isfinally processed by &ulti-Channel Analyzer
(MCA). The entire setup is controlled via PC throwggiftwaredeveloped
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in LabVIEW. A conceptual blockdiagram of the setup is sketched in
Figure5.2.

lPC (LabView interface)|

vy 1)

v FPGA/CPLD

PULSER J\/\/\,—g{ CONTROL LOGIC

Asic || BUFFERS|

(variable gain)

Figure 5.2 Sketch of the setlipterfaces arrangement

5.2 External network to generatethe bias and
signal

In Figure 5.3 a schematic representation of the network used to
simulate the detector is showhhe resistorsY and’Y provide signal
termination from the pulseand also give the possibility to generate
signals with an amplitude lower than the minimum provided by the
pulser.The series of th&y and’Y resistors is used to provide a constant
current similar to the bias current of the DSSC. The voltage pulse
provided by the Agilent 33250A is AC coupled to the middle node of
these resistors and is converted to a current signatéimabe processed
by the filter.

By assuminghatthe input node of #nfilter is a ground for the
signal, thanks to the low impedance provided by the castiwel¢ransfer
function between the signal from the pulser and thage at nodd is:

W i Y { &Y TFY
R . Y Yop {8YXIY YTIY
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a e

'R R3, Filter

. A

1 ! 1 4
| Rz SR S | S
' ' i

S2

Cascode i
+ i
i S_IN
0 - ouT
S — | ]
1= = ======7 = n
S_GND +
:Current ::
:source i :: T
1 1"
! VSSS il

Figure 5.3 Schematic including the FCF architecture and the external
network (iPulse) used to emulate traetector.

The implemented R@ime constantt of the network can be
evaluated using the valuesTiable 51:

T o YIXY YIXY epmi

Input network parameters
R1 R2 R3 R4 C1
40Y 10Y 1kY 51kY 10¢eF

Table 51 Values of the components in the network connected between
the pulser and the FCF input.

This value is larger than the pulse duration, so that the input
current can be effectively considered constarthe interval of interest.
On the edge of the input pulse the transfer function can be written as
follows:

Oi M Y TITY TTY Y
® . B Y YTIY TIY Y Y

To a first approximatiorthe correspondingnput current induced
by the pulser is then:
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Y

0 w
Y Y Y Y

Inside the ASIC a second resistof the same value o¥ is
implementedthat can be used when small s&js are desiredOn the
other sideijt is not effective when large currents are needigeltothe big
voltage drop that would develop across the component.

5.3 Oscilloscope waveforms

Figure 5.4 shows the oscillosge waveformscorresponding to
the amplified output of the filter anw a referencedigital signal that is
high duringthe FCFintegrationphases The inversion of the capacitor
takes place in the short time between the two integrations. It can be
noticedthat the output voltage goes back to the initial vasiseexpected
since no signal is applied and only a baseline contributipneisent. The
output signal is low pass filtered with respect to the output of the chip
because of the external amplifiers bedth.

©4 Gem Thase  -8.2041i9
2,00 Vidiy 500 mVidiv| 200 nsidvfauto 570 my)
-6.100V ofst -1.1600 V| 100ks 5068/s|Edge  Positive)

Figure 5.4 Oscilloscopewaveformsof the amplified output of the filter
(green) and of a digital signal indicating the two FCF integrations
(purple)for the double integrations read out scheme
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©4 GeEm
2.00 Vidiv| 200 mVidiv| 500 nsidivj Auto 1.960 V|
~5.900 V ofst) -1.1400V 250k8 5006S/s|Edge  Positive]

Figure 55 Oscilloscopewaveformsof the amplified output of the filter
(green) and of a digital signal indicating the FCF integration (purde)
the single integration read out scheme.

The same traces are showrFigure5.5 for the single integration
per read out cycle approach. Again, no signal is applied and only a
baseline contribution is provideth this casgthe value of the baseline is
stored on the programmable current source and thus the outpgevolta
level afterthe reset is not the same as at the end of the integration. This
difference corresponds to the presence of a residual baseline that flows
towards the filter. However, the final level is the same for every cycle and
so it can be considered as offset contribution.

5.4 The programmable current generator

In the FCF ASIC the first version of the programmable current
source is implementedsefer tosection4.10.2).The current range drawn
by this blockis defined by two parameters: thgternalnegative voltage
VSSS and a four bit binary code. The former sets the maximum value
that can be programmedhile the latter defines the coarse regulation of
the structure. Then, fine regulation in the defined range is obtained by
setting the control gateoltage.
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The current values drawn by the circuit fan@ninalVSSSvalue
of -3V and for different digital words are shownRigure5.6. The values
are obtained by placing the minimum (0.2V) and maximum (1V) ve#tag
at the control gate; these voltages roughly correspond to the output
dynamic range of the filter. For a given binary code, the current is
programmable in the range between the two extremes given by these
voltages As can be seen, the current generaswr ke programnukwithin
a range of gdodagréemenwitd simulationsihis value
can be extended to about 250pA by lowering VSS$ % (Figure5.7).
Lower values are not allowed by the technology.

150 T T T
= T
120
o I
L —
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: — Eal
g 60 _,—4[— L _',_
A
. N
L[ I
% . [
I
L —T

00 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111
Digital word

Figure 5.6 Measuredvalues for the current drawn by the programmable
current source for the minimum (0.2V) and maximum (1V) voltages at the
control gate and for different binary codes applied for the coarse
regulation. VSSS is set te3V. The $iadowed area represents the
coverable detector biasin@btained values are close to expected ones.

Figure 5.8 shows thatthe source voltage of the input cascode
does not increase too muekien when large currengse flowing in the
input branch. This is because the device has a very large
transconductance.
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Figure 5.7 Measuredvalues for the current drawn by the programmable
current source for the minimum (0.2V) and maximum (1V) voltaigthe
control gate and for different binary codes applied for the coarse
regulation. VSSS is set te6V. The shadowed area represents the
coverable detector biasing.
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Figure 5.8 Input voltage for different values of the DEPFE&dcurrent.
The gate of the cascode is at 950rwasured values are limited by the
actual implementation tthe maximum current of 2% (with a VSSSf
-6V).

Figure 5.9 shows the acquired waveform of the amplifioutput
of the filter when a 2.45¢A current
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applied during the programming phase. One feedback capacitor is
connected inntegrator stagerhe circuit reacts to accommodate the new
value of the bias current by inasing thegate voltage of the current
generator. The acquired wavefohas a negative swirgince the external
gain is inverting.When the current step is removed the voltage on the
current source goes back to the previous value.

Programming phase

/

R L L L LT LR LR . i B DR LV, ELRI LN

Figure 5.9 Oscilloscope traces of the amplified output of the filldud)

and of the input current(yellow). A step is induced during the
programming phase. Vertical scale: 500mV/div, horizontal scale:
2es/ di v.

Thefilter gain in the programming phase has no impact on the
current range that can Iset but is importanftor noiseperformancesin
fact, to redce the noise introduced by thishase the best solution
consists of connecting all possible feedback capeadit the filter, thus
lowering the bandwidth of the programming lodihis is particularly
important when the single integration read scheme ismployed since
the noise sampled on the hold capacitor is not removed by the two
correlated measurements introducing fluctuations between different
macro bunchesThe effect of an increased value of the feedback
capacitance is shown figure 5.10, when the same current step as the
previous case is provided. By enabling more capacitors, a slower
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programming loop is obtained and this can be seen in the longer time
constant of the output node of the filter.

Figure 5.10 Oscilloscope traces of the amplified output of the fiftar
different values(1.6pF, 3.2pF, 4.8pF and 6.4pF)f the feedback
capacitanceVer ti cal scale: 500mV/div, hori

WWWW

Programming phase

Figure 5.11 Oscilloscope traces of the amplified output of the fillbdug)

and ofthe input currenf(yellow). A step is induced that runs across the
programming phase anid removed during the filtering phase. Vertical
scal e: 500mvVv/ di v, horizont al scal e:
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Finally, in Figure 5.11 a current pulse that extends over the
filtering phase is provided. In the first read out cyches dutput voltage
is basically constant thanks to tleerrect programming of the current
generator. Therefore, no baseline current flows towards the filter. When
the additional current is removed, a mismatch between the bias end th
programnable generatocurrentsis introduced, determining a baseline
contribution. However, it can be noticed that the final output voltage after
the double correlated measurement is the same as it is without any
baseline, thus confirming also the capability of the filter jeateconstant
contributions.

5.5 Weighting functions

The FCF implements a trapezoidal weighting function to
minimize the series white noise contributicss already described in
section3.4.2 In the following measured weighting functions of the filter
alore are presenteth all weighting function figures, the horizontal axis
represent the time interval between the application of the input signal and
the instant in which the filter output is santblevith the latter occurring
at the end of the read out cgcl

In the FCF ASIC prototype two similar structures emegrated
to verify whether thempact of the additional capacitor is effective as
expected(see section 4.4). This can be deducted by looking at the
weighting functions of the circuit. A significastray capacitance would
lead to different slopes in the weighting function, and thus the initial and
final values would not be at the same levis. a consequence flicker
noise is not completely canceled out by the filterparticular, the final
level should be higher than the initial one.

Figure 5.12 shows the measurements corresponding to a frame
rate of 0.9MHz, with an integration time of about 400ns. The
approximation is given by the limited FPGA clock resoln. First of all,
it can be noticed that the obtained weighting functions are very close to
an ideal trapezoid for both configurations. Moreover, the additional

Pag.1290f 165



Chapter 5. Characterization of the FCF

capacitor works as expected, lowering the final value with respect to the
other case imvhich no compensation is used.

1.2
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Figure 5.12 Measured weighting functions with and without the
additional compensation capacitor for an integration time of about
400ns.

However, the weighting function without compensation is lower
thanthe initial value differently from what expected his is probably
because stray capacitanagare not correctlyestimated in the extracted
layout The error is in the order of less than 18t both caseswith a
difference between the two configuratiafdess than 0.5%. Such a small
value is compatible with the operation of the front end, so that even
though theproposedsolution is effectivehe DSSC collaboration agreed
to not implement itAll the measurements presenteelxt are obtained
with the FG without additional capacitor.

Themeasured weighting functiosr the double integration read
out scheme are shown kigure 5.13 for three different integration times
of about35ns, 100ns and 400ns. These valcerrespondo the operating
frequencies oft. 5SMHz, 225MHz and0.9vVIHz. In this solution, the filter
uses two correlated measurements to reduce flicker noise in every cycle,
one measurement of the drain current before the signal arrival (baseline
readout) and one afterward (signal and baseline reat). As already
shown inFigure5.12, the kaseline returns to zero within 1% at the end of
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second integratiorior all cases However, the effect is negligible and
obtaned performances are completely adequate for XFEL operation.
Figure 5.14 shows measured weighting functions for a different number
of feedback capacitors connected in the filter. The results are very similar
for dl configurations.
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Figure 5.13 Measured weighting functions for the double integration
read out schemandfor different operating frequencies.
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Figure 5.14 Measured weighting functions for differenumber of
feedback capacitors connected in the FCF for an operating frequency of
0.9MHz.
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Spikes in the weighting functions are visible, due to the finite
time response of the power supply in stabilizing the operational amplifier
reference, to which the sighcurrent is injected between subsequent
integrations. In fact, in the first FCF chip tharrent dumpamplifier is
not implemented, so the reference voltage for the operational amplifier is
provided externally.This explanation has been also confirmed by
simulations. Thespikesamplitude appears to be different because of the
normalization process.

The timing scheme corresponding to a single integration in every
readout cycle has been tested, tooFigure5.15 the weighting functions
for different values of the feedback capacitance are slabam operating
frequency of0.9MHz. The integration lasteabout800 ns and the output
signal was acquired at the end of what would be the firstoetdycle in
the macrobunch. As expected, the weighting function is no longer
trapezoidal,showingan exponential taiin correspondence dhe finite
bandwidth of the current source programming loop.
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Figure 5.15 Measured weighting functions for thangle integration read
out scheme varying the number of feedback capacitors

As already described, to have a low noise programming, it is
necessary to connect all the available filter capacitors in this phase to
reduce the bandwidth. To be more precibe, weighting functiorslope
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must be lowewhenpulses arrie in the programming phaseth respect

to the slope for pulsearriving during integratios At short processing
times, where the gain is the highestisitherefore mandatory to connect

all theavailable capacitors:or this reason, in the last implementations of
the DSSC pixel th@Enable is gated with the signal that determines the
programming phase so that all capacitors are connected regardless of the
desired gain.

5.6 Linearity measurements

The filter linearity without detector has been extracted with
particular attention to the first regipwhere a ond¢o-one corregondence
between input photorend ADC bins is required. The gain of the circuit,
defined as the ratio of the output voltagersy to the input current signal,
has been measured for different values of the feedback capacitance
(Figure5.16).
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Figure 5.16 Measured output characteristics for different numbers of
feedback capacitors connected in the filtdihe reference of the
operational amplifier is set to 900mV.

Obtained numbers, reported ifable 52, are within 4% of
simulated values and scales correctly with the remmtf integration
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capacitorsThe difference in absolute values will be accounted for during
calibration. For instance, it will be possible to act on the integration time
and on theADC ramp current to properly set the desired gain.

Measured gain of the FG&
1 G connectedG, 2 G connectedG, 3 G connectedGs 4 G connectetdG,
29.3kY 14.65kY 9.8kY 7.35kY
G,/G;=0.501 G3/G;=0.335 G,/G;=0.251

Table 52 Measured gains for different numbers of feedback capacitors
connected in thélter and relative ratios.

The system has been studied for different supply vatagmund
the 1.2V nominalalue to investigate the effect aonideal conditions
on the circuit behavior. For lower voltages, the operational amplifier
reference has alsbeen changed to avoid saturation of the output node
and provide the complety/namicrangeof 800mV.

8

——VDD = 1.1V, Reference =1V
——VDD =1.2V, Reference =1V
6 ——VDD =1.3V, Reference =1V
——VDD = 1.4V, Reference =1V
——VDD =1V, Reference = 0.9V
——VDD =1V, Reference = 0.8V

~
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AVout filter [V]

Figure 5.17 Linearity error for different operating conditions in the
filter. The fitting is done on the whole dynamite eror is quoted in
fractions of incoming photoret 1ke\,

Results are shown iRigure 5.17, wherethe error is quoted in
fractions of incoming photonat 1keV. The circuit behaves properly if
there is a differencef@bout 200mV between the positive voltage supply
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and the reference of the operational amplifier. At the same time, in order
to provide 800mV of dynamic range with a good linearity, riference
should be at least 900mV. Presently, this voltage has bred fo
950mV to ensure good filter performance.

0.1

——VDD = 1.2V, Reference =1V
0.08 ——VDD = 1.3V, Reference = 1V
——VDD = 1.4V, Reference =1V
——VDD = 1V, Reference = 0.8V
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Figure 5.18 Linearity error when he fitting is done o the initial part of
the range. Onlyhe first part of the characteristic is showrhe error is
quoted in fractions of inaning photonst 1keV.
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Figure 5.19 Linearity error when he fitting is done o the initial part of
the range. The complete output voltage range is shdha. error is
quoted in fractions of incoming photoatslkeV.
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In Figure 5.18 andFigure 5.19 the linear fit is done only on the
first part of the dynamic, to an extent mpording to an incoming
signal of about 20 photons at 1keV.€Bevalues arein agreement with
the expected range of linearity for the final DSSC, where it is
fundamental that no systematic egrareintroduced by the filterln the
first figure thelinearity in this initial range is shown, and the error is
quoted in fractios of photonst 1keV versus ADC bins. The filter shows
an adequate behavior, especially at the beginning of the characteristic.
The nonlinearity error is below 0.05 photonsit 1lkeV, which is
sufficiently low to ensure that the signal of-akisorbed photan is
correctly placed within the corresponding, NDC bin on the considered
range In the second figure the error on the complete dynaamgefor
the same fitting curvées shown.The nonlinearity error increases when
moving away from the initial rang®n which the linearization is
performed.Anyway, the impact of the ndinearity for larger signals is
less critical and can be evaluated only in combination with the
characteristic of the final DSSC detector.

5.7 Noise performance of the filter alone

Noise performances have been studied for various integration
durationsand for both timing schemeproposed The following results
refer to the case of low energy-rdy photons, when the DSSC
characteristic is still linear. A detector gain of 350pAs assumd to
evaluate the ENC, according to the gain measured on devices used in the
tests.This value is to be compared with the expeaiath of 52(pA/e
foreseen for the final DSSC devices.

Measured and expected EN@luesfor the double integration
read out skeme are shown iRigure 5.20. The t variable is the shaping
time of the filter corresponding to the length of eaclegration The
points corresponding tthe operating frequencies @&5MHz, 225MHz
and0.9MHz are highlighted. Thd.5MHz operating frequency points to
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two ENC values degnding on the time reserved for the flattop and
clearing phase.

50
@® Measured ENC
BB | T Fitting curve
¥ Simulated values (transient noise)
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Figure 5.20 Measured ENC values for different integration durations.
The points corresponding to the operating frequencies4.6MHz,
2.25MHz and0.9MHz are highlidited and compared to simulated values.

Measured noise is reasonably consistent with the theoretical noise
levels. The achieved values are from 30% to 50% worse than expected
from the first design phase, which were obtained by integrating the noise
spectraldensity. The discrepancy might lelatedto poorly accurate
noise analysis carried out in the design phase. Simulations employing a
tool that considertransient noise analysis have been carried out after
these measurements and predict that the impledefitter should
actually have highenoise than previously expected. Values obtained
with this tool are also reported kigure 5.20.

For the single integration reaout scheme the flattop of the
weighting functim gets longer for the lasead outcycles within the
macro bunch. Consequentifficker noise is differently filtered fothe
pulses, the last one being most affected. Due to limitations in the
experimental setupp maximumlength of thereadout phaseof about
300uscan be obtaingda value that should be compared with the 600us
duration expected for a complete macro bunch in XFEL.
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Measured values show that the 1/f contribution is negligible on
the considered interval. Results are summarizé&dbie 53. At 4.5MHz
a remarkable improvement in noise performance with regard to the
double integrations reamlt scheme was obseryegith a measured ENC
of only 17 electronsFor the 0.9MHz operating frequengywith an
integration of 800nsan ENC of 5 electrons for the first cycles and of 5.4
electrons for the last ones have been obtained when connecting four
feedback capacitors during the programming phase. As expected, these
values get higher (9.2 and 10.1 electronspeetively) if only one
feedback capacitor is used for the sampling of the baseline.

Measured ENC for the single integration read out scheme

ENCi first cycles| ENCi last cycles
Frame rate4.5MHz (F=70ns) 18.6el 20.5el
Frame rate8.9MHz (f=800ns), withfour G connected Sel 5.4el
Frame rate®.9MHz (t=800ns), with only one C 9.2l 10.1el
connected

Table 53 Measured noise values for the single integration read
scheme for different operating conditions. The last filteiiygles are
about 300us after the end of current programming
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CHAPTER6

Measurements with a detectol

6.1 Measurementswith a radioactive source

The behaviour of the filter has been tested with standard
DEPFETsand a*°Feradioactive sourced 4x4 detector array was used,
with each pixel having dimensions of 75x75juiFigure 6.1). One
detector was connected to the analog filter to process the signal. The
detector arraysiere wire bonded to ceramic boards, and one was inserted
onto the PCB that hosts the filter chip.

Since the radioactive source is not synchronous with the ASIC
operation, as it will be in XFEL, the read out timing scheme was changed
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and the phase orderirid each cycle was rearranged as showRigure
6.2, similar to the timing scheme of the VELA ASIC.

Figure 6.1 Picture of the DEPFET chiplt comprises four detector
arrays of 4x4 pixelgach. The die is mounted on a ceramic and one of the
four availablestructuresis wire bonded.

i Read out cycle .
DEPFET Baseline Signal DEPFET Baseline Signal
clear integration  settling clear integration  settling
)(FEI.I pulse XFEL‘ pulse
i Read out cycle .
I |
Baseline signal DEPFET  Baseline
integration settling dear integration

Fe55 plhoton

Figure 6.2 Timing schemef XFEL (top) and the onemployed for the
acquisition of *>Fe spectra with aingle pixel DEPFETbottom)

Photons are collected in the first phase, which has to berdong
thanthe trapezoidal filter duration to increase the probability of photon
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absorption given the low emission rate of the source. Two integrations
were performed with a clear operation phasebetween. The first
integration was devoted to the signal read out, and the second three
measureof the baseline. In this configuration tsegnal polarity is the
opposite of that expected for XFEL. However, the low energyFfed
photons avoids #hpossibility of saturating the outpdthe XFEL timing
scheme was also tested, thus placing the clear phase at the beginning of
the read out cycle with the anticipated duration for the corresponding
operating frequency. In this case the probability thalt@on is absorbed

in the correcintervalis solow thatacquired spectra show only the noise
peak, making the calibration not possible. In any case, to validate
obtained results with the VELA timing scheme the noise peaks acquired
with the XFEL sequenckave been evaluated, using the conversion gains
obtained with the VELA timing scheme. Comparable ENC values were
obtained, thus confirming the validity of the results presented.

One of the main difficulties when operating at high frequencies is
to obtaina sufficiently fast clearing of the detector. For this purpose the
DG419 analog multiplexefsom Maximwere usedHowever, svitching
the electrodes with theecessaryoltage swing of 20V requires about
300ns to properly set all the voltages in the detedherefore, a longer
time than expected was dedicated for the clear phase in the
measurements, but this does not affect noise evaluation since the white
noise dominant contribution depends only on integration time, which was
kept constant with respeat the corresponding operating frequencies.

Small detector area makes the contribution of photons absorbed
on the detector borders quite relevant. Their energy is split between
neighbouring pixels, giving rise to a low energy tail in the peaks. To
reduce tle effect of splitting events the detector was illuminated from the
front side; in this waycharge isgeneratedcloser to thelG and the
probability of energy splitting between pixels is loweré&dfact, after
generationthe shape of the charge distriloutiis a disk in the drift
direction with a growing radius because of the radial diffusion [1]. As a
consequence, broadening of ttiearge distributioris proportional to the
time needed to reach the #ad hence to the depth of ionization.
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Figure 6.3 Measured®Fe spectrum with théCF and a standard type
DEPFET for the operating frequency of0.9MHz. Two correlated

measurements were performed.
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Figure 6.4 Measured®Fe spectrum with théCF and a standal type
DEPFET for the operating frequency o#.5MHz. Two correlated

measurements were performed also in this case.
Two different detector prototypesere used and gave similar

results Measured gain of the employed DEPFETSs is 336pAhis is the

value hitially foreseen also for the final DSSC devicAs. an example,

in Figure 6.3 the measured spectrum for the operating frequency of
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0.9MHz using the double integfion read out scheme is shovAnom the
fitting of the baselinepeakan ENC valueof 13 electronsis extracted.
This is related to the electronic noise only. Forihgeakan ENC of 15
electrons is obtained byemoving theFano statisticscontribution of
119eV. Thesevalues areabsolutely adequat®r single photon counting
at 0.9MHz and must be compared with the expected value of 11.6
electrons from simulationg he measured spectrum at 4.5MHz is shown
in Figure6.4. An electronicnoise of 48and 50electransis extractedrom

the noise and) peak, respectivelywith an integration time of 50ns
From simulations a value of 42 electrons with an integration time & 40n
was expected (see Table 4.5he noise for different integration times
and the double integration read out schesrshavn in Figure6.5.
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Figure 65 Measured ENC values with the detector for different
integration durations and double integration reawat scheme.

The single integratiorsolution has also ben tested with the
detector, giving an ENC of 34 electrons at the maximum frequency of
4 5MHz, with an integration time of 70ns. The measured spectrum is
shownin Figure 6.6. The results obtained for what concethe ENC are
summarized iMable 61 in which a comparison between expected values
and measured ones is reported. In the lower part of the Table the total
noise values are taken from spectra previously presentesl.ndlse
contributions of the circuit are the ones obtained with the circuit alone,
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scaled accordingly to consider the DEPFET gain of 3%@pM®etector
noise is then extracted from the total and circuit contribatids it can
be noticed, measure@igormances are very close to what expected, even

for the maximum operating frequency of 4.5MHz.

FWHM Noise = 288.4 eV
Noise = 34.1 el

10° £y
i FWHM MnKa = 417.5 eV
FWHM MnKb = 417.5 eV

S

P BB

i
2

4 5 6 7 8

0
1 0.2 -1 0 1 2 3
Energy [keV]

Figure 6.6 Measured spectrum ofFe with theFCF and a standard type
DEPFET for an operating frequency gf5MHz and single integration
readout scheme

Expected noise values

45MHz( O=40nd 0. 9MHz (U=4 *SMHz(U=80ns)
mtegratlon
DEPFET 32el DEPFET 10.3el DEPFET 22.8el
25.3¢el FCF circuit 5.3el FCF circuit 14.8el

FCF circuit
Total 42el Total 11.6el Total 27.2el

Measured noise values

45MHz( U=50n9g 09MHzU=400ng *OMHZ(U=70ns)
integration
DEPFET 35el DEPFET 11.2€l DEPFET 29.8el
32.6¢el FCF circuit 6el FCF circuit 16.3¢el

FCF circuit
Total 48el Total 13el Total 34el

Table 61 Comparison between expected (toprtp and measured
(bottom part) noise values.
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6.2 Measurements with a laser setup

The FCF front end connected to a DEPFET has also been tested
with a laser test suit@igure 6.7). The setup features aryxmechanial
movement section with micrometer positioning capabilities and a fast
infrared pulsed laser having a FWHM of less than 100ps, able to generate
the desired signal charge. An optieadis that allows beam splitting is
also included to both focus the infearlaser pulse and visualize the laser
spot on the detector surface with a video camé&tee laser driving
system allows for repetition rates up to 80MHz, thus matching the
requirements of speed to test the FCF in an XHEdtime structure. The
laser inensity can be adjusted to deliver pulses with energies up to 40pJ
which is well suited to simulate a wide dynamic range of intensities,
including the expected level from the future European XFEL.

Figure 6.7 Picture of the dsertest setupused to characterize the FCF in
conjunction with adetectorand employing light pulses/nchronous with
the filter operation The DEPFET ceramic is visible in the center of the
image.
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Infrared pulses can well simulate the effects efa) ionizaion.
In fact, the carrier density profile inside the bulk produced by the laser
can be quite similar to the ionization profile generated bray§. The
wavelength of the employed laser head is 905nm1Qnm) which

assures an absorption length in silicafi ab o u't 30em at r
temperatureThe standard deviation of the Gaussian function describing

the | aser spot diameter is | ess than
compared with the 75em side | ength o

6.2.1 Weighting functions

The lasersetup allows injecting chargeto the detector awell-
definedtimes so that for instance weighting functions of sensor signals
can be determined. This was not possible during spectral measurements,
where an asynchrone radioactive source was used.

The neasured weighting functions for the double integration read
out scheme are shown kigure 6.8. For the 4.5MHz operating frequenc
the flattop lasts G%s, whereas for both slower operations (2.25MHz and
0.9MHz) theflattop has been set to 100ns. These measurements nicely
confirm previous results obtained by electronic injection of the front end
alone.

1.2

——f = 0.9MHz, flat top = 100ns
—f =2.25MHz, flat top = 100ns
——f =4.5MHz, flat top = 50ns
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Figure 6.8 Measured weighting functions for the double integration read
out scheme forifferent operating frequencies.
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For the single integration read out scheme the behaviour is
different depending on the clear timing of the DEPFET. Consider a pulse
that arrives during the programming phas®d that is converted in a
current step by the dattor the correspondinghangein DEPFET bias
current isthenstored in the current generator. If a clearing is done before
signal integrationg mismatch between the DEPFET current and that of
the generatois introduced.This is seen as a negative baselby the
filter. Moreover, any pulse arriving between the end of the programming
phase and the cleagives no effect on the output, since the charge
generatd is cancelled before signal integration. Finally, any pulse
arriving after the clear phasgives maximum output until it enters the
signal integration. As a result, the weighting function behaviour presented
in Figure6.9 is obtained.
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Figure 6.9 Measured weighting functions for tkangle integration read
out scheme. A clear phase is present before sigtegration

A different behaviour is obtained if no clear is provided between
the pulse arrival and the signal integratibnthis casefia pulse arrives
during the programminghase, the corresponding increase in DEPFET
current lastdor the whole measurement. Since it is compensated by the
current generator it gives no effect on the output. This leads to the
weighting functions shown iRigure 6.10, which corresponds to previous
results obtained when pulsing the filter alone.
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Figure 6.10 Measured weighting functions for the single integration read
out schemeln this casethere is no clear phase between thel eh the
programming pase and the signal integration.

Both situations are significant to evaluate the performances of the
circuit. The former weighting function applies to noise sources that are
affected by the periodic clear of the detector, i.e. thallghmoise. The
latter applies to noise sources that are not affected by the removal of
charges from the internal gate, i.e. the white noise that is determined by
the properties of the external FET structure.

6.2.2 Long flattop

The effect of a londlattop in the weighting function has been
investigated. InFigure 6.11 three different measurements with identical
settingsof a very long flaibop of 144us are shown. The vertical scale is
strongly zoomed around iiyn. No deerministic behavioulike a constant
decrease is observed along the flattop which stays within 2% of the
maximum value for the whole duration. The deviations can be attributed
to noise in the output signaind fluctuations of the intensity dight
pulses.

This measurement demonstratdet very long flattops can be
achieved,for instance for source testingthe gain of the filter with
different lengths of the flattop has also been measamediound to be in
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agreement with previous result$his analysisis important for the
calibrationphase since a sufficiently long flattop would allow the use of

an asynchronous radioactive source to determine the gain of the complete
chain, starting from the detector, avoiding the need of laser sources
(which output engy is known with insufficient precision) or the need to
modify the filter functioning.
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Figure 6.11 Measuremestof a 144us long flatop. The three curves
were obtained repeating the acquisition with the same settings for
statigical purposesThe vertical scale is strongly zoomed around unity
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CHAPTER7

Measurements on the 8x8 prototype

7.1 ASIC description and test setup

The MM1 and MM2 matrix chips contain an array of 8x8 pixels
with some additional global control circuif$]. This includes the gray
code counter, itferential buffers, a digital sequencer for timing signal
generation and analog monitoring buffers. They represent a small version
of the final DSSC read out ASIC with close to final layer assignments,
power and control signal distribution. The die sige2i5x3.2mrhwith
about 100 wire pads. Aull speed clock of 80dHz is used.Power
consumption is as expected.
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The MM2 pixels contain also an injection circuit to characterize
the system without detectoFi@ure 7.1), designed by the University of
Bergamoand to be included also in the final DSSC piXels The pulse
amplitude can be selected by writimgo an 8bit current steering DAC
located in the chip periphery. The current is then mirrored in each pixel
where a pulser circuit generates the desisgghal and feeds it directly
into the input of the detector read otihe signal current source injects a
current into the drain of the input cascode, while the bias current source
emulates the detector bias. Thédacan be disabled after mounting the
DSSC chip onto the sensor.

I | l

8 4
Pulse DC current
amplitude 7 Cﬁr‘r’;‘n . Signal Bias 7 level
1
m

Current
1 Steering
Gain / DAC Source / Dgr:;:m:nl

Inject 1
signal
200 ____ 20
T I T

Ci
injection

Depfat
put cascod
(not part
of the pulser)

09V

1
Cell

Enable - pp— r'y Pixel Cell

Figure 7.1 Architecture of the injection circuit included in the ASITse
same four bits provided to the programmable current source in the FCF
are sentto theDAC which generatethe DC bias current level emulating
the one drawn by thiglock in the filter

In the MM1 chip both thesource follower andhe drain readout
front ends are implemented, along with double bufferingS&H, the
ADC with differential recevers and a dynamic RAM array. A pixel
control register is used to set the various configuration bits. A serial read
out of the ADC bypassing the RAM is also possibigure 7.2 shows the
layout of the chip realed by the group of the University of Heidelberg.
The power and time stamp busses use a snake pattern to mimic a full
length column of the final chip of 64x64 pixels.
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Figure 7.2 Layout of the MM1 ASIC with 8x8 full pixels

The seond matrix chip includes optimized building blocks, with
the addition of LVDS IO pads that are not present in MM1. Only the FCF
is implemented, with a static memory that can store 640 words. The
layout of the complete chip is similar to that of MM1.Higure 7.3 the
organization of the various DSSC blocks in each pixel is sh&wan
thoughall blocks already fit in the MM2 pixel, for the 64x64 matrix the
area occupancy of all blocks will be redueaten moreand free space
will be filled with further SRAM rows andecoupling capacitors.

A large effort has been made minimize crosstalk and voltage
drops in the MM chipsThis includes, but are not limited tsignificant
routing resources reserved for power, rdiduc and nearlyconstant
consumptiorof pixels during operation, voltage drop insensitiviiging
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local references, shielding, differential signal transmisaimhsignificant
in-pixel decoupling

Figure 7.3 Sngle pixellayoutin the MM2 ASICThisis very close to the
final DSSC pixel layout.

Figure 7.4 Sketch of the test setup developed for the DSSC matrices

To test the DSSC matrix chips, including both the small 8x8
ASICs and also the future futhatrices, a compact and versatile system
has been design and manufactueidyre 7.4). The systenprovides add
on connectors which allow for power cycling of the matrices using the
DSSC power board and data read at full speed. Adeviceundertest
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