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Abstract

The strong interaction between quarks and gluons is one of the fundamental interactions described by the standard model
of particle physics. Systems of quarks bound together by the strong interaction are known as hadrons, of which the proton
and the neutron are the most common examples. The theoretical framework of quantum chromodynamics (QCD) is used
to describe the strong interaction, but becomes increasingly difficult to use as the distance between the interacting particles
increases. On the length scales relevant for hadrons, for instance, non-perturbative approaches to QCD have to be used.
Experimental data are needed to verify these approaches. PANDA is one of the four experimental pillars of the upcoming
FAIR facility in Darmstadt, Germany. In PANDA, an antiproton beam with a momentum between 1.5 and 15 GeV/c will
interact in a hydrogen or nuclear target, allowing studies of various aspects of non-perturbative QCD. Motivated by the
high interaction rates and the diverse physics goals of the experiment, a triggerless readout approach will be employed. In
this approach, each detector subsystem will be equipped with intelligent front-end electronics that independently identify
signals of interest in real time. In the electromagnetic calorimeter, FPGA-based digitiser modules will be used for this task.
The high-radiation environment in PANDA will pose a challenge to these modules, due to both potential radiation damage
and high signal rates from the calorimeter. In this thesis, these issues are addressed. First, the results from experimental
measurements and Monte Carlo modelling of radiation-induced single event upsets in the FPGA are described. These
studies have allowed predictions of the rate of single event upsets during operation of PANDA. Secondly, a newly
developed algorithm for real-time processing of calorimeter signals in an FPGA at high pile-up rates is described. This
algorithm provides a significant improvement in the time resolution of the calorimeter and allows reconstruction of the
pulse height and timing of piled-up detector signals.

Keywords: PANDA, calorimeter, FPGA, single event upset, Geant4, Monte Carlo, pile-up, feature extraction.
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This Thesis

This thesis summarises the work that I have done during my PhD studies as a mem-
ber of the PANDA collaboration. It consists of a rather extensive three-part descrip-
tion of developments for the front-end electronics used in the PANDA detector,
along with two papers that have come out of this work. As an overview of the con-
tents of the different parts in this thesis is also given in Ch. 1, I will here give details
about my contribution.

My Contribution

Part I of the thesis covers background material relevant for understanding Parts II,
IIIand the papers. PartII presents studies of radiation-induced single event upsets in
the FPGA used in the PANDA front-end electronics. These errors were first studied
through irradiations of the FPGA, and together with colleagues from Stockholm,
Uppsala and Groningen I took part in the planning and execution of four such ex-
periments at different accelerator and neutron-source facilities. This included con-
figuring and setting up the FPGAs for irradiation, data taking and data analysis. I
took full responsibility for the data analysis and initiated the low-energy neutron
irradiations which were performed at Stockholm University. The results of the ex-
periments are presented in Ch. 6. In parallel with the experimental studies, I initi-
ated the development of a Monte Carlo model of single event upsets in an FPGA.
This model was developed solely by me, and was developed for execution on a high-
performance cluster. I took responsibility for all stages of model development, test-
ing and validation. The initial results on my work on this topic are presented in Pa-
per I. Ch. 7 of the thesis describes how the model evolved through my work, ending
with the model which is also described in Paper II. For Ch. 8, I performed additional
simulations of the expected radiation field in PANDA to predict the resulting rate
of single event upsets.

Part ITI of the thesis describes work that was performed during the last year of
my PhD studies, where I turned towards studying signal-processing algorithms that
could be implemented in the FPGA used in PANDA. Here, the focus was on the
shashlyk calorimeter, and I obtained experimental data from tests with a prototype
detector performed earlier by colleagues from Giefien and Protvino. In Ch. 9 of the
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thesis, potential pulse-processing methods are introduced. Ch. 10 describes a Monte
Carlo model of the shashlyk calorimeter which I concieved and developed, with the
aim of describing the time structure of the detector signals realistically. As in Part
IT of the thesis, I performed all model development, testing and validation tasks.
In Ch. 11, I conceived and developed the entire VHDL algorithm, and performed
extensive optimisations using logic simulation. Finally, in Ch. 12 I performed all
simulation studies, including the simulation of the expected rate in PANDA. We
aim to publish the work presented in Part III of the thesis.

I have written both Papers I and II myself, implementing comments and sugges-
tions from the co-authors. Throughout my PhD studies, I have regularly presented
the results from my research on these topics at international conferences, workshops
and collaboration meetings.

The following papers, referred to in the text by their Roman numerals, are in-
cluded in this thesis.

PAPER I: Measurements and Simulations of Single-Event Upsets in a
28-nm FPGA
Markus Preston, Per-Erik Tegnér, Hans Calén, Tord Johansson, Karoly
Makényi, Pawel Marciniewski, Myroslav Kavatsyuk, and Peter Schakel,
Topical Workshop on Electronics for Particle Physics, Santa Cruz, CA,
USA (2017).
DOI: https://dOi.Org/l().22323/1.313.0096
Reprinted as allowed under the Creative Commons “BY-NC-ND 4.0”
licence (https://creativecommons.org/licenses/by-nc-nd/4.0/).

PAPER II: Proton and Neutron Induced Single Event Upsets in FP-
GAs for the PANDA Experiment
Markus Preston, Hans Calén, Tord Johansson, Myroslav Kavatsyuk,
Karoly Makényi, Pawel Marciniewski, Peter Schakel, and Per-Erik
Tegnér, Submitted for publication in IEEE Transactions on Nuclear
Science (2020).
©2020 IEEE. Reprinted, with permission (author-submitted version).

Where applicable, permission to reuse figures have been obtained from the respec-
tive copyright holders. Some of the material in Parts I and II of this thesis has been
adapted, with some modifications, from my licentiate thesis:

1. Chapter 2. The majority of the chapter. The discussion on the theory of
the strong interaction was extended somewhat.
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. Chapter 3. The majority of the chapter, except for Sec. 3.3, which has been
added.

. Chapter 4. The majority of the chapter. Since this thesis contains work on
the shashlyk calorimeter, a more detailed description of this calorimeter has
been added, as well as more details on the physics in electromagnetic calorime-
ters.

. Chapter 5. The majority of the chapter, with some small modifications.

. Chapter 6. The majority of the chapter, with some detail on the recalculated
neutron-source intensities added.

. Chapter 7. The majority of the chapter has been adapted from the licenti-
ate thesis, but has now been extended to include the newly developed model
which was not described earlier.

. Chapter 8. The majority of the chapter, which has now been adapted to
show the results of the final model.
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1. Aim of this Thesis

This thesis concerns developments for detector electronics in PANDA, an upcom-
ing experiment aimed at studying various aspects of strongly interacting matter. In
particular, the aim of this work has been to study two aspects of the operation of the
front-end digitiser module developed for the PANDA electromagnetic calorimeters
(EMCs): 1) how well it will handle the high levels of radiation present in the experi-
ment and 2) with what accuracy it can determine key features of incoming detector
signals in the high-rate conditions of the experiment. Understanding these topics is
especially important in PANDA, where the data-acquisition system will rely heavily
on intelligent front-end electronics.

This thesis is divided into three parts. Part I provides a brief motivation of
the PANDA physics programme and introduces the various subdetectors in the ex-
periment, with a special emphasis on the EMCs. Along with this more thorough
description of the EMCs, the last chapter of this part also covers relevant mecha-
nisms for radiation-matter interaction, something that is important for understand-
ing Parts IT and III of thesis.

Part IT of the thesis describes a study of single event upsets (SEUs), a type of er-
rors in microelectronics where radiation causes a change in the state of the device. In
this thesis, the susceptibility of the field-programmable gate arrays (FPGAs) used in
the EMC front-end digitisers has been studied through experiments and theoretical
modelling. The work presented here has been aimed at studying the energy depen-
dence of the probability for proton- and neutron-induced SEUs in the FPGA that
will be used in PANDA. Ch. 6 describes results from irradiations of the device us-
ing high-energy proton and neutron beams as well as low-energy neutron sources.
To gain further understanding on the risk of SEUs during operation of PANDA,
a Monte Carlo model of SEUs has been developed as part of this thesis work. The
process of developing this model has gone through several stages. Paper I describes
an early version of the model, which did not fit within the scope of this thesis. The
two main stages of the model development are presented in Ch. 7 together with a de-
scription of how the model was fitted and compared to our experimental data. The
final version of this model is also the topic of Paper II, which has been submitted
for publication. Results from model predictions of the SEU rate in PANDA, based
on additional simulations of the radiation field in PANDA, are given in Ch. 8.

The final part of this thesis, Part III, describes work done on the FPGA firmware
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4 Chapter 1. Aim of this Thesis

for the EMC digitiser. In particular, the focus has been on the read-out of the shash-
lyk calorimeter, a detector which is developed to cover the most forward region in
the PANDA experiment, resulting in high hit rates from particles. In accordance
with the data-acquisition scheme planned for PANDA, the FPGA-based digitisers
should analyse incoming detector signals in real time and extract information of
interest, such as pulse height and timing information. This is a scheme known as
feature extraction. Because of this high hit rate, there is a risk for pile-up events,
where two consecutive detector signals overlap in time. Instead of rejecting such
events, which would decrease the efficiency of the detector system, the aim is to re-
construct them. This poses a challenge for the real-time nature of the triggering and
data acquisition system, and new methods have to be considered. In Ch. 9, a gen-
eral overview of feature-extraction methods is given, with some additional details on
the main algorithms used in Part I of the thesis. In order to develop and evaluate a
feature-extraction method, a detailed Monte Carlo model of the shashlyk calorime-
ter has been developed. This model, which is the focus of Ch. 10, makes it possible
to generate realistic detector signals that incorporate fluctuations in time and ampli-
tude due to the detector geometry and read-out. Ch. 11 describes the development
of an FPGA-based algorithm for real-time pulse height and time determination un-
der high-rate conditions, and how it was validated against experimental data. Fi-
nally, Ch. 12 describes the performance of the developed algorithm both in terms
of energy and time resolution and pile-up reconstruction ability. In this chapter,
simulations of the conditions in PANDA are used to make predictions about the
final performance of the algorithm. The contents of Part IIT of this thesis will be the
topic of a future publication.



2. Physics Introduction

The strong interaction is one of the fundamental forces of nature, and acts between
quarks and gluons — two types of elementary particles — to form composite objects
known as hadrons. The proton and the neutron are hadrons, and thus an under-
standing of the strong force is important in order to understand the fundamental
structure of the atomic nucleus.

The strong interaction is described theoretically by quantum chromodynamics
(QCD), which however is not well understood at low energies, i.e. on the scale of
atomic nuclei. Theoretical frameworks aimed at describing low-energy QCD exist,
but experimental data is needed both as input to the models and to validate the
theoretical predictions.

PANDA (Antiproton Annihilation at Darmstadt) [1] is one of the four experi-
mental pillars of the Facility for Antiproton and Ion Research (FAIR) [2] in Darm-
stadt, Germany. In PANDA, an antiproton beam accelerated to a momentum be-
tween 1.5 GeV/c and 15 GeV/¢ will interact in a hydrogen, or possibly heavier, target,
giving access to a number of different physics channels of interest when probing the
low-energy regime of QCD.

2.1 The Standard Model of Particle Physics

The standard model (SM) of particle physics is used to describe the fundamental
constituents of matter and the interactions that govern their behaviour. A particle
has a number of intrinsic properties such as mass, electric charge and spin. Particles
may be categorised according to their spin — half-integer spin particles are called
fermions and integer spin particles are called bosons. Categorising particles in this
way is useful because fermions obey the Pauli exclusion principlel, while bosons do
not. Thus, the spin of a particle gives information about how the particle behaves
in a multi-particle system. While the theoretical framework of the SM has been very
successful so far, there are still a number of open questions not fully explained by
it. For instance, a quantum-mechanical description of gravity is still lacking, which
would be needed to describe all known fundamental interactions within the SM.
There are both fermions and bosons among the elementary particles in the SM.

I'The Pauli exclusion principle states that two identical fermions in a system cannot both
occupy the same quantum state at the same time.

5
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The SM fermions, listed in Tab. 2.1, are subdivided into quarks and leptons. The
SM bosons, listed in Tab. 2.2, are subdivided into gauge bosons and scalar bosons.

Table 2.1: The elementary fermions in the SM of particle physics. Data taken from [3].

Name Charge (¢) Mass(MeV/c?) Spin  Parity eigenvalue

Quarks
Up (u) 2/3 2.16 12 +1
Down (d) -1/3 4.67 172 +1
Charm (c) 2/3 1270 172+
Strange (s) -1/3 93" 172 +1
Top (t) 2/3 172900 12 +1
Bottom (b) -1/3 4180 172+

Leptons
Electron (e) -1 0.511 172 +1
Electron neutrino (v.) 0 <2-107° /2 +1
Muon (y) 1 105.66 12+l
Muon neutrino (vy) 0 <0.19 /2 +1
Tau (1) -1 1776.9 172 +1
Tau neutrino (v;) 0 <18.2 172 +1

" The bare-quark mass.

Quarks exist in six different flavours — up, down, charm, strange, top and bot-
tom. Each quark has a corresponding antiquark. Composite particles known as
hadrons are formed by combining two or more quarks or antiquarks. Two exam-
ples of hadrons are the proton (consisting of two up quarks and one down quark)
and the neutron (consisting of one up quark and two down quarks), which are the
building blocks of the atomic nucleus.

Leptons also exist in six flavours — the electron, muon and tau and their associ-
ated neutrinos: the electron neutrino, the muon neutrino and the tau neutrino. As
with the quarks, there are antiparticles associated with all of the leptons.

Gauge bosons are vector bosons and have a spin equal to one. The SM gauge
bosons mediate the fundamental interactions between particles — the gluon me-
diates the strong interaction, the photon mediates the electromagnetic interaction
and the Z and W bosons mediate the weak interaction.

Scalar bosons have a spin equal to zero. In the SM, there is only one scalar boson:
the Higgs boson. The Higgs boson mediates the Higgs mechanism, whereby only
the SM particles coupling to the Higgs boson have mass.
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Table 2.2: The elementary bosons in the SM of particle physics. Data taken from [3].

Name Charge (¢) Mass (MeV/c?) Spin  Parity eigenvalue
Gauge bosons

Gluon (g) 0 0 1 -1

Photon () 0 0 1 -1

Z boson (Z) 0 91190 1 N/A

W boson (W¥*) +1 80380 1 N/A
Scalar boson

Higgs boson (H) 0 125100 0 +1

2.2 Physics of the Strong Interaction

A system of quarks and gluons, bound together by the strong force, is known as a
hadron. As any particle in quantum mechanics, a hadron is fundamentally described
by its state vector |[/), which can be a product of several components; a spatial part

[\Vspace)s @ spin part [\bgpin), a flavour part ["\/gaveur) and a colour part |\Jeslour):
|'\1{/> = |'\J/space> |'\1{/spin> |'\I/ﬂavour> |‘1{/colour>: (21)

or a linear combination of such states.

The main difference between a fermion and a boson is that the fermion has half-
integer spin, while the boson has integer spin. The Pauli principle states that two
identical fermions in a system can not both occupy the exact same quantum state. In
terms of |+), this means that the state of a boson is symmetric under the exchange
of two identical particles, while the state of a fermion must be antisymmetric under
the same exchange. That is, if the space, flavour and colour parts for a fermion are
all symmetric under this exchange, the spin part must be antisymmetric, and so on.
For a hadron, which is a system of fermions, the constituent-quark states have to be
antisymmetric with respect to each other even if the hadron itself is a boson.

One may consider the quantum mechanics of a system containing a fermion
and its antifermion, i. e. IFE}. The physics of such a system has implications for
PANDA because it describes both the primary pp interaction, as well as several of
the bound particles which will be produced and studied in the experiment.

2.2.1  Spin and the /7¢ Quantum Numbers

The spin state of IH_'} may be written

I'\l/spin> = |{:F’ Sz mS) > (22)



8 Chapter 2. Physics Introduction

where S is the total spin quantum number of the system and g is the z-projection
of §. For a single fermion or antifermion, § = 1, and the spin state is either [Ya, V)
or |¥, =), When forming a fermion-antifermion system, the spins can combine
into four different states. Three of them — the triplet — are symmetric and have a
total spin of § = 1:

L1 =1Te T,
IL0) = (1T 1 + I 1)/ V2, (2.3)
1L-1)=Uplp-

The fourth combination has a total spin of § = 0, is antisymmetric, and is called the
singlet:

10,0) = (ITe) L) = Le) 1T0)/ V2. (2.4)

In addition to the spin component of the angular momentum, the fermion-
antifermion system also has a relative orbital angular momentum L. When these
two are added, the total angular momentum / of the system is obtained:

J=IL=S,IL-8S+1],---,|L+S]| (2.5)

In addition, the state of the system can be characterised by the parity and C-
parity quantum numbers — the eigenvalues of the parity and charge conjugation
operators acting on the system. The parity operator reflects the spatial coordinates
through the origin, and the charge conjugation operator changes the signs of all
quantum charges (e.g. electric charge, baryon number, lepton number, strangeness)
of the system. For the ff system, the quantum numbers P and C are given by S and
L:

P = (-1t (2.6)

C = (-, (2.7)

These rules determine which quantum-number combinations are allowed for a pure

ff system — the non-exotic quantum numbers, shown in Tab. 2.3.

2.2.2 Colour Charge

The method of combining individual spins to form the full spin state of the system
may be used for the colour state as well. A quark has one associated colour; red (r),
green (g) or blue (b), while an antiquark has one associated anticolour; antired (),

antigreen (g) or antiblue (b). Therefore, there are nine possible colour combinations
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Table 2.3: The six non-exotic /7€ quantum numbers of an ff system with L < 1. The
complementary 25+ 1 7 notation is also shown.

L S ] p C ]PC 2S+1L]
0 0 0 -1 +1 0+ 15,
0 1 1 -1 -1 1~ 35
1 01 +1 -1 1 1p
1 1 0 +1 +1 0 3p,
1 1 1 +1 +1 1t 3p
1 1 2 +1 +1 2 3p,

for a fermion-antifermion system, eight of which constitute an asymmetric colour
octet, and one which is a symmetric colour singlet. As of yet only colour-singlet
particles have been observed — which for |f¥) corresponds to the following colour
state, symmetric under the interchange of the two particles:
1
V3
One important feature of the strong interaction is that the associated gauge bo-
son — the gluon — itself carries colour charge. In the electromagnetic interaction,
for example, the photon does not carry electric charge and does not self-interact. The
fact that gluons are able to interact directly, or couple, with other gluons has major
consequences for the behaviour of the strong interaction, and leads to the unique
concepts of colour confinement [4] and asymptotic freedom [5, 6] in QCD. Fig. 2.1
shows Feynman diagrams depicting, to first order, the interactions between a quark
and an antiquark and the direct interaction between three gluons.

(Ire) [77) + Igg) [gp) + Ibe) [bg)). (2.8)

() (b)

Figure 2.1: Feynman diagrams of (a) a quark-antiquark interaction mediated by a single
gluon and (b) a three-gluon interaction depicting gluon self-coupling to first order.
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Colour confinement means that only objects which are colour-neutral can be
directly observed under normal conditions. As a consequence, it is impossible to
isolate individual quarks or gluons, which by themselves are not colour-neutral. In-
stead, these particles are always considered as constituents of colour-neutral hadrons.
A colour-neutral object may be formed in different ways: by combining all three
colours (or all three anti-colours), or by combining a colour with its anti-colour (as
described above). The requirement of colour neutrality means that only certain
combinations of quarks and antiquarks are allowed in QCD. The original quark
model includes baryons (hadrons consisting of three quarks), anti-baryons (hadrons
consisting of three anti-quarks) and mesons (hadrons consisting of one quark and
oneanti-quark). Other combinations of quarks and gluons, so-called exotic hadrons,
are allowed in QCD but have proven to be much more difficult to discover. Ex-
amples of exotic hadrons are tetraquarks (two quarks and two anti-quarks), pen-
taquarks (four quarks and one anti-quark) [7, 8], and glueballs (a bound state con-
sisting only of gluons) [9].

The origin of colour confinement is in QCD described as an effect of the self-
coupling of gluons. Had the force between a quark and an antiquark been purely
electromagnetic, one could separate the particles by increasing the distance between
them. However, as these are strongly interacting particles, the force between them is
governed by a gluon field which due to self-coupling grows in strength as the quark-
antiquark distance is increased. To separate two quarks would therefore require an
infinite amount of energy, meaning that they are confined to colour-neutral objects.
In fact, if enough energy is supplied to the system, a new quark-antiquark pair is
produced such that the final state will consist of two colour-neutral hadrons.

2.2.3  The QCD Running Coupling

The strength of the strong interaction is described by the QCD coupling constant
a5, which determines the strength of the coupling between quarks and the gluon
field. The value of a has been probed through a number of different experiments,
which has shown that it is in fact not a constant but depends on the energy scale
involved. In Fig. 2.2, a summary of measurements of « is shown as a function of
the momentum transfer Q.

At high momentum transfer, i. e. when the interacting quarks are close to each
other, the strength of the strong interaction decreases. In this regime, when Q 2 1
GeV/c, the quarks may be treated as approximately free particles and calculations
may be performed using perturbative QCD. The fact that the quarks may be treated
more and more as free particles as the momentum transfer is increased is known as
asymprotic freedom in QCD.

The theory of perturbative QCD has been successfully applied in the analysis
of data from high-energy physics experiments such as the ones at the Large Hadron
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Figure 2.2: Coupling strength of the strong force as a function of the momentum
transfer Q. Figure taken from [3].

Collider at CERN [3]. Due to the peculiar nature of the strong interaction, itis how-
ever not possible to apply the same methods when Q < 1GeV/c. Lower momentum-
transfer scales correspond to larger separations between quarks, which for example
is the case in bound hadrons. As discussed in Sec. 2.2.2, increasing the separation
between two quarks strengthens the gluon field present between them due to gluon
self-coupling. This is confirmed by the fact that the coupling constant « increases
at low Q as shown in Fig. 2.2. The non-perturbative regime of QCD corresponds
to the distance scale of hadrons, which makes understanding it vital in order to un-
derstand hadrons. The theoretical approaches to describe such systems generally fall
within one of two categories:

+ Lattice QCD (LQCD) [10] is an ab initio description of non-perturbative
QCD. In LQCD, the equations of motion for the quarks and gluons are dis-
cretised on a lattice and solved through numerical simulations.

- Effective field theories (EFTs) [11] utilise the symmetries of QCD. In an
EFT where quarks and gluons are the relevant degrees of freedom, one can
simplify calculations when some of the quarks of the system are (relatively)
heavy — i. e. the ¢, b and t quarks. This is due to the fact that such systems
may at least partly be treated non-relativistically.

In many cases, a combination of the above methods is used. However, input of
parameters from experimental data is often needed to accurately solve the resulting
models. Here, PANDA will be able to provide valuable information about many
different hadronic systems, and thus give more insight into non-perturbative QCD.
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2.3 The PANDA Physics Case

In many collider experiments aimed at studying non-perturbative QCD, colliding
beams of e* and e are used [12-14]. The resulting interaction is an electromagnetic
process. However, to the first order, the annihilation of these two particles results in
the production of one virtual photon from which other particles may be produced.
A photon has the quantum numbers /¥ = 17, which means that the total quan-
tum numbers of the produced particles must be /° = 17. The production of
states with other quantum numbers is possible, but is highly suppressed due to the
need for multiple-photon exchange.

In pp collisions, however, virtual gluons are produced. Due to the properties
of the strong interaction, the probability for multiple-gluon exchange is not lower
than it is for single-gluon exchange. Thus, the hadronic nature of the pp interac-
tion gives direct access to final states with the same J*¢ quantum numbers as the
Pp system — i. e. all non-exotic combinations for a ff system, shown in Tab. 2.3.
When looking at a single particle in the final state, it can have any quantum num-
bers, provided that the other particles in the final state carry the remaining quan-
tum numbers. Therefore, PANDA will give unique access to multiple areas of re-
search related to QCD and the strong interaction: QCD bound states, dynamics of
non-perturbative QCD, hadrons in nuclear matter, hypernuclear physics, electro-
magnetic processes, and electroweak physics. One topic of interest is charmonium
spectroscopy, which is described in more detail below.

2.3.1 Charmonium Spectroscopy

A meson consisting of c¢ — a charm quark and a charm antiquark — is commonly
referred to as charmonium. The name is similar to that of positronium, which is a
bound state of an electron and a positron. Except for the fact that the energy scale
of positronium is much lower, the two systems have many properties in common.
The first charmonium system to be discovered was the 17~ J/() meson, which was
discovered almost simultaneously via e"¢* collisions at SLAC [15] and via proton-
beryllium collisions at Brookhaven [16] in 1974, which sparked the so-called Novem-
ber Revolution in particle physics.

Like positronium, the states of cc can be characterised by their quantum num-
bers /7. Because of the similarities between these two systems, the spectrum of
energy states in charmonium very much resembles the one for positronium. The
spectrum of charmonium states is shown in Fig. 2.3.

A tull theoretical treatment of a charmonium system relies on non-perturbative
QCD, and thus entails lengthy calculations. However, due to the relatively high
mass of the charm quark (m, ~ 1.3 GeéV/c?), the T system may be treated non-
relativistically to a first approximation. In such a treatment, the charm-anticharm
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Figure 2.3: The charmonium spectrum, ordered according to /*¢ quantum numbers
and mass. Hadronic transitions between different states are shown, whereas single-
photon transitions (e. g. ¥ — J/¢ v) are not. Figure taken from [3].

potential contains a Coulomb-like term, a linear term, a hyperfine spin-spin term, a
spin-orbit term and a tensor-interaction term [17]:
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where the parameters a;, b, m, and }; are determined by fitting the potential to
experimental data. Here, itis seen that the strength of the potential at short distances
directly depends on the strong coupling constant, a,. Although this potential model
very clearly indicates the different components of the potential, such a model is not
able to explain the whole charmonium spectrum, which means that more advanced
methods relying on LQCD or EFTs are needed.

In PANDA, all charmonium states can be formed directly in the pp annihila-
tion, but the detectors will not detect these states themselves but instead the parti-
cles resulting from their decays. In order to determine which angular-momentum
states were actually produced in the pp interaction, the partial wave analysis (PWA)
technique will be employed. In PWA, different decay modes are fit to the experi-
mental data to determine which states were produced. A common feature of many
of the charmonium decay channels is a final state with multiple electrons, positrons
and photons, all of which should ideally be detected in order to facilitate a PWA.
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Example: Investigating the Y ,(3872) State in PAND.A

In 2003, a state with an unusually long lifetime above the DD threshold was dis-
covered at the Belle experiment in Japan [18]. It was suggested that the particle is
a standard meson. However, the observed decay modes which for a meson would
mean strong violations of quantum-number conservation rules suggests that the
particle is more complex. This state has been named y,(3872)!, and with a mass
of 3872 MeV/c* lies above the threshold for breakup of charmonium into a DD
meson-antimeson pair at 3730 MeV/ . There are a number of proposed structures
describing this state: some suggest that it is a charmonium state [19], while some
suggest that it is a four-quark state” of some kind [21]. It is clear that further ex-
perimental study on this state is needed, which PANDA will be capable of doing.
In particular, experiments at PANDA could be aimed at determining the lifetime of
this state (or equivalently its width) [22], as the different models describing the exact
nature of the state predict different lifetimes. The most probable decay of  ,(3872)
is into a J/() meson and two T mesons:

xy(3872) = J/b+ 7" + 17, (2.10)

where the J/{ subsequently decays into a lepton pair (e.g. e"e*), and the © mesons
decay into lepton pairs. It is therefore very important to be able to detect the final
state leptons, which is the purpose of the EMCin PANDA. The particles may be dis-
tinguished from each other by analysing the shape of the resulting electromagnetic
showers in the EMC [23].

"The y,(3872) state is also known as X(3872), but here the naming convention of the
2019 update of the Review of Particle Physics [3] is used.

2Such a four-quark, or tetraquark, system could either consist of four quarks directly
bound together or of two quark-antiquark systems bound together into a “molecule” [20].



3. The PANDA Experiment

PANDA [1] is one of the four experimental pillars of the upcoming FAIR facility in
Darmstadt, Germany. In PANDA, antiprotons with momenta between 1.5 GeV/¢
and 15 GeV/c will interact in a fixed hydrogen or nuclear target. The maximum
luminosity will be 2 - 1032 cm™2 571, and the optimal beam momentum spread will

be Ap/p ~ 107°.

3.1 Facility for Antiproton and Ion Research

Ring accelerator
SIS100

Ring accelerator
Linear SIs18
accelerator ‘/J
Production of new
exotic nuclei

Production of

100 meters antiprotons

. Existing facility
. Planned facility

. Experiments

Figure 3.1: Overview of the FAIR facility. The first stages of the accelerator system
are located in the already existing GSI facility, shown in blue. The new part of FAIR,
which includes PANDA, is shown in red. Figure taken from [24].

FAIR is currently being constructed as an extension of the already existing GSI
facility in Darmstadt, Germany. An overview of GSI'and FAIR is shown in Fig. 3.1,
where it can be seen that parts of GSI will serve as a beam injector for FAIR. During

15



16

Chapter 3. The PANDA Experiment

initial operation of FAIR, the antiprotons for use in PANDA will be produced as
follows [25, 26]:

1.

3.11

Protons are generated by an electron cyclotron resonance source, and accel-
erated to an energy of 70 MeV in the p-LINAC linear accelerator.

The protons from the p-LINAC are injected into the SIS18 synchrotron, where
they are accelerated to 4 GeV.

The 4-GeV protons are injected into the SIS100 synchrotron, where they are
accelerated to 29 GeV.

The 29-GeV protons are directed into a nickel and aluminium target, where
up to 107 antiprotons per second, are produced in nuclear reactions.

The antiprotons are collected and pre-cooled in the Collector Ring. Due to
the magnet settings at the interface between the antiproton-production tar-
get and the Collector Ring, the antiproton energy is 3 GeV at this stage.

. The antiprotons are injected into the High Energy Storage Ring (HESR)

[27], until it contains 10" antiprotons. The antiprotons in the HESR can
be decelerated or accelerated to energies between 0.8 GeV and 14 GeV, corre-
sponding to momenta between 1.5 GeV/c and 15 GeV/e.

High Energy Storage Ring

The HESR (shown in Fig. 3.2) is a storage ring and accelerator for antiprotons,

with a total circumference of 575 m. It directs an antiproton beam with a momen-
tum between 1.5 GeV/c and 15 GeV/¢ through the PANDA detector system. After
installation of all detectors in PANDA, the accelerator will be able to operate in two
modes: the high-resolution (HR) and high-luminosity (HL) modes.

* In the HR mode, 10'° antiprotons circulate in the ring. This relatively low

number of particles allows a very small rms-relative spread in momentum —
below 4 - 107°.

* In the HL mode, 10" antiprotons circulate in the ring. The beam momen-

tum in the HL mode can be set between 1.5 GeV/cand 15 GeV/¢, with a spread
in momentum around 107*. The advantage of the HL mode is the higher lu-
minosity, coming as a direct result of the larger number of particles stored in
the ring.

As shown in Fig. 3.2, PANDA is situated on one of the straight sections of the
HESR. The KOALA experiment [28], which will allow accurate measurements of
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antiproton-proton elastic scattering needed to properly normalise luminosity mea-
surements in PANDA, is situated on the opposite straight section. In addition, the
HESR could also be used in other experiments, such as the atomic-physics experi-
ment SPARC [29].
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Figure 3.2: Schematic drawing of the HESR at FATR. PANDA is situated on one of the
straight sections of the ring. The locations of the KOALA and SPARC experiments,
discussed in the main text, are also shown. Figure taken from [30].

The very low spread in momentum is accomplished through stochastic and elec-
tron cooling [31]. The mean beam lifetime’ at the HESR is expected to be between
1540 sand 7100 s [32]. Since hadronic collisions and Coulomb scattering are among
the primary sources of beam loss, the lifetime of the beam strongly depends on the
beam energy and target type.

The initial phase of HESR operations is known as phase 1 (P1), during which
not all detectors in PANDA will be available as explained below. During P1, the
beam luminosity is expected to be lower than during both the HR and HL modes,
and the beam-momentum spread is expected to be between the values expected in
the HR and HL modes [22]. For the HL mode, further accelerator infrastructure
is needed to provide accumulation of antiprotons before they are injected into the
HESR [22].

3.2 The PANDA Detector System

In PANDA, antiprotons in the HESR interact in a fixed hydrogen or nuclear tar-
get. Due to the fixed-target nature of the interaction, there can be a high boost of
reaction products in the forward direction.

I'The mean lifetime of the beam is defined as the time after which the beam intensity is
1/¢ of its original value.
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PANDA is divided into two subsystems: the target spectrometer (TS) and the
forward spectrometer (FS). Both work as magnetic spectrometers, where the TS
contains a solenoid magnet and the FS contains a dipole magnet. The T'S surrounds
the interaction point (IP) of the experiment, while the FS enables detection of the
most forward-boosted reaction products coming from the interactions.

The target is produced in a target source that is embedded in the yoke of the T'S
solenoid, after which it is pumped through a pipe which is installed perpendicular
to the p beam pipe. The location of the crossing of the target pipe and the beam
pipe, at which the pp interaction occurs, defines the PANDA IP.

The detectors in PANDA are installed inside or in connection to the two spec-
trometer magnets. These detectors perform tracking, identification and calorimetry
of the particles produced at the IP. Operation of PANDA will be divided into mul-
tiple phases, which are related to the HESR P1, HR and HL modes. During phase 1
of the experiment, the majority of the detector systems will be installed and used in
measurements, expected to commence in 2025. In phase 2 of the experiment, the re-
maining detectors will have been installed and the HESR may have been upgraded
to enable the HR mode. Subsequent phases of operation (phase 3 and onwards)
rely on the HL mode of the HESR.
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Figure 3.3: An overview of the full PANDA experiment, including the detectors of
both phase 1 and phase 2. Figure modified from [30].
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3.2.1 Magnets
Solenoid Magnet

The TS consists of a solenoid magnet [33] with a length of approximately 4 m
and an inner diameter of 1.9 m. A number of detectors used for tracking, particle
identification and calorimetry are placed inside the magnet. To enable the required
particle-tracking accuracy in the region closest to the IP, the solenoid provides a very
homogeneous magnetic field of 2 T'in the central region of the TS. In order to reach
these specifications, the coil of the solenoid is superconducting.

In PANDA, the target is produced in a station located on top of the TS (as de-
scribed in Sec. 3.2.2) and pumped through the TS from top to bottom, intersecting
the IP. In order to accommodate the target pipe and still allow good field homogene-
ity, the solenoid coil is divided into three parts. Also, the iron yoke of the solenoid
is segmented into 13 layers, with interleaving layers of mini drift tubes (MDTs) used
for muon detection.

Dipole Magnet

The ES consists of a dipole magnet [33] providing a field integral of 2 Tm. It is
located approximately 3.5 m downstream of the IP and has an aperture of approxi-
mately 1 X 3 m?, in which a number of detector systems are located. The provided
field integral makes it possible to reconstruct particle momenta at a precision of 1%.

3.2.2 Targets

Due to the wide physics program of PANDA, different target systems [34] are used.
Two hydrogen-target systems, the cluster-jet target and the pellet target, are cur-
rently under development. Both target-production stations may be installed at the
top of the TS, as indicated in Fig. 3.3. The target-production station produces
the target, which falls through the target pipe, going through the yoke of the TS
solenoid and intersecting the IP. Both target stations are able to produce hydrogen
targets with an effective thickness of up to 4 - 10® atoms per cm?, which meets the
PANDA luminosity requirement. Also, both techniques allow the production of
very pure targets — a requirement since contamination from other elements would
result in unwanted background reactions. After crossing the IP, the target stream is
pumped away at the bottom of the TS.

In phase 1 of PANDA, the cluster-jet target will be used. During phase 2 of
PANDA operation, also the pellet target will be employed, allowing for a higher lu-
minosity [34]. In addition, phase 2 will include the use of targets containing nuclei
heavier than hydrogen, in experiments where pA reactions are required.
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Cluster Jet Target

In this context, a hydrogen cluster is a nanoparticle formed when H; gas, cooled
down to around 10 K, passes into vacuum through a nozzle. This produces both
a supersonic beam of gas and, under the right conditions, hydrogen clusters with
a sub-um diameter. The exact velocity and shape of these clusters depend on the
properties of the Hy gas, as well as on the properties of the nozzle. The transversal
diameter of the cluster-target stream is 4 mm, whereas the longitudinal diameter is
12 mm [35].

A cluster-jet target has a very homogeneous target density, which eliminates any
time structures in the luminosity. In a storage-ring experiment this is very valuable
since it ensures that the luminosity will not vary due to unintended variations in the
target density. The density can be adjusted on a time scale of seconds or minutes, so
that it can be tuned during an experiment.

Pellet Target

The pellet target is used to produce frozen hydrogen droplets, or pellets, which have
a diameter of the order of um. They are formed by injecting cryogenic liquid — H,
in the case of a hydrogen target — into a gas of the same type as the liquid through
an oscillating nozzle. Being close to triple-point condition, the jet breaks up into
pellets due to the nozzle oscillations. The pellets then form a stream, with properties
determined by the operational settings of the pellet source.

A pellet tracking system, which allows accurate position tracking of individual
pellets and therefore vertex reconstruction with a sub-millimetre precision, is under
development. The pellet target system will be run in two modes: in the pellet track-
ing mode, only one ~20 um pelletis in the beam, giving optimal tracking conditions;
in the pellet high-luminosity mode, a large number of < 10 um pellets traverse the
beam to give an average effective target thickness of > 4 - 10" cm™2 and the highest
luminosity conditions of all hydrogen-target options. The diameter of the pellet-
target stream, both transversally and longitudinally, is approximately 3 mm under
these conditions [35].

3.2.3 Luminosity Monitor

In order to accurately monitor the luminosity at PANDA, a luminosity monitor
[36] is placed at the furthest downstream end of the FS. When antiprotons scatter
elastically off protons at very small angles (3-8 mrad), the scattering cross section
is dominated by the Coulomb-scattering term. Since it is possible to calculate this
contribution exactly, detecting antiprotons at such small scattering angles allows ac-
curate determination of the luminosity, which is directly related to the cross section.

The luminosity detector consists of four planes of 50 um thin silicon pixel sen-
sors. When an antiproton traverses these planes, it is possible to determine the par-
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ticle trajectory and thus determine the antiproton scattering angle. The KOALA ex-
periment, described in Sec. 3.1.1, will be located on the opposite side of the HESR
and used to accurately measure parameters related to this cross section. By com-
bining the luminosity-monitor measurements with the scattering cross section, the
luminosity may be determined at an absolute precision of 3%.

3.2.4 Target—Spectrometer Detectors

Table 3.1: Phase 1 and 2 of the PANDA target-spectrometer detectors.

System Primary purpose
Phase 1

Micro vertex detector Tracking

Straw tube tracker Tracking

GEMT Tracking

Barrel DIRC Particle identification

Barrel TOF Particle identification

Electromagnetic calorimeter ~ Calorimetry

Muon detector Particle identification
Phase 2

GEMII Tracking

Endcap disc DIRC Particle identification

Hypernuclear setup Hypernuclear physics

"In phase 1, only one GEM plane will be installed.
The other two will be added in phase 2.

Micro Vertex Detector

The innermost of the TS detectors is the micro vertex detector (MVD) [37], which
is based on layers of silicon pixel and strip detectors. It is used to detect charged
particles very close to the primary pp interaction point. A charged particle may be
tracked very accurately when it traverses the multiple silicon layers in the MVD.
Thus, the location of both the primary vertex and of secondary vertices originating
from the decays of short-lived particles may be determined at a spatial resolution
better than 100 um in the longitudinal direction and a few tens (~ 20-40) of um in
the transversal direction. The MVD is divided into a 46-cm long cylindrical barrel
part (which has an outer radius of 13 cm) and a flat, circular endcap — the former
encircles the beam pipe around the IP while the latter covers the forward end of the
MVD.
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Straw Tube Tracker

The straw tube tracker (STT) [38], placed radially just outside of the MVD, con-
sists of approximately 4500 tubes (or straws) filled with an argon-based gas mixture.
Each straw contains an anode wire which runs longitudinally along the length of the
straw. When charged particles bend in the solenoid field and pass through the STT,
they ionise the gas in the straws. The generated charge is collected at the anode wires,
and the STT may be used to reconstruct the helical trajectories of the traversing par-
ticles. The bending radius gives information about the momentum of the particle,
and by measuring the amplitudes of the signals in the anode wires the STT also
provides information about the specific energy loss of the traversing particles. The
spatial resolution of the STT is better than 3 mm in the longitudinal direction and
150 um in the transversal direction. The inner diameter of a single straw is 10 mm,
so that the inner radius of the whole detector is 15 cm and the outer radius is 42 cm.
The pressure of the gas in the straws is 1 bar, so that the STT is self-supporting.

GEM Detectors

In order to track particles emitted at forward angles not fully covered by the STT
(i. e. below 22°), three planar gas electron multiplier (GEM) detectors are employed
[39]. These three detectors are placed at distances of approximately 1.1, 1.4 and 1.9 m
downstream of the IP. Each GEM detector contains a gas mixture in which charged
particles cause ionisation and several layers of GEM foil — a foil perforated with a
large number of small holes in which ionisation electrons cause electron avalanches
and therefore signal amplification. The resulting current is read out at various po-
sitions around the detector, which in combination with the layered structure of the
GEM allows position determination. The spatial resolution of the GEM detectors
is 100 um. In phase 1 of PANDA operation only the first GEM plane will be used
whereas the others will be added in phase 2. Because they provide tracking in the
forward region, while still being relatively close to the IP, the GEM detectors are im-
portant for detecting the large number of forward-going charged particles coming
from the IP.

Barrel DIRC

The barrel DIRC (Detection of internally reflected Cerenkov light) detector [40] is
used for particle identification of T and K mesons in the barrel region of the target
spectrometer. This is needed in order to identify charmed-hadron decays, which fre-
quently include K mesons in the final state, which should be identified and separated
from a background primarily consisting of © mesons. The barrel DIRC consists of
anumber of silica radiators assembled into a barrel. When a charged particle travels
through a radiator, Cerenkov light is emitted and reflected by mirrors. The shape
of the Cerenkov light cone depends on the particle velocity, and may therefore be
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used to identify the particle hitting the detector. The light is detected by an array of
position-sensitive photon detectors located at one end of the barrel.

Endcap Disc DIRC

The endcap disc DIRC [41] works according to the same principle as the barrel
DIRC: a traversing charged particle produces Cerenkov lightin a silica radiator. The
endcap disc DIRC allows identification and separation of m and K mesons with mo-
menta between 1 and 4 GeV/c. It is constructed from four silica quadrants that are
put together to form a dodecagon with a thickness of 2 cm and a diameter of more
than 2 m. In the centre of the detector, there is a cut-out as acceptance hole for the
ES detectors. The light output of the detector is detected by photon detectors at the
rim of the plate.

Barrel TOF

The barrel time-of-flight (TOF) detector [42] in PANDA is constructed as a ho-
doscope made out of approximately 5800 plastic-scintillator tiles, read out by silicon
photomultipliers. The barrel TOF detector has several purposes: identification of
charged particles at momenta below 700 MeV/¢, which lies below the DIRC thresh-
old; picosecond level timing of particle trajectories, both by itself and together with
the forward TOF detector; and detection of photon conversion just before the Elec-
tromagnetic Calorimeter. In order to fit between the barrel DIRC and the EMC,
the barrel TOF is less than 2 cm thick.

Electromagnetic Calorimeter

In PANDA, many of the final states include a number of photons, electrons and
positrons. In order to allow proper reconstruction of such events, these particles are
detected in the TS EMC [23]. The EMC allows determination of the particle energy
and direction, as well as providing timing information. The EMC is able to detect
particles with energies down to 10 MeV.

The TS EMC consists of a total of 15744 PbWOy scintillating crystals, and is
arranged into three parts: the barrel, the forward endcap and the backward endcap.
The barrel contains 11360 crystals, the forward endcap contains 3856 crystals and
the backward endcap contains 528 crystals. The result is a very good solid-angle
coverage around the IP. As the main topics of this thesis are related to the PANDA
EMCs, a more detailed description of this detector is provided in Sec. 4.3.

Target-Spectrometer Muon Detector

A muon-detection system [43] is embedded in the T'S solenoid yoke, where the iron
acts as an absorber. Charged particles are detected in 13 interleaving layers of MDTs,
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allowing for identification of muons. These muons may originate in hadronic de-
cays and Drell-Yan processes, both of them of interest in PANDA.

In addition to the system integrated in the solenoid a similar, but planar, sys-
tem of alternating iron and MDT layers is placed between the TS and the FS. This
detector has to be thicker than the one in the solenoid due to the higher momen-
tum requirements in the forward direction of PANDA. This plane also decouples
the magnetic fields of the TS and FS from each other.

H ypernuclmr System

A hypernucleus is a nucleus where at least one proton or neutron has been replaced
by a hyperon (a baryon containing a strange quark), such as A or E [44]. Of par-
ticular interest for PANDA are doubly strange hypernuclei (where a Z hyperon is
present in the nucleus) and double hypernuclei (where two A hyperons are present
in the nucleus) [45]. Such systems may be investigated at PANDA, where hyperons
may be produced by letting the p beam interact in a nuclear target. In the hypernu-
clear system, this primary target is accompanied by a secondary target in which the
produced hyperons may be captured inside nuclei to form hypernuclei. In PANDA,
double-hypernuclei (i. e. nuclei where a nucleon has been replaced with a hyperon
with two strange quarks in it) constitute the primary field of interest.

The PANDA hypernuclear system [45] consists of three parts: a um-thin solid
target placed in the beam; a secondary target made from silicon strip sensors, that
also works as a detector to track the produced hyperons; and a high-purity germa-
nium (HPGe) v detector to detect photons originating in de-excitations of the pro-
duced hypernuclei. Both the silicon-detector system and the HPGe detector have
to be able to withstand high levels of radiation.

3.2.5 Forward—Spectrometer Detectors

Table 3.2: Phase 1 and 2 of the PANDA forward-spectrometer detectors.

System Primary purpose
Phase 1

Forward tracking system Tracking

Forward TOF Particle identification

Forward electromagnetic calorimeter ~ Calorimetry

Forward muon detector Particle identification
Phase 2

Forward RICH Particle identification
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Forward Tracking System

The forward tracking system [46], consisting of three pairs of straw tube tracker
systems, tracks the highly forward-boosted charged particles that escape the cover-
age of the TS tracking detectors. The detectors are placed in close proximity of the
dipole magnet in the FS. They contain a total of approximately 12200 straws, which
are based on the same technique as the straws in the TS STT. One of the three sys-
tems is placed upstream of the magnet, one is placed within the magnet, and one is
placed downstream of the magnet. These systems allow tracking of charged parti-
cles as they are deflected inside the magnetic field of the FS dipole. This is done with

a momentum resolution of 1-2%.

Forward TOF

A rectangular TOF detector [47] based on an array of plastic scintillators is located
in the FS, approximately 7.5 m downstream of the IP. This detector “wall” provides
timing information on particles emitted in forward directions and has a timing reso-
lution of ~ 50 ps. Therefore, it provides particle identification as well as trigger-like
conditions when working together with the barrel TOF detector in the TS.

In addition to the planar TOF wall, two dipole TOF detectors are under con-
sideration. The dipole TOFs would be constructed in a manner similar to the TOF
wall, but they would be mounted inside the dipole magnet, 2long the beam axis.

Forward RICH

A ring-imaging Cerenkov (RICH) detector [47] is placed in the FS, to provide iden-
tification of 2-15 GeV/c¢ m and K mesons and protons going in the most forward di-
rection. Such separation is especially useful when the p beam momentum is high
and the subsequent reactions produce a large multiplicity of hadrons. The forward
RICH detector contains an aerogel radiator, and charged particles incident on this
material produce Cerenkov radiation which is reflected by a lightweight mirror and
detected by photomultiplier tubes.

Forward Electromagnetic Calorimeter

A shashlyk-type electromagnetic calorimeter [48] is employed in the FS. Its pri-
mary purpose is to cover the most forward-directed angles from the IP, which are
not covered by the TS EMC. Therefore, it can be used to detect the large number
of forward-directed photons that are produced in meson decays in PANDA. It is
very important to distinguish such photons from single photons produced in e.g.
radiative decays of charmonium states or electromagnetic processes. The shashlyk
calorimeter consists of a large number of alternating layers of lead and polystyrene-
based scintillator, divided into 1512 individual cells. As the main topics of this thesis
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are related to the PANDA EMCs, a more detailed description of this detector is pro-
vided in Sec. 4.4.

Forward Muon Detector

In the FS, a muon range system [43] similar to the one in the TS is installed approx-
imately 9 m downstream of the IP. It is based on the same principle as the TS muon
detector, with a number of interleaving iron and MDT layers. The FS muon system
is constructed to suit the higher particle momenta in the forward region and enables
discrimination between muons and  mesons as well as detection of t-meson decays.

3.3 Data Acquisition

At modern accelerator-based experiments, a range of approaches are taken to treat
the large amounts of data produced by the detector systems — a task known as data
acquisition (DAQ). The exact method used depends on the particular nature of the
experiment, regarding both the physics goals and the experimental setup. In order to
achieve sufficient statistics in the measured physics channels at PANDA, an average
pp interaction rate of 20 MHz is foreseen during high-luminosity operation [49].
The size of a typical event — i. e. the amount of data produced by the entire detector
for each primary interaction — is expected to be 1.5-4.5 kB [50] and data rates of
approximately 200 GB/s are expected. Directly storing this amount of data is not
possible, both from a technological and from a financial point of view. The high data
rate in PANDA, combined with the wide physics programme (relying on detection
of low cross-section processes) of PANDA, have made new developments in the field
of triggering necessary [51].

In order to reduce the amount of data to be stored and to discard events clearly
not containing any interesting physics events, a trigger system is used. The trigger
operates online — i. e. before the data have been written to a storage system — and
determines which events to read out and which to discard. Each primary interaction
will give rise to responses from different subdetectors in the experiment, and the
trigger decision is based on the detector setup and responses as well as the physics
channel(s) of interest. Because different experiments aim to study different physical
processes and have different detector setups, trigger systems will look different from
experiment to experiment. A multi-layered approach is often taken, in which a first-
level trigger acts on signals from a particular detector subsystem, and higher-level
triggers acts on the outputs from the multiple first-level triggers.

In PANDA, a different approach is taken to triggering, as no first-level trigger
providing initial data reduction is present. Instead, the triggering and DAQ sys-
tems are based on so-called online event filtering. In this approach, incoming data
from the different detector subsystems will be continuously processed in real time
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by front-end electronics to identify events potentially corresponding to interesting
physics. Instead of looking for a pre-determined set of signatures from specific detec-
tors, this approach allows combining the incoming signals from multiple detector
systems in the trigger decision, and results in a more flexible trigger. To facilitate data
storage, the online event filter has to provide data reduction by a factor of 100-1000
[50]. A schematic view of the PANDA DAQ is shown in Fig. 3.4 and its different
components are described below.

Clock Distribution

In the triggering scheme used in PANDA, the different subdetectors will operate in-
dependently and should also determine the time of each event before the event is
processed. Therefore, a global clock is needed to synchronise the DAQ chain. This
will be achieved using the SODANET protocol, where global time information is
transmitted to the DAQ chain via optical links [49, 52]. The common clock pro-
vided by SODANET has a jitter of approximately 20 ps, and the propagation of the
time information will be constantly monitored to correct for fluctuations.

Front-End Electronics

The front-end electronics (FEE) read out the signals from all individual detector
elements in PANDA. These modules actautonomously and constitute the first stage
of data reduction in the DAQ chain. By processing detector signals in real time,
these intelligent FEE modules can detect signals of interest and reject noise. Only the
information from the signals of interest is transmitted from the FEE. One particular
instance of the front-end electronics is the EMC digitiser, which is described in more
detail in Sec. 4.5 as it constitutes the basis for the main topics of this thesis.

Data Concentrators

The data from the FEE are transmitted to data concentrators, which combine and
buffer data from multiple sources. In addition to combining and buffering data, the
data concentrators can perform signal-processing tasks such as pattern recognition
and clustering of signals from different detector elements. Through the SODANET
protocol, the data concentrators receive timing information that is used to group
data into time slices, so called bursts, which are related to the accelerator properties
[53]. The data from all data concentrators belonging to a particular burst are trans-
mitted to a compute node.

Compute Nodes and Event-Selection Farm

Theburst-sorted data from the data concentrators are transmitted to compute nodes
[54], which can perform tasks such as ring imaging from Cerenkov-detector signals,
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Figure 3.4: Schematic view of the PANDA data acquisition system. In the front-end
electronics, detector signals are processed. Data from all identified signals are trans-
mitted to the data concentrators, where data from multiple front-end modules are
collected and buffered. At this stage additional signal processing, such as clustering
of signals, may be performed. The buffered data in the concentrators may be accessed
by subsequent elements in the system. Figure taken from [51].

displaced-vertex searches in MVD signals, as well as analysing more global detector-
signal signatures. At this stage, signatures of interesting physics may be implemented
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to provide an accurate trigger decision and proper background rejection. Depend-
ing on the set trigger condition, the compute nodes associated with the detectors
relevant for the trigger will do the initial processing. If an interesting event is found,
this decision is broadcast to the rest of the compute nodes which read out their cor-
responding concentrators.

Data selected by the compute nodes are transmitted to an event-selection farm,
where a final selection of the events of interest before storing the data on disk is per-
formed using offline-grade algorithms. In the end, the expected data rate for storage
is expected to be approximately 200 MB/s [49].






4. The PANDA Electromagnetic

Calorimeters

In the world of radiation-detection systems, calorimetry is the art of measuring the
properties of particles by completely absorbing them [55]. The electromagnetic
calorimeters (EMCs) are key components of the PANDA experiment as they make it
possible to measure the energies of photons, electrons and positrons. Asdescribed in
Sec. 2.3.1, these particles are for instance very common in the final states of decays of
charmonium states, illustrating the need for EMCs with good energy, position and
time resolution and high efficiency. In this chapter, the working principles of the
different calorimeter systems in PANDA are described starting from the physics of
radiation-matter interactions. The main topic of this thesis has been developments
for the FPGA-based front-end digitiser used in parts of the EMC, and towards the
end of the chapter this digitiser is introduced and described.

4.1 Radiation Interaction with Matter

When radiation passes through matter, it can interact through a number of differ-
ent processes. At a fundamental level, these interactions are mediated by the gauge
bosons described in Ch. 2. Although the physical processes involved in these in-
teractions depend on the properties of the incident particle, some general concepts
can be used to describe the passage of radiation through a target material. These
concepts are introduced here as they are essential for understanding not only the
working principles of the PANDA EMC, but the rest of this thesis.

411 Reaction Rate and Cross Sections

Consider a particle beam with a density of 7, particles per unit volume, where all
particles have the same velocity v. The particle flux ¢ is given by

¢ = nyo. (4.1)

If this beam is directed onto a target material containing N scattering centres,
the reaction rate /¥, of a particular reaction type » may be written

W, = ¢No,, (4.2)

31
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where the cross section ¢, has been introduced to quantify the reaction probability
for this particular beam and target. In nuclear and particle physics, the cross section
is commonly given in units of barns (1 barn = 1072 cm?).

Depending on the particular situation, multiple different reaction types can oc-
cur in the target. The total reaction rate 17 is the sum of the individual reaction
rates:

W= Z ¢ Nz, = ¢NZ 7 = ¢No, (4.3)

where the total cross section ¢ has been defined as the sum of the individual reaction
cross sections. The total number of occurring reactions is obtained by integrating
W over the measurement time, so that the flux ¢ is replaced by the time-integrated
fluence .

412 Charged Particles

Charged particles, such as electrons, positrons, protons or ions, can interact with the
atomic electrons and nuclei in the target material through the Coulomb interaction,
thereby transferring energy to the target. If the energy transfer is large enough, target
atoms are ionised.

The average energy loss per amount of material traversed by the particle is called
the mass stopping power, which at intermediate energies is generally dominated by
the energy loss due to interactions with atomic electrons. The mass stopping power

of charged particles heavier than the electron and positron due to this process is
described by the Bethe formula [3]:
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where x is given in units of g cm™2, and is obtained by multiplying the actual distance
travelled by the particle with the target density. K is a constant’, z is the incident-
particle charge, Z is the atomic number of the target material, 4 is the atomic mass
of the target material (given in units of g mol™), mz. is the electron mass, c is the
speed of light, 8 is the particle speed divided by the speed of light, 7 is the Lorentz
factor, Wax is the maximum energy that may be transferred in a single collision,
I is the mean excitation potential of the target and d is a correction factor which
is important at higher energies. The average range of a certain particle in a certain
material can be calculated from the stopping power.

For electrons and positions, ionisation is the dominating energy-loss mecha-
nism at energies below approximately a few tens of MeV [3]. However, Eq. 4.4 is not
entirely valid for these particles because further relativistic corrections are needed

K = 4TcNArezmecz = 0.307 MeV mol ™! cm?.
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due to their low masses and because of their similarity (or for the electron, iden-
tity) with the electrons from the ionisation process. At low energies, there are small
contributions from other effects, such as Meller and Bhabha scattering' (the energy
loss due to these processes is highest at a few MeV) or positron annihilation. As the
particle energy increases, radiative energy loss becomes important. The dominant
radiative-loss mechanism is bremsstrahlung, in which the particle is deflected by a
target nucleus causing production of bremsstrahlung photons as a result. Another
process possibly contributing to the radiative energy loss of high-energy charged par-
ticles is Cerenkov radiation, which is emitted if the charged particle travels faster
than the speed of light in the target material. This effect is small, but can be utilised
when constructing charged-particle detectors. The bremsstrahlung contribution to
the stopping power is proportional to the energy E and squared charge 22 of the
particle, but inversely proportional to the squared mass 7” of the particle [58]:
Ez?

dE
dx bremsstrahlung m

Therefore this effect is negligible for heavier particles except at very high energies
— for instance, the stopping power of protons in silicon due to bremsstrahlung
becomes equal to the one due to ionisation at approximately 135 TeV [58].

The stopping power of electrons, calculated from the sum of the Bethe formula
and bremsstrahlung losses, in three materials commonly used in radiation detectors
is shown in Fig. 4.1. The increase in stopping power at high energies shows the effect
of bremsstrahlung. Additionally, the increase in stopping power with target atomic
number Z shows why lead is a suitable component in calorimeters, where the task is
to make the incident particle stop inside the detector volume. Silicon is commonly
used in tracking detectors, where the aim is to detect the presence of the particle but
not to stop it. Germanium is used in high-resolution photon detectors, mainly in
nuclear physics.

In addition to the interaction processes involving charged particles listed above,
charged particles may also cause nuclear reactions in the target material. Such reac-
tions are described in more detail in Sec. 4.1.4.

Linear Energy Transfer

In dosimetry, the term Linear Energy Transfer (LET) is commonly used to describe
ionisation due to a charged particle. The restricted LET is defined as the energy lost
through ionisation per unit distance, where the liberated charges have an energy
below A. In many applications, only ionisation very close to the particle track is of

Note that although the energy loss of a positron through Bhabha scattering is highest
ata few MeV, Bhabha scattering at much higher energies is commonly used when measuring
the luminosity ate*e™ colliders [56, 57].
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Figure 4.1: Stopping power of of electrons in silicon (Z = 14), germanium (Z = 32)
andlead (Z = 82) asafunction of the electron energy. The increase in stopping power
with target atomic number Z is clear. Data taken from [59].

interest. By imposing a limit A, for instance energetic electrons (so called delta-rays)
can be excluded. In the limit A — oo, the now unrestricted LET is equal to the
electronic stopping power defined above.

413 High-Energy Photons

A photon passing through matter loses energy mainly through four different pro-
cesses: Rayleigh scattering, photoelectric absorption, Compton scattering and pair
production. For a specific target material, the cross sections for these different reac-
tions directly depend on the photon energy, as shown in Fig. 4.2.

Rayleigh scattering, or coherent scattering, is the elastic scattering of photons
off atoms. This process, which in contrast to the three other processes described
here can be described without the need for quantum mechanics, is only relevant for
low photon energies. In the context of this work, this process can be of relevance
for scintillation light, but not for the direct interactions of the high-energy photons
in the accelerator environment itself. In photoelectric absorption, the energy of the
incident photon is transferred to an atomic electron in the target. The energy ac-
quired by the electron can lead to excitation of the atom or, if the energy is large
enough, to jonisation. This effect is dominant at low photon energies. In Comp-
ton scattering, the incident photon collides with an atomic electron, thereby losing
part of its energy. The process gives energy to the electron, which is liberated from
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Figure 4.2: Cross sections for Rayleigh scattering, photoelectric effect, Compton scat-
tering and pair production in natural silicon, as a function of the photon energy. The
sum of the four contributions is also shown, and indicates in which energy regions the
different processes are dominant. Data taken from [60].

its atom. In pair production, the incident photon has enough energy to produce
an electron-positron pair (the threshold for this reaction is twice the electron rest
mass). In order to conserve momentum in this process, it must occur in the vicinity
of a target nucleus, which recoils after the pair production.

41.4 Nuclear Reactions

The most probable interactions of a projectile in a target material are those involving
the atomic electrons of the target. However, virtually all particles are able to interact
with atomic nuclei, although these reaction channels are very improbable for some
particles. Here, only nuclear reactions initiated by an incident proton or neutron
(i. e. a nucleon) will be discussed, since these are relevant for the work presented
in Part IT of this thesis. Because they need to proceed through the electromagnetic
interaction instead of the strong interaction, the cross sections for nuclear reactions
initiated by photons, electrons or positrons are generally at least two or three or-
ders of magnitude smaller than nucleon-induced reactions [61]. For this reason, the
contribution from such reactions is in the context of this thesis considered to be
negligible.

In a nuclear reaction, the system containing a projectile nucleon z and a target
nucleus A is called the incident channel. The resulting system after the interaction
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is called the exit channel, and consists of particles & and B (note that the exit channel
may consist of more than two particles). The full reaction can be stated as:

A(a, b)B. (4.6)

If the projectile is a proton, it will be affected by the electrostatic Coulomb field
of the target nucleus. In order for a nuclear reaction to take place, the proton has
to have sufficient kinetic energy to overcome the Coulomb barrier of the nucleus.
For a proton incident on a nucleus with atomic number Z and mass number 4, the
approximate height £¢ of the Coulomb barrier is given by [62]:

Ec ~ (1.44 MeV fm) (4.7)

Ro(1+ A3)
where Ry = 1.25 fm. This relation is based on a classical description of the proton
and nucleus in which the two particles are approximated as two uniformly-charged
spheres with well-defined radii. For a 28 target, Eq. 4.7 yields a Coulomb-barrier
height of approximately 4 MeV. Therefore, the incident proton needs an energy
higher than this to initiate a nuclear reaction!. If the projectile is a neutron, it is
unaffected by the Coulomb barrier and may initiate a nuclear reaction at any en-
ergy.

A number of mechanisms can be involved in the nucleon-nucleus interaction.
These may be classified according to either the time scale of the reaction or the com-
position of the exit channel. In the time-based classification, one commonly dis-
tinguishes between direct reactions, which happen on a timescale of approximately
10722 seconds, and compound-nucleus reactions, which happen on a timescale of
1071 t0 1078 seconds [63]. In a direct reaction, the projectile interacts only with a
limited number of target-nucleus nucleons. In a compound-nucleus reaction, the
projectile is absorbed by the nucleus and the energy is shared between a large num-
ber of nucleons in the nucleus. After a relatively long time, the nucleus may remove
excess energy by “boiling off” particles in a process known as evaporation.

When classifying reactions based on the exit-channel composition, it is impor-
tant to remember that some exit channels can be the result of either a direct reaction
or a compound-nucleus reaction. For instance, consider the case where a proton hits
anucleus. If the exit channel of the reaction consists of a proton and an alpha parti-
cle, one scenario is that the proton knocked out an alpha particle from the nucleus
in a direct reaction. However, the second scenario is that the proton was absorbed
by the nucleus, which subsequently de-excited by boiling oft a proton and an al-
pha particle — this would be a compound-nucleus reaction. In an experiment, one

Mna quantum-mechanical treatment of the problem, a proton with a lower energy
could tunnel through the Coulomb barrier. Therefore, the actual effective height of the
barrier is lower than 4 MeV.
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could distinguish between the two for example by measuring the exit angles of the
reaction products. Remembering that a certain exit-channel composition does not
necessarily give information about the underlying process of the reaction, one can
divide reactions into several categories:

* Elastic scattering: An incident proton may scatter elastically off the nucleus
due to the Coulomb interaction with its electric field. This purely electromag-
netic effect, known as Rutherford scattering, is accompanied with scattering
due to the strong interaction. For the neutron, only the strong-interaction
scattering is responsible for its elastic scattering. Elastic scattering results in
the nucleon leaving the interaction point and a recoil nucleus ionising the
atoms around it until it stops. The energy of the recoiling nucleus depends
on the kinetic energy of the incoming nucleon as well as on the scattering
angle 3 of the nucleon. The relation between the scattering angles and par-
ticle energies may be derived using relativistic kinematics [64]. In Fig. 4.3,
the energy of the recoiling 28Si nucleus in a p+288i elastic scattering event is
shown for different incident-proton energies as a function of the scattering
angle in the lab frame. It is evident that the largest energy transfer is expected
when the proton scatters at 9y, = 180°, and that the recoil from such a scat-
tering event can be quite energetic and therefore highly ionising in the target

material.
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Figure 4.3: Kinetic energy of the recoil silicon nucleus after a proton—zSSi elastic scat-
tering as a function of the proton scattering angle 3, at different incident-proton en-
ergies. Data taken from [64].
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* Inelastic scattering: In a scattering event, energy is transferred to the nucleus
(either through the Coulomb interaction or through the strong interaction).
Inelastic scattering occurs when this energy transfer is such that the nucleus
is excited, and the kinetic energy in the exit channel is not the same as in the
incident channel. The excited nucleus subsequently de-excites via emission of
¥ photons. Inelastic scattering results in a scattered nucleon, a recoil nucleus
and one or more de-excitation photons.

* Charge exchange: When the projectile nucleon interacts with a nucleon in
the periphery of the target nucleus, pion exchange between those two may
exchange the projectile nucleon for the target nucleon. That s, if the projec-
tile is a proton, it may be turned into a neutron, and vice versa. Thus, the
mass number of the nucleus is kept constant, while the resulting free particle
after the interaction will have changed.

* Absorption: The projectile is absorbed by the target nucleus.

* Pickup reaction: One or more nucleons in the nucleus are transferred to the
projectile.

* Knockout reaction: The projectile nucleon gives enough energy to one or
more nucleons in the nucleus to ¢ject them from it.

+ Fusionand fusion—evaporation: Energy from primary nucleon-nucleon inter-
actions is spread out over a large part of the nucleus. Through this process,
the projectile nucleon can lose enough energy to be absorbed by the nucleus
(i. e. causing fusion). Also, the energy transfer to some part of the nucleus
might be large enough that one or more nuclear fragments can leave the nu-
cleus through evaporation. Such a reaction can result in a breakup of the
nucleus, with the result of two recoiling heavy fragments.

4.1.5 Electromagnetic Showers

As shown in Fig. 4.2, a photon with an energy above a few MeV mainly inter-
acts with matter through pair production. Therefore, a high-energy photon inci-
dent upon a target will with a high probability cause the production of an electron-
positron pair. These generated particles will in turn lose energy radiatively due to
their high energies, causing the emission of bremsstrahlung photons. This combina-
tion of energy-loss processes of electrons, positrons and photons causes an avalanche
of particles, known as an electromagnetic shower, in the material. An electromag-
netic shower may also be initiated by a high-energy electron or positron incident
upon the target, although the exact nature and shape of the shower will be slightly
different in these cases compared to when the primary particle is a photon [65].
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During the shower development, low-energy photons and electrons will be pro-
duced continuously. For these particles, the bremsstrahlung or pair-production pro-
cesses may be highly improbable or impossible, and they will lose energy through
ionisation, Compton scattering and/or photoelectric effect. At some point during
the shower development, when the energy of a particle goes below the critical energy
Ec, the multiplication process can no longer be sustained, and the shower develop-
ment stops. The critical energy in a solid target with atomic number Z is approxi-
mately given by [3]:

610 MV
C Z+124

It is useful to define the radiation length X of a target material, which is a
material-dependent constant describing the mean distance an electron travels to lose
all but 1/ of its energy through bremsstrahlung [3]. Itis common to give the dimen-
sions of electromagnetic showers in units of X, and Eq. 4.8 relies on the approxi-
mation that the energy loss through bremsstrahlung is [d £/dx|bremsstrahiung ¥ £/Xo-
The lateral profile of the shower has been found to be described by the Moliere ra-
dius Ry, which is the radius of a cylinder that on average contains 90% of the energy
deposition of the shower [3]:

C (4.8)

X
Ry = 21 MVl (4.9)

Ec
The longitudinal and lateral profile of an electromagnetic shower initiated by a 6-
GeV electron in lead is shown in Fig. 4.4.

4.2 Requirements for the PANDA Calorimeters

The purpose of the PANDA EMCsis to detect photons, electrons and positrons. An
incident particle will ideally deposit its full energy by producing an electromagnetic
shower in the calorimeter. Detection of this shower gives information about the
energy of the particle and its angle of incidence on the detector. Also, the location
and time of the interaction with the detector may be determined.

Calorimeters used for radiation detection may be classified as either homaoge-
neous or sampling calorimeters. In a homogeneous calorimeter, energy deposited
anywhere in the entire detector volume can contribute to the generated signal. Sam-
pling calorimeters, on the other hand, consist of multiple materials which are not
all sensitive to deposited energy. Typically, a sampling calorimeter consists of two
materials: one of them passive, in which an electromagnetic shower develops, and
one active, where the particles produced in the passive material generate a signal.
Depending on the active material, the output signal from a homogeneous or sam-
pling calorimeter can be generated for example through scintillation, emission of
Cerenkov radiation or direct ionisation.
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Figure 4.4: The lateral distribution of an electromagnetic shower initiated by a 6-GeV
electron in lead at different depths in the target. The dimensions are given in units of
radiation length Xj. Figure taken from [66].

The planned physics programme at PANDA places a number of requirements
on the calorimeter system, including energy resolution, energy range, angular cov-
erage and radiation hardness. In order to fulfil these requirements, a homogeneous
calorimeter consisting of lead tungstate (PbWOy) scintillator crystals will be used
in the TS region, while a shashlyk-type sampling calorimeter based on interleaved
layers of lead and plastic scintillators will be installed in the FS region. As will be dis-
cussed in subsequent sections, the TS EMC is subdivided into three separate detec-
tors: the backward-endcap, the barrel and the forward-endcap EMC. The require-
ments on the different subsystems are listed in Table 4.1.

One of the main requirements on the EMC s a good solid-angle coverage, which
with the planned configuration will be approximately 99% of 47 in the pp centre-
of-mass frame of reference. This is necessary to facilitate reconstruction of the many
final states containing photons, electrons and positrons [23]. The remaining solid
angle will be taken up by the p and target beam pipes, mechanical structures and
cabling. The different parts of the EMC are shown in Fig. 4.5, where the roles of the
different detectors in achieving this good coverage is clear. The properties of the TS
and FS calorimeter systems are described in more detail in the subsequent sections.
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Figure 4.5: Schematic drawing of PANDA, with the backward-endcap (yellow), barrel
(blue), forward-endcap (red) and shashlyk (purple) EMCs highlighted. Figure modi-
fied from [67].

4.3  Target-Spectrometer Electromagnetic Calorimeter

The TS EMC is divided into three parts: the cylindrical barrel, and the forward
and backward endcaps. In this section the scintillator material, photodetectors and
preamplifiers are discussed in some detail. The readout electronics will differ be-
tween the three detectors, and as the focus of this work is the FPGA-based digitiser
developed for the forward-endcap and shashlyk EMCs, it will be described in more
detail in Sec. 4.5.

431 PWO-II Crystals

The requirements placed on the scintillator material used in the TS EMC are, as
specified in Tab. 4.1: (a) high density to permit a small thickness of the EMC, (b) fast
response time, (c) good energy resolution in the dynamic energy range of the EMC,
and (d) radiation hardness. Lead tungstate (PbWO4 or PWO), successfully used
in the CMS experiment at CERN [68], has been chosen as the scintillator material
for the TS EMC. The detector material used at CMS was found to fulfil all of the
above requirements except for the one on the energy resolution, coming as a result
of the low light yield of PWO. An improved crystal material, referred to as PWO-II,
has been developed for PANDA and has around twice the light yield of the first-
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Figure 4.6: Photograph of two PWO-II crystals, developed for use in the TS EMC.
The dimensions of a single crystal is 20 x 20 X 200 mm?. Figure taken from [51].

generation PWO material [23]. Fig. 4.6 shows two examples of finalised PWO-II
crystals.

The EMC will consist of 15744 PWO-II crystals. The barrel consists of 11360
crystals, the forward endcap consists of 3856 crystals and the backward endcap con-
sists of 528 crystals. All crystals will be 200 mm long but will be tapered to different
extents in order to fit the detector geometry while still facing a point close to the
pp interaction point. This point is chosen such that the probability that a parti-
cle generated at the interaction point passes the EMC between adjacent crystals is
minimised. The constraints on the radial thickness of the TS EMC are due to the
fact that the detector will be placed inside the TS solenoid. The crystals will be op-
erated at a temperature of -25°C, which increases the scintillator light output by a
factor of about four as compared to operation at +25°C. At -25°C, the light yield
is approximately 80 photoelectrons per MeV, which is about 2.5% of the value for
a sodium iodide scintillator. Because of the forward-boosting of reaction products
from the IP, the highest requirements on energy range and rate capability concern
the forward endcap, as is clear from Table 4.1.

4.3.2 Photodetectors

Two types of photodetectors will be employed in the TS EMC — large-area avalanche
photodiodes (APDs) and vacuum phototetrodes (VPTTs) — both chosen due to
their ability to operate under the high magnetic field of approximately 2 T present
in the EMC. The photodetectors are attached to the end faces of the crystals. Each
crystal in the backward endcap and in the barrel will be equipped with two APDs,
as will the 3088 peripheral crystals in the forward endcap. Since VPTTs handle high
rate better than APDs, the inner 768 crystals of the forward endcap will be equipped
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with one VPTT each.

4.3.3 Preamplifiers

The performance requirements on the TS EMC, in combination with the choices
of detector material and photodetectors, place high demands on the preamplifiers
which have to be both compact and able to amplify small signals from the PWO crys-
tals. Also, the preamplifiers should be radiation tolerant, and capable of handling
high rates. To this end, two types of preamplifiers have been developed for use in
the EMC: the APFEL-ASIC preamplifier [69] which will be used in the backward
endcap and the barrel, and the Basel-LNP preamplifier [70] which will be used in
the forward endcap.

4.4 Forward-Spectrometer Electromagnetic Calorimeter

The FS EMC is a shashlyk-type [71] sampling calorimeter located approximately
7 metres downstream of the IP, covering the very forward region of the solid an-
gle around the IP. In this section the features of the detector and its readout are
discussed in some detail, while the FPGA-based digitiser used as the FEE for the
shashlyk calorimeter will be described in more detail in Sec. 4.5. A more detailed
discussion of the components of the FS EMC is presented in Part III of this thesis.

4.41 Shashlyk Cells

The FS EMC is not subject to as strict geometrical constraints as the TS EMC, since
it does not have to be placed within any magnet. Therefore, there has been more
flexibility in designing this detector. However, there are still constraints on its size
coming from the layout of the other subdetectors in the FS. At the same time, a de-
tector area of over 4 m? is required to give the required solid-angle coverage [48]. To
cover such an area with homogeneous scintillators would be expensive, and because
of the less strict geometrical requirements a sampling calorimeter having a resolu-
tion similar to that of PWO-II is being developed.

Shashlyk-type calorimeters are sampling calorimeters read out by a number of
wavelength-shifting (WLS) fibres that run through the calorimeter layers longitu-
dinally, transporting the scintillation light to photodetectors. Shashlyk calorime-
ters are or have been used in a number of high-energy physics experiments, such as
PHENIX [72], HER A-B [73], LHCDb [74] and COMPASS [75]. Due to the rela-
tively low yield of scintillation photons per deposited energy, this detector type has
not been previously used in the MeV energy range, as is needed in PANDA. The de-
sign of the PANDA shashlyk calorimeter is heavily based on the developments for
the KOPIO experiment [76], for which development of a shashlyk calorimeter for
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the MeV range took place before the experiment was eventually cancelled. The de-
velopment of the PANDA shashlyk calorimeter has to a large extent been focused on
optimising the light yield and light-yield uniformity of the system, as these parame-
ters have a large effect on the energy resolution at the energy scale of interest [48].

The PANDA shashlyk calorimeter will consist of 1512 individual shashlyk cells,
with each cell having a surface area of 5.5 X 5.5 cm?. A hole corresponding to 6 X 6
cells is required for the beam pipe to pass through the centre of the calorimeter.
Each cell is constructed from 380 layers of interleaved lead, plastic scintillators and
Tyvek [77] sheets. The lead acts as the absorber of the calorimeter, the scintillator
as the active medium and the Tyvek increases light-collection efficiency. The total
thickness of the calorimeter amounts to 0.875 metres.

The scintillator plates are manufactured at IHEP Protvino, Russia, and consist
of amixture of polystyrene, 1.5% para-terphenyl (pIP) and 0.04% POPOP. In order
to collect the scintillation light, nine WLS fibres run through each cell longitudinally
(making a 180-degree bend at the front of the cell) and couple to a photomultiplier
tube (PMT) at the back of the detector for signal read-out.

4.4.2 Photodetectors

Each shashlyk cell in the FS EMC will be read out by a PMT, which intrinsically
has a higher gain than the APDs and VPTTs used in the TS EMC and can be used
in the FS EMC due to the absence of a magnetic field. For the FS EMC, the Hama-
matsu R7899 PMT [78] has been selected as it has a good pulse-height linearity over
a wide range of currents [48]. This property is needed both because the short du-
ration of the signals from the calorimeter causes a high peak current and because
the calorimeter should be able to detect particles with a large range of energies. The
PMTs will be supplied high voltage from custom-made Cockcroft-Walton power
supplies [48]. Because of the high gain of the PMTs, no preamplifiers are needed
before signal digitisation, and so the signals from the PMTs are transmitted directly
to the FEE digitisers. At the FEE inputs, additional shaping of the analogue signals
may be performed.

4.5 Front-End Digitiser

In Sec. 3.3, the principles of the PANDA DAQ scheme were described. In this
scheme, the FEE plays a vital role in processing detector signals in real time, and for
the forward-endcap and shashlyk EMCs this will be done by FPGA-based digitiser
modules. These modules digitise the signals from the preamplifiers (in the forward
endcap case) and the PMTs (in the shashlyk case), and the digital signals are pro-
cessed by FPGAs. In the case of the forward-endcap EMC, the digitisers are placed
outside the cold volume of the EMC, but still inside the TS detector volume as the
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amount of cabling to the outside of the detector has to be constrained [79]. A total
of 217 boards will read out the data from the forward-endcap EMC, while 22 boards
are envisioned for the shashlyk EMC [79]. Fig. 4.7 shows a digitiser module for the
forward endcap.
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Figure 4.7: The forward-endcap EMC digitiser module. On each module, there are
inputs for 32 photodetectors, and the digitised detector signals are processed by two
Kintex-7 FPGAs. Figure courtesy of [80].

32 photodetectors may be connected to each digitiser board in the forward end-
cap. The digitisation of the signals is performed by sampling analogue-to-digital
converters (ADCs), which in the forward-endcap case are Linear Technology 14-
bit ADCs [81] operating at a sampling rate of 80 MHz. The sampling rate in the
shashlyk EMC will be higher, due to the shorter signals from the PMTs compared
to those from the TS-EMC preamplifiers. The key components in the signal pro-
cessing done on the digitised data by each module are two Xilinx Kintex-7 FPGAs,
which are based on 28-nm technology [82]. The FPGAs can be used to perform for
instance noise calibration, pedestal subtraction and hit detection [23]. They may be
reprogrammed any number of times after initial operation, which can be done di-
rectly from a programmable read-only memory (PROM) located on the board. An
overview of the forward-endcap EMC readout is shown in Fig. 4.8. For the shashlyk
EMG, the readout scheme will be identical, with the exception of the cooled detector
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volume, the preamplifiers and the use PMTs instead of APDs.
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Figure 4.8: Schematic diagram of the readout chain in the forward-endcap EMC.
The front-end digitiser boards are located inside the detector volume, but outside the
cooled PWO crystals and preamplifiers. For the shashlyk calorimeter, the same read-
out scheme will be used, with the exception of the cooled detector volume and the
preamplifiers and using PMTs instead of large-area APDs (LAAPD:s). Figure taken
from [83].

This thesis will focus on two topics which arise due to the operating conditions
of the digitiser modules. In Part II, a study of the risk of radiation-induced SEUs
in the digitiser FPGAs during operation of PANDA is described. Such errors could
cause different kinds of data corruption or sudden component failure in the digitis-
ers. Due to the vital part played by the FEE digitisers in the PANDA DAQ scheme,
the risk of such errors should be understood and minimised to avoid data loss. To
this end, SEUs in the Kintex-7 FPGA have been studied through experiments and
Monte Carlo modelling. In Part ITI, the development of an FPGA-based algorithm
for real-time signal processing in the shashlyk EMC s described. To develop and test
this algorithm, a Geant4-based Monte Carlo model of the shashlyk EMC has been
developed. As shown in Table 4.1, hit rates of up to 1 MHz are expected in this de-
tector, leading to a high risk of pile-up events. In order to have a low detector dead
time even at rates as high as this, and maintaining a resolution as good as possible,
pile-up events should be recovered online.
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5. Single Event Upsets

The Xilinx Kintex-7 FPGA, which is used in the EMC front-end digitiser module,
is based on static random-access memory (SRAM) [84]. As such, it has a very high
storage density and allows the user to reconfigure the firmware of the device any
number of times after initial operation [85]. This chapter describes the properties
of semiconductor devices and the operation of an SR AM cell; keys to understanding
the radiation effects which are discussed in this part of the thesis.

5.1 Semiconductor Devices

The most commonly used semiconductor in SRAM memories is silicon. The sili-
con atom has four valence electrons, so that its crystal lattice structure is built up
by atoms forming covalent bonds with four neighbouring atoms. The electrical
properties of the crystal may be changed by replacing one silicon atom in the lattice
by a dopant atom, for example arsenic or boron. Replacing silicon atoms with ar-
senic atoms, which have five valence electrons, results in free negative charge, and
an n-type semiconductor. The arsenic ion, which is positively charged, is called a
donor atom. Boron, on the other hand, has three valence electrons. Replacing sili-
con atoms with boron atoms results in free positive charge (due to the missing elec-
trons), and a p-type semiconductor. The boron ion, which is negatively charged, is
called an acceptor atom.

In a semiconductor, electrons and holes are constantly created due to excitations
in the lattice. Thus, electrons and holes can both act as charge carriers in such a ma-
terial. When doped, the concentration of one type of charge carriers increases. This
means for example that electrons are majority carriers in an n-type semiconductor,
while holes are minority carriers.

5.1.1 'The P-N Junction

By placing n-type silicon next to p-type silicon, a p—n junction is formed. When this
happens, electrons from the n-side diffuse to the p-side, where they recombine with
holes. Similarly, holes from the p-side diffuse to the n-side where they recombine
with electrons. Asshown in Fig. 5.1, the diffusion currents and subsequent recombi-
nations resultin a depletion layer in the p—n interface, where there are no free charge
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carriers but only ionised donor and acceptor atoms. Due to the diffused charge car-
riers, there will be an electric field across the depletion layer, directed from the n-side
to the p-side. This field creates a barrier for the diffusing majority charge carriers so
that diffusion and recombination will eventually stop. This leads to an equilibrium
between the diffusion currents and the resulting electric field, and a fixed depth of
the depletion layer. Note that while the movement of majority charge carriers from
both sides is effectively blocked by the electric field, minority carriers can still be ac-
celerated across the depletion layer. However, the so-called drift current resulting
from this is relatively small.

p-type — £t n-type
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© Free electron - i +
+
+ lonised donor atom ® . - + e +
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Figure 5.1: The p—n junction. Initially, majority charge carriers drift across the inter-
face and recombine with ions. This results in a net concentration of positive ions on
the n-side and of negative ions on the p-side, which in turn results in an electric field
counteracting the original drift. Thus, the depletion layer is formed.

When applying a bias to the p—njunction, the allowed amount of current across
it is changed. The three possible states — unbiased, forward biased and reverse bi-
ased — of the junction are shown in Fig. 5.2. When the p-n junction is unbiased,

No voltage Forward bias Reverse bias

Lot Liitiusion Laitt " Lgittusion Laitt Lgitfusion

(2) (b) ()

Figure 5.2: The potential difference in a p—n junction when (a) unbiased, (b) forward
biased and (c) reverse biased. Here, only electrons are shown for clarity. When the
device is unbiased, a depletion layer is formed. Forward-biasing lowers the potential
difference, and a net current flows. When the junction is reverse biased, no current
flows. Figures taken from [86].

minority carriers on the p-side (i.e. electrons) may get close to or into the depletion
layer, where they will be accelerated toward the n-side by the electric field, thereby
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forming a drift current Zyyis. Simultaneously, majority electrons on the n-side, hav-
ing sufficient thermal energy to pass over the potential barrier of the depletion layer
may diffuse to the p-side, forming a diffusion current Jyysion. However, these cur-
rents are not large enough to upset the equilibrium. This is shown in Fig. 5.2a.

When forward-biasing the p—n junction, the p-side is connected to the positive
end of a voltage source. This introduces an electric field directed from the p-side to
the n-side, thereby decreasing the potential difference between the sides. This makes
it easier for electrons to diffuse into the p-side and holes to diffuse into the n-side —
i. e. Lgiffusion increases. This is shown in Fig. 5.2b.

Finally, reverse-biasing the p—n junction means that the n-side is connected to
the positive end of a voltage source. The electric field due to this is directed in the
same way as the electric field already existing in the depletion layer (from the n-
side to the p-side), enforcing the potential barrier between the sides. This decreases
Lgiffusion> and is shown in Fig. 5.2c.

The net current across the p—n junction is the difference between the diffusion
current and the drift current. Since the drift current is independent of the applied
voltage, the net current directly depends on the diffusion current, and therefore on
whether the junction is forward or reverse biased: if it is forward biased, current can
flow easily; if it is reverse biased, no current will flow. The p—n junction thus acts as
a diode when placed in an electric circuit.

5.1.2 The MOS Transistor
The metal-oxide-semiconductor field-effect transistor (MOSFET or MOS) is one of

the most common circuit elements in integrated circuits, and is the core component
of SRAM memories. A MOS transistor consists of different regions of n-type and
p-type silicon!. In each transistor, there is a source and a drain. A conducting gate is
placed on top of the body, between the source and the drain, with a layer of silicon
dioxide (SiO;) insulating it from the body. In accordance with the working princi-
ple of the p—n junction, applying a bias at the gate alters the ability for current to
flow from the source to the drain, and therefore determines whether the transistor
is on (conducting) or off (not conducting). There are two types of MOS transistors:
n-type MOS (nMOS) and p-type MOS (pMOS) transistors, which are shown in
Fig. 5.3.

nMOS

In an nMOS transistor, the body consists of p-type silicon while the source and drain
both consist of heavily doped n-type silicon. The body is connected to ground so
that the p—n junction between the source or drain and the body is reverse-biased

IMOS transistors based on other semiconductor materials have been developed, but
will not be discussed in this work.
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Figure 5.3: The two types of MOS transistors: a) the nMOS transistor and b) the
pMOS transistor. Their respective symbols in electrical circuits are also shown on the
bottom.

when no voltage is applied at the gate — i. e. no current flows from the source
to the drain and the transistor is off. When a positive voltage is applied to the gate,
electronsin the body are attracted to the region under the gate. Eventually, a channel
between the source and the drain becomes so electron-rich that the effect of the p—n
junctions is reverted and a current of electrons may flow. Thus, the nMOS transistor
turns on when a positive voltage is applied at the gate.

pMOS

In a pMOS transistor, the situation is opposite to that in the nMOS transistor. The
body consists of n-type silicon while the source and drain both consist of heavily
doped p-type silicon. The body is connected to a positive voltage +/pp so that the
p-n junction between the source or drain and the body is reverse-biased when a
positive voltage is applied at the gate — i. e. no current flows from the source to the
drain and the transistor is off. When the gate voltage islowered, holes in the body are
attracted to the region under the gate. Eventually, a channel between the source and
the drain becomes so hole-rich that the effect of the p—n junctions is reverted and a
current of holes may flow. Thus, the pMOS transistor turns on when no voltage is

applied at the gate.

5.2  The CMOS Inverter

When nMOS and pMOS transistors are combined, they form a complementary
metal-oxide semiconductor (CMOS) device. The simplest such device, which also
forms the basis of the CMOS SR AM memory, is the CMOS inverter. The inverter
consists of one nMOS and one pMOS transistor connected as shown in Fig. 5.4.
Here, the substrate of the device is made out of p-type silicon, and the pMOS tran-
sistor is enclosed in an n-type well. The nMOS source and drain are placed directly
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into the substrate. The nMOS and pMOS bodies are connected to ground and
+V b, respectively, via zaps placed within the two transistors. Not shown here is a
CMOS inverter with an n-type substrate — such a device would have a p-type well.

As the name suggests, the inverter inverts the value of an input signal A, which
is connected to the gates of the two transistors. The value on A determines which
of the two transistors is on, and which is off. The output signal Y is connected to
the two drains of the transistors. The nMOS source is connected to ground, while
the pMOS source is connected to a positive voltage Vpp.

Gate/ \Gate
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Figure 5.4: Schematic drawing of a CMOS inverter, based on a p-substrate technology.
The inverter inverts the value of an input signal A, which is connected to the gates of
the two transistors. The output signal Y is connected to the drains of the transistors.

The truth table for the CMOS inverter is shown in Tab. 5.1. When the input
voltage A is low (0), the nMOS will be off and the pMOS will be on. This means
that current will flow through the pMOS and the voltage at Y will be equal to the
the voltage V'pp which is connected to the pMOS source. That is, the voltage at Y
will be high (1). When the input voltage A is high, on the other hand, the nMOS
will be on and the pMOS transistor will be off. Then, current flows through the
nMOS transistor and the voltage at Y will be equal to ground which is connected to
the nMOS source. That is, the voltage at Y will be low (0). It can be seen how the
inverter changes a low input to a high output and a high input to a low output.

Table 5.1: Truth table for the CMOS inverter.

A (input) Y (outpur)

0 1
1 0
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5.3 The 6-Transistor SR AM Cell

The most common type of SRAM memory cell is the 6-transistor (6T) cell, which
is shown in Fig. 5.5. As the name suggests, the 6T cell consists of six transistors:
two access transistors Ay and Ay, two nMOS transistors D; and D5 and two pMOS
transistors Py and P,. Aj and A; allow reading and writing content to the memory
cell, while two cross-coupled inverters containing the D and P transistors hold the
desired cell bit value, which is either 0 or 1. For stability, the state of the cell is stored
by inverter 1 as Q, while the complement of the state is stored by inverter 2 as Q.
The wordline and bitline signals (WL and BL, respectively) are used to read and
write the cell as described below.

WL

+Vpp

vl e e s
TT STT
A= HE
1_=L 3

BL

Figure 5.5: Schematic overview of a 6T SRAM cell, showing the two access transistors
Ajand A, and two cross-coupled inverters containing nMOS transistors Dy and D,
and pMOS transistors P and P5.

5.3.1 Reading from an SRAM Cell

Consider the case where the bit value of the cell is 0,i. e. Q = 0and Q = 1. To
read the value of the cell from outside, the bitlines BL. and BL are floating at a high
voltage. When the wordline WL is also put to high, the access transistors A; and
A, both turn on. As current flows from BL through A; and Dy, the voltage at Q
increases slightly. This rise is a compromise between the pull-down through D; and
the current coming from A; — therefore Dy must be stronger than A; to keep the
value of Q low. This relationship is called read stability.

5.3.2  Writing to an SRAM Cell

Again consider the case where the bit value of the cell is 0. To write a value of 1 to
the cell, the bitline BL is at a high floating voltage, while BL is pulled down to a low
voltage. By asserting the wordline WL, the access transistors turn on, and since the
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cell value should change now, the value of Q must be forced down by BL. However,
the transistor P», which is connected to a high voltage, resists this change, meaning
that the access transistor A, must be stronger than P to force the change to happen.

5.4 The Kintex-7 Configuration Memory

An SRAM memory is normally constructed as an array of SRAM cells, connected
by wordlines and bitlines. The individual cells are arranged into #-bit words, so that
a single bit in the array can be read or written by first setting the correct wordline
to high (to select the correct word) and then setting the correct bitline to high or
low depending on the desired memory-cell state. Therefore, each memory cell is
assigned an address which is used to uniquely identify it in the memory.

The configuration memory of the Kintex-7 FPGA is arranged as an array of
memory frames, which are structures consisting of 101 32-bit words each [87], as
shown in Fig. 5.6. Therefore, the memory structure within a frame follows the
general principle of an SRAM array. When the FPGA is programmed, a bitstream
is loaded into the configuration memory. The bitstream contains information on
the use of for instance routing, logical components and look-up tables in the device.
The configuration memory occupies the largest portion of the FPGA resources, and
holds the function of the device [85]. Because of this, a malfunction in one or sev-
eral bits can have very severe consequences for the operation of the device. Such an
error could for example lead to an error in the routing, which can cause erroneous
treatment of data passing through the device, leading to corruption of the data. In
PANDA, the high flux of ionising particles at the location of the FPGA-equipped
front-end modules can be a major source of such errors. Therefore, the cause of
radiation-induced errors, their effect in the device used, and ways to mitigate them
must be well understood.

5.5 Radiation Damage in a CMOS Device

Research on radiation damage in integrated circuits (ICs) was initiated in the 1960s
[89], and has been a growing field of study since then, due to the increased use of
and continuous development of small-scale electronics. The questions in this field
of research are connected both to electronics — because different IC components
work differently — and physics — because the different methods of interaction be-
tween particles and matter must be understood. This work focuses on a specific
subset of radiation effects: SEUs in the Kintex-7 configuration memory. However,
the different types of radiation effects in a microelectronic device are summarised
here.
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Figure 5.6: Layout of the Kintex-7 FPGA, showing the structure of the configuration
memory frames. Figure taken from [88].

5.5.1 Charge Generation and Collection

In the context of SEU, it is helpful to introduce the concepts of direct and indirect
ionisation. These concepts are related to the energy-loss mechanisms introduced
in Ch. 4, but here particles are separated based on whether or not they can cause
ionisation by themselves. Since only electrically charged particles can cause direct
ionisation in a material, they are the only ones that can cause SEUs directly. Heavy
ions, which have a high stopping power, typically induce SEUs through direct ion-
isation. Charged particles with a lower stopping power, such as protons, may cause
SEUs through direct ionisation to a lesser degree (if at all). Electrically neutral par-
ticles, such as the neutron, do not cause ionisation by themselves. They can, how-
ever, cause SEUs through for example nuclear reactions where the outgoing reac-
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tion product is charged and causes direct ionisation. Such processes are indirectly
ionising. It is worth noting that directly ionising particles can also cause indirect
ionisation, such as proton-induced nuclear reactions.

The cross sections for various proton-silicon nuclear reactions, as a function of
the incident-proton energy, are shown in Fig. 5.7. Itis clear that there is a maximum
in the total cross section at a proton energy of approximately 20 MeV. However, the
elastic-scattering cross section, which is non-zero at lower energies, is not included
here. The cross section for a proton- or neutron-induced SEU is related to the total-
reaction cross section, but it also depends on the kinematics of the particles in the
exit channel of the reaction. Asseen in Fig. 4.3, a collision between a 20-MeV proton
and a silicon nucleus can result in a recoiling nucleus with a kinetic energy of up to
2.7 MeV, which corresponds to a range of approximately 2 um in silicon [90]. It
is evident that a higher incident-nucleon momentum can result in a higher recoil
energy and therefore a longer recoil range.
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Figure 5.7: Cross sections for various proton-silicon nuclear reactions, excluding elastic
scattering. Figure taken from [91].

When an ionising particle travels through a CMOS SRAM structure, it will
leave a trail of free charges along its path. In the SRAM cell, there are several deple-
tion layers belonging to the different p—n junctions in the cell. These depletion lay-
ers are present between the source regions and the body, between the drain regions
and the body, and between the well regions and the body. As charges are liberated
in the material, they may be collected at the transistor nodes, thus forming a current
and potentially disrupt the state of the memory cell.

The charges liberated inside a depletion region may be efficiently collected by
the electric field that is present. This swift collection results in a drift current, which
is accompanied by a much slower diffusion current, formed by charges diffusing into
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the depletion layer where they are collected. This is shown in Fig. 5.8. While the
original depletion region of the junction is relatively small, the region with a high
electric field may be extended by an incoming particle which distorts the original
field. This is known as the funnelling effect [92], and is shown in Fig. 5.8.
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Figure 5.8: Charge collection by an n* node in a transistor. In a), an ionising particle
liberates charge in the material. The drift current, i.e. the swift collection of charge by
the electric field, is shown in b). In c), the much slower diffusion current is illustrated.
The white region is the depletion layer, which is extended in b) due to the funnelling
effect. The time structure of the resulting current is shown in d) (note the logarithmic
scale on the horizontal axis). Figure taken from [93]. © 2005 IEEE.

The current densities associated with the flow of electrons, J,, and holes, Jp are
described by the carrier transport equations [94]:

Jn = —eunnE — eD,Vn, (5.1)

Jp = euppE — eD,Vp, (5.2)

where ¢ is the elementary charge, w is the carrier mobility, 7 and p are the concentra-
tions of negative and positive charges, and D is the diffusion coefficient. Note that
the diffusion current does not depend on whether any electric fields are present. As
shown in Fig. 5.8, the drift current reaches the sensitive node at a much earlier stage
than the diffusion current. Because of this, the current reaching the node is often
modelled as a double-exponential in circuit models [92].

5.5.2  Sensitive Regions in an SRAM

In a 6T SRAM cell (see Sec. 5.3), the drain nodes are the most sensitive to SEU
errors, since the state of the whole cell is kept by the voltages at the drains of the two
inverters. We first consider the case where the gate voltage in one of the inverters is
A = 0 and an ionising particle hits the nMOS drain. Because of the value of A, the
nMOS transistor is initially turned off. Therefore, the voltage Y at the nMOS drain
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is Y = linidally. Since the p-type body is connected to ground, the drain-body p-n
junction is reverse biased by default, meaning that there is an electric field presentin
the depletion layer between the drain and the body. Negative charges liberated by
the ionising particle will therefore be collected at the drain. This creates a current at
the nMOS drain, which flows from the nMOS drain, through the pMOS drain and
source, which is connected to a voltage of +/pp. The pMOS transistor here acts
as the restoring transistor to remove the excess charge, and while doing so a voltage
drop results at the pMOS drain while the charge is being removed. This voltage
drop looks similar to the write pulse of the SRAM cell, discussed in Sec. 5.3, and
propagates to the transistor gates of the other inverter of the cell. If the restoring
transistor does not manage to remove the excess charge fast enough, the voltage drop
will cause the other inverter to flip, changing the bit value of the entire cell. This is
what is known as an SEU.

To determine which regions in the SR AM are most sensitive to SEUs, one may
consider the four possible drain states in the cell: on- and off-nMOS, and on- and
off-pMOS transistors. Since the off-nMOS has already been discussed, the following
list describes the responses of the three other states to an ionising particle:

* On-nMOS drain: the source and drain of this transistor are both connected
to ground, as is the p-type body. Therefore, there is no strong electric field
between the drain and the body due to biasing of the junctions. Thus, elec-
trons will only be drawn to the drain by the intrinsic field in the depletion
layer. The resulting drift current of electrons to the drain results in a slight
forward-bias of the drain-body junction (since the drain potential is lowered
by the collected electrons). However, the lowering of the on-nMOS drain
potential does not result in an SEU. This is because the nMOS source is con-
nected to ground and the logic state of the transistor (logic low) is simply
enforced by the transient current.

* On-pMOS drain: the source and drain of this transistor are both connected
to +/pp, as is the n-type body. Therefore, there is no strong electric field
between the drain and the body due to biasing. The situation here is the same
asin the on-nMOS case, with the only difference that the collected charges are
positive and that the state which is enforced is a logic high.

* Off-pMOS drain: the source of this transistor is connected to +Vpp while
the drain is connected to ground. The p-type body is connected to +7pp so
that the reverse-biased drain junction very efficiently collects positive charges.
The result is the same as in the case of the off-nMOS transistor, described in
detail above, so that the charge collection in the case of the off-pMOS also
leads to an SEU.

While this reasoning demonstrates that the off-drain transistors in the SRAM
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cell are generally the ones most sensitive to SEUs, there are other effects which are
not discussed here. For example, drains located in wells may have a different sensi-
tivity than the drains placed directly within the substrate [92].

5.5.3 Critical Charge

There are obviously a number of parameters that determine how sensitive a partic-
ular device is to SEUs. However, one can generally say that since an SEU is caused
by the induced transient current, it is important to study the magnitude and time-
structure of this current. The exact amount of charge @, that is collected at the
sensitive node depends on complex factors such as the geometry of the device, the
voltages in the memory cell and the materials present in it. The risk of an SEU oc-
curring does however not only depend on Q,,, but also on how the cell handles the
excess charge. Here, the electrical properties of the components come into play, so
that the connection between the amount of generated charge by the ionising parti-
cle and the SEU risk becomes very complex. For this reason, it is common to define
a critical charge @, as the amount of collected charge required to cause an SEU:

lel = chit = SEU,

lel < chit = NO SEU.

By combining the concept of critical charge with the topics discussed earlier in
this chapter, one can in a simple model use the fact that the amount of generated
charge directly depends on the LET of the ionising particle travelling through the
device. Therefore, the SEU sensitivity is in such a model directly connected to the
LET, so that the charge liberated by a low-LET particle will affect the potential in
the struck node, but not enough to cause the cell to flip. A high-LET particle will
liberate enough charge to cause the cell to flip. Somewhere between these extremes
is a LET value corresponding to an amount of generated charge just able to flip the
cell. This is called the threshold LET value. This is illustrated in Fig. 5.9 for three
particular incident particles, where LET values of 9 and 40.5 MeV cm? mg_1 are not
able to cause the bit to flip, whereas a LET value higher than 42 MeV cm? mg_1 is
able to cause the bit to flip.

While the concept of critical charge simplifies the task of modelling SEUs in
circuits, one should note that it is a simplification that neglects the time structure of
the generated current[92]. However, to determine the time structure of the current,
as well as other parameters related to the circuit itself, more detailed knowledge of
the memory device is needed. In this work, this is not well known, and therefore the
concept of critical charge will be the basis of the discussions in subsequent chapters.

The constantly ongoing decrease in IC feature size means that the capacitance,
charge storage and noise margin of a single SRAM cell have decreased with time
as well. Since lower values on these parameters result in a lower amount of charge
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Figure 5.9: Struck drain voltage as a function of time for three different LET values.
An ionising particle with a low LET will only generate a small amount of free charge,
which is not enough to cause an SEU. However, it might be enough to temporarily
alter the potential at the collecting node. A high-LET particle generates a compara-
tively large amount of charge, which when collected causes the bit-value of the cell to
change. This is seen as the permanent change in the drain voltage. Figure taken from
[92]. © 2003 IEEE.

needed to disrupt the memory cell, the critical charge has also decreased with de-
creasing feature sizes [95]. For a 28-nm device, the critical charge has been estimated
to be less than 0.5 fC [96], which corresponds to approximately 3000 electrons.

5.6 SEU Bit Muldiplicity

Depending on the structure of the trajectory of an SEU-causing ionising particle
and on the feature size and charge-collection capability of the device, more than one
bit can be upset by a single particle [97]. Such an event is called a multi-bit upset
(MBU), whereas an SEU only affecting one bit is known as a single-bit upset (SBU).
MBUs have been studied extensively in the past, as they are more difficult to miti-
gate than SBUs [97]. In the Kintex-7 configuration memory, MBUs may be further
categorised as inter-frame and intra-frame MBUs [98], where inter-frame MBUs
are events where multiple bits spread out over several configuration-memory frames
have been affected and intra-frame MBUs are events affecting multiple bits within
a frame.
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5.7 The SEU Cross Section

The SEU cross section asgy is a measure of the probability of an SEU occurring in a
particular IC device. It is used to characterise the sensitivity of a device in different
radiation environments, and is commonly normalised to the number of memory
cells, or bits, in the device to allow direct comparison between different technolo-
gies. To determine gsgy with as good accuracy as possible, accelerated testing of the
device — thatis, irradiating the device at a particle flux higher than the one expected
during operation — is the recommended method [99]. In such a measurement, the
number of SEUs that occur should be monitored. Then, using the concepts out-
lined in Sec. 4.1.1, the SEU cross section per bit is defined as:

OSEU = ——— (5.3)

where Nsgy is the number of SEUs that have occurred during the irradiation, @ is
the total particle fluence during the irradiation, and Nj is the number of bits in the
device memory.

One way to determine gsgy is through irradiation with various heavy ions. These
particles are highly ionising, and can therefore easily cause SEUs through direct ion-
isation. As different ions have different LETS, such a measurement gives aspy as a
function of LET. This information can be valuable when comparing different de-
vices, and when the device is expected to be subjected to high fluxes of high-LET
particles during operation. Also, since most of the SEUs caused by heavy ions are
due to direct ionisation (where the charge generation along the track of the parti-
cle is related to the LET), heavy-ion irradiation can be used to deduce information
about the charge collection in the device [100].

In addition to heavy-ion irradiations, high-energy protons and neutrons have
long been used to characterise the SEU sensitivity of a device. As the primary source
of SEUs in the PANDA EMC is not expected to be heavy ions, studying the re-
sponse of the FPGA to protons and neutrons, which mainly cause SEUs through
indirect ionisation, is of interest. The rest of this work will focus on determining the
cross sections for SEUs induced by protons and neutrons of various energies, both
through experiments and theoretical modelling.
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In order to investigate the sensitivity of the FPGA configuration memory to SEUs
induced by neutrons and protons of different energies, a series of irradiations of the
front-end digitiser were performed:

* In June 2016, the board was irradiated with a beam of neutrons having a con-
tinuous energy spectrum up to 180 MeV at the The Svedberg Laboratory
(TSL) in Uppsala, Sweden.

* In November 2016, the board was irradiated with monoenergetic protons
with energies of 80, 100 and 184 MeV at the Kernfysisch Versneller Instituut
— Center for Advanced Radiation Technology (KVI-CART) in Groningen,
the Netherlands.

* In December 2017 and January 2018, the board was irradiated with neutrons
from radium-beryllium (RaBe) and americium-beryllium (AmBe) neutron
sources at Stockholm University. The neutrons had continuous energy spec-
tra up to approximately 12 MeV.

This chapter describes the experiments, the subsequent data analysis and the exper-
imental results.

6.1 Experimental Setup

In all experiments, the digitiser board was placed perpendicular to the direction of
the particle flux, as shown in Fig. 6.1. It was positioned such that the beam was
centred on one of the two FPGAs, and was fully powered on throughout all irradi-
ations. Only the FPGA on which the beam was centred was monitored for SEUs.

6.1.1  Xilinx Soft Error Mitigation Controller

During the irradiations, the Xilinx Soft Error Mitigation (SEM) controller [101] was
implemented in the FPGA firmware to detect and correct SEUs. As discussed in
Sec. 5.4, the FPGA configuration memory is divided into a large number of frames,
each consisting of 101 32-bit words. In the way SEM was configured during the
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Figure 6.1: a) Photograph of the experimental setup during the proton irradiations.
The digitiser board was positioned such that the beam was centred on one of the two
FPGAs (indicated by the yellow ellipse). In b), the setup during the neutron- and
proton-beam irradiations is shown. In c), the setup during the neutron-source irra-
diations is shown.

experiments, the majority of all SEUs occurring in the configuration memory were
corrected with the use of an error-correcting code (ECC) algorithm. Specifically, all
SBUs as well as all inter-frame MBUs could be corrected. More complex errors, such
as intra-frame MBUs, could not be corrected by SEM.! In fact, SEM reported the
number of errors due to SEUs, which did not correspond to the actual number of
upset bits in all cases. Three types of errors were reported by SEM:

* A correctable error was an error which was found and corrected by SEM. In
all cases, a correctable error corresponded to a single upset bit, either as part
of an inter-frame MBU or as a standalone SBU.

* An uncorrectable error was an error which was found but not corrected by
SEM. An uncorrectable error therefore corresponded to an intra-frame MBU,
where more than one bit were upset.

* A CRC-only error was a more complicated uncorrectable error, where SEM
did not manage to track the location of the error. Such errors most likely also
corresponded to more than one upset bit.

ISEM can be configured to correct also more complex SEUs as well — this is a topic of
future work.
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As the FPGA was powered on, SEM was initialised by reading the correct state
of the device firmware. After initialisation, SEM continuously monitored the mem-
ory to detect any unexpected changes due to SEUs. During the irradiations, the state
of SEM was continuously read out via a serial link. When an error occurred the time
of the error was reported, as was the location of the error in the memory in case the
error was correctable.

6.1.2 Proton Irradiation

The digitiser board was irradiated with protons of three different energies at the
AGOR Facility for Irradiations of Materials (AGORFIRM) at KVI-CART [102].
The AGOR cyclotron was used to accelerate protons to an energy of 190 MeV. The
primary beam was collimated using a circular collimator with a diameter of 120 mm,
and was centred on one of the two FPGA. As the digitiser board was placed in air, af-
ter the AGORFIRM beamline, the maximum proton energy at its location was 184
MeV. The digitiser board was irradiated with protons of this energy, as well as with
80 and 100 MeV protons which were obtained by placing aluminium degraders in
front of the digitiser. The energy resolution of the beam was a few MeV [102, 103].
Before each of the three measurements, the system was calibrated so that the pro-
ton fluence could be determined. The average fluence rate (the number of incident

particles per unit area and time) during the proton irradiations was 7 - 10°> cm™> s ™.

6.1.3  High-Energy Neutron Irradiation

The digitiser board was irradiated with a beam of neutrons at the ANITA neutron
source at TSL [104]. The neutron beam was produced by directing a 180-MeV pro-
ton beam from a cyclotron into a 2.4-cm thick tungsten target. The proton beam
was fully stopped inside the target, and neutrons were produced in nuclear reac-
tions. The resulting neutron beam was collimated with a circular iron collimator
with a diameter of 100 mm. The digitiser board was placed 250 cm downstream of
the tungsten target, where the beam covered approximately half of the digitiser.
Since the neutrons were produced through spallation in a tungsten target, they
had a continuous energy distribution, with the maximum neutron energy approxi-
mately equal to the energy of the original proton beam. The energy spectrum of
the TSL neutron beam has been parameterised [104], and is shown in Fig. 6.2.
The neutron fluence rate at the location of the digitiser board was determined on a
second-by-second basis by measuring the current from the full-stop proton target.
According to standard procedure [105], only neutrons with energies above 10 MeV
were included in the fluence determination. This low-energy cutoft has tradition-
ally been motivated by the assumption that neutrons with energies below 10 MeV
do not contribute to the SEU rate. The average fluence rate during the high-energy

neutron irradiation was 1 - 106 cm ™2 s 7.
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Figure 6.2: Neutron energy spectrum at the location of the digitiser at TSL, normalised
to one. The maximum neutron energy corresponds to the energy of the primary pro-
ton beam, 177 MeV. Data taken from [104].

6.1.4 Low-Energy Neutron Irradiations

During two separate measurements, the digitiser board was irradiated with neu-
trons from two *Be (o, n) neutron sources at Stockholm University: a9 GBq RaBe
neutron source and a 10 GBq AmBe neutron source (activities are nominal values
supplied by the producers).

Both ?°Ra and **' Am are a-emitters. When they are combined with ?Be, the
emitted o particles may be captured by the Be nucleus, leading to the emission of
neutrons in the decay of formed unstable states of >C. The energy of an emitted
neutron depends on the energy of the a particle, and whether the nuclei that are
involved in the reaction are left in excited states. The maximum neutron energy is
approximately 12 MeV for both sources [106], which is seen in Fig. 6.3, where both
neutron spectra are shown. Due to the similarities in the nuclear reactions involved,
the two spectra are very similar, with the major difference being that the fraction of
neutrons with low energies is larger for the RaBe source.

The neutron intensities from the two sources were determined using two sep-
arate neutron activation analysis measurements: first, the relative intensity of the
two sources was determined to be 7,(AmBe)//,(RaBe) = 0.53 + 0.02 through
neutron activation of indium (the uncertainty corresponds to one standard devia-
tion). Second, the absolute neutron intensity of the RaBe source was determined to
be (1.4 + 0.3) - 10° s~ through neutron activation of antimony. Combining these
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Figure 6.3: Neutron-energy spectra for RaBe and AmBe neutron sources. The inte-
grals of the spectra have been normalised to one. Data taken from [106].

two measurements, the neutron intensity of the AmBe source was determined to
be (0.7 +0.2) - 10° s7L.

During both irradiations, the digitiser board was placed 5 cm from the neutron
source. Both sources were placed in leak-tight metal capsules. Due to the long and
complex decay chain of 226Ra, a photon fluence approximately 6000 times larger
than the neutron fluence was present during the RaBe irradiation. This was de-
termined from the known activity of the radium in the source, where each disin-
tegration yields on average 2.2 photons throughout the radium decay chain [107].
These photons have energies up to several MeVs, and since the cross section for SEUs
caused by these photons is unknown, the possibility that photons contribute to an
observed SEU rate cannot be excluded. During the AmBe irradiation, the photon
flux was much smaller due to the simpler decay of 24 A with the majority of the
emitted photons from the AmBe source having an energy of 60 keV. During the
AmBe irradiation, a 2 mm Pb sheet was placed between the source and the digitiser
in order to reduce the fluence of 60-keéV photons by a factor of approximately 10°
[60]. The attenuation of neutrons due to the Pb sheet was approximately 1% [108].
In addition to the SEU cross section measured with the AmBe source shielded by
the Pb sheet, the cross section was determined when the sheet was removed. No dif-
ference in the cross section was observed, and so the cross section determined from
the Pb-shielded measurement was used in the analysis. The average flux of neutrons

at the location of the digitiser during the RaBe irradiation was 4 - 10> cm™2 571, and
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2103 cm™?s7! during the AmBe irradiation.

Although any potential contribution to the SEU rate from photons is unknown,
the mean energy deposition of electrons in silicon is expected to increase at low elec-
tron energies, as shown in Fig. 4.1. Therefore, the low-energy electrons generated in
interactions between photons from the source and silicon are the most dangerous in
the context of SEUs. The cross section for SEUs induced by 1- and 20-MeV electrons
in 28-nm and 45-nm devices have been measured in the past [109, 110]. Together
with previous measurements of the Kintex-7 neutron cross section [98], these re-
sultsindicate that the cross section for 1 MeV electrons in the device is approximately
10° times smaller than the neutron cross section. The energies of the electrons gen-
erated when photons interact in the device follow a distribution that depends on the
energies of the photons from the source. Assuming that the probability that these
secondary electrons cause an SEU is approximately given by the 1-MeV electron SEU
cross section, it may be combined with the probability that a photon generates an
electron close enough to a memory cell, to give the SEU cross section for photons.
The probability that an incident photon interacts in a silicon volume with a size
equal to the maximum electron range was determined to be approximately 10% us-
ing photon cross sections and particle-range data [59, 60], so that an upper limit
on the resulting flux of secondary electrons could be determined. Combining this
with the electron SEU cross section, the cross section for photon-induced SEUs is
expected to be approximately 10” times smaller than the neutron cross section. Be-
cause of this, and as no difference was seen in the SEU cross section when the AmBe
source was shielded with a Pb sheet, any contribution from photons to the observed
SEU rate was assumed to be negligible during both irradiations.

6.2 Data Analysis

The SEU cross section per configuration-memory bit was determined using Eq. 6.1:

N; SEU, exp

— 6.1
¢exp ' NO ( )

OSEU =

where NSgu, exp is the number of bits upset during the irradiation, Deyp is the par-
ticle fluence (i. e. the flux integrated over the duration of the measurement) and
Nj is the total number of bits in the FPGA configuration memory. In the follow-
ing sections, the input quantities of Eq. 6.1 will be described in more detail. The
determination of the expected values and standard deviations of the experimental
cross sections is also described. This was done using Monte Carlo techniques, in
which the input parameters and their uncertainties are treated on a fundamental
level [111].
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6.2.1 Number of Upset Bits

During the irradiations, SEM reported correctable, uncorrectable, and CRC-only
errors. The total number of errors of each type — N; obs Ayobs 4 Aobs o

corr? uncorr CRC
served during the six measurements are shown in Tab. 6.1.

Table 6.1: Beam properties and number of errors of each type observed during the six
irradiations.

Particle E[M&V]  (Begp) [em™] N Ngbs N
Proton (KVI-CART) 80 12-10° 32 19 4
Proton (KVI-CART) 100 17-10° 391 18 4
Proton (KVI-CART) 184 14-10° 269 14 2
Neutron (TSL) < 180 2.1-10° 549 22 2
Neutron (RaBe) <12 3.0-10° 91 2 0
Neutron (AmBe) <12 43-10° u7 2 0

Because the actual number of upset bits corresponding to uncorrectable and
CRC-only errors were not reported by SEM, Nsgy, exp had to be estimated from
the number of observed errors. In general, the bit multiplicity 44 may be defined
as the number of upset bits per error — correctable, uncorrectable or CRC-only.
The number of upset bits Nsgu, exp is then related to the number of correctable,
uncorrectable and CRC-only errors Neorr, Nyncorr and Ncre:

Neorr Nuncorr Ncre

NSEU; exp = Z M(éx)'r + Z Mlﬁl)corr + Z M((jzlic) (62)
=1 i=1 i=1

so that the actual bit multiplicities for all individual errors are summed to give the
total number of upset bits. Three probability density functions (PDFs) — gcorr,
Zuncorr and gcrc — describing the probability that an error of a certain type corre-
sponds to A upset bits may be defined. Since SEM could correct SBUs and inter-
cell MBUs, the number of bits associated with the correctable errors was equal to
the number of correctable errors, and was determined directly from the SEM log-
file. Therefore, georr (M) = 31 27. The PDFs describing the multiplicities for uncor-
rectable and CRC-only errors were estimated using previously published data on
intra-frame MBUs in Kintex-7 [98]. These data were taken during an irradiation
with neutrons below 600 MeV and included bit multiplicities up to A4 = 6. In
general, the multiplicity PDFs are expected to depend on the incident-particle type
and energy [97], but since the mechanisms by which neutrons and protons cause
SEUs are similar, the previously published results were taken to describe a scenario
similar to the experiments in this work. Here, guncorr and gorc are assumed to be
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identical. The multiplicity PDFs for the three error types are given in Tab. 6.2. In
Sec. 6.2.4, these PDFs together with the data in Tab. 6.1 are used to determine the
SEU cross sections.

Table 6.2: Probabilities for different bit multiplicities A4 for the error types reported
by SEM.

Error type Multiplicity A4
1 2 3 4 5 >6

Correctable 100%6 0% 0% 0% 0% 0%
Uncorrectable” 0% 76% 14% 6% 3% 2%
CRC-only’ 0%  76% 14% 6% 3% 2%

" Data taken from [98].

6.2.2  Particle Fluence

The systematic uncertainties in the beam fluences were estimated to be 10% for both
the high-energy proton and high-energy neutron irradiations. For the two low-
energy neutron irradiations, they were estimated to be 30%, based on the estimated
uncertainties in the neutron-emission rates and the placement of the source inside
the leak-tight capsules and relative to the digitiser. The uncertainties in the fluences
were modelled as normal distributions centred at the means of the measured flu-
ences, {Dexp)-

6.2.3 Number of Configuration-Memory Bits

The total number of bits in the FPGA configuration memory was given in the SEM
logfile, and served to normalise the cross section to a per-bit value. As this value was
assumed to be known without any uncertainty, it simply entered the calculation as
a scaling constant.

6.2.4 SEU Cross Sections

Inserting Eq. 6.2 into Eq. 6.1, a general expression for the SEU cross section is given
by:

Neorr [ Nuncorr : N .

Zi Mc(olzr + Z:i Mlﬁl)corr + Zz’:?RC M(Z)

=1 =1 CRC
(Dexp ' NO

OSEU =

where each input quantity has an associated PDF, as described in Secs. 6.2.1, 6.2.2
and 6.2.3. A summary of the input-quantity PDFs is given in Tab. 6.3.
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Table 6.3: Summary of the PDFs related to the input-quantities needed for determin-
ing the SEU cross section for a particular measurement.

Quantity  Associated PDF  PDF parameter values

Neorr Poisson(A) A= Ncootii, number of correctable errors
Mo Leorr Full PDF given in Tab. 6.2
Nuncorr Poisson () A= NSECSOH, number of uncorrectable errors
Muncorr  Zuncorr Full PDF given in Tab. 6.2
Ncre Poisson () A= N&t’fc, number of CRC-only errors
Mcre 4CRC Full PDF given in Tab. 6.2
Dexp Normal(u, ?) t = {Dexp), the measured fluence
o =10-20% of the measured fluence’
Ny N/A Number of configuration-memory bits, constant

" The uncertainty in the fluence was different for the different measurements,
as described in Sec. 6.2.2.

Using Monte Carlo techniques, input-quantity values were generated from their
respective PDFs for each of the six measurements. Each set of generated values was
used to determine the resulting SEU cross sections via Eq. 6.3. As this procedure was
repeated a predefined number of times, the input-quantity PDFs were propagated
through Eq. 6.3 to give the PDFs for the SEU cross sections. These PDFs include the
expected value of the cross section and the total uncertainty, to which both statistical
and systematic effects contribute. The resulting PDF for the 80-MeV proton SEU
cross section is shown in Fig. 6.4, where the expected value and standard deviation
are indicated. The expected values and standard deviations of all obtained PDFs,
which were the results of the six irradiations, are shown in Tab. 6.4. Here, also the
expected values of the total number of observed SEUs, { Nsgu, exp ), which were pro-
cessed in the analysis, are given. In Figs. 6.5 and 6.6, the results are compared with
previous measurements of the Kintex-7 cross sections.

One must be aware that there are differences between the experiments presented
here and those reported earlier, both in terms of the exact FPGA part number, the
accelerator facility used and the error-detection and -correction method used. In
the previous experiments, FPGA part numbers XCK70T [88, 112] and XCK325T
[98,113-115] were used, compared to XCK160T in the present work. All of these are
Kintex-7 FPGAs, and the FPGA part number determines the amount of available
resources in the FPGA. In the previous measurements, 30-MeV [115], 35-MeV [112],
62-MeV [88], 64-MeV [113], 105-MeV [114] and 180-MeV protons [98] and TSL
neutrons [98] were used. Error detection and correction was performed using a
configuration-memory readback after irradiation [98, 113, 114], using the SEM core
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[112], using custom-made firmware [115] and by using external memory-scrubbing
circuitry to detect and correct SEUs [88].

Table 6.4: Results of the experiments. The expected value of the total number SEUs
and the expected value and standard deviation of each cross section are shown. The
uncertainties include both the statistical and systematic uncertainties.

Particle E[MeV]  (Nsgu,exp) SEU cross section [em? bit™!]
Proton (KVI-CART) 80 367217 (75+0.9) 1075

Proton (KVI-CART) 100 444 +23  (64+0.7)-1075
Proton(KVI-CART) 184 307+19  (5.4+06)-1075

Neutron (TSL)" < 180 607 +27  (71+0.8)-1070

Neutron (RaBe) <12 96 + 10 (9 +4)-1071°

Neutron (AmBe) <12 122 +11 (8+4)-107%¢

All uncertainties correspond to one standard deviation.
T Determined using the neutron fluence above 10 MeV.
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Figure 6.4: PDF corresponding to the 100-MeV proton SEU cross section, as deter-
mined from the Monte Carlo method described in Sec. 6.2.4. Note the logarithmic
scale on the vertical axis.
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Figure 6.5: SEU cross section per configuration-memory bit, measured during the pro-
ton irradiations at 80, 100 and 184 MeV. The results from this work are compared with
previous results on Kintex-7. Note the logarithmic scale on the vertical axis.
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Figure 6.6: SEU cross section per configuration-memory bit, measured during the
three neutron irradiations. The results from the TSL irradiation in this work are com-
pared with previous results on Kintex-7. Note the logarithmic scale on the vertical axis.

75






7. Theoretical Modelling

The experimental results presented in Ch. 6 show that the Kintex-7 configuration
memory is susceptible to SEUs induced by both protons and neutrons. However,
the exact consequences for the operation of the front-end digitiser in the PANDA
EMC are not clear from these results. In order to decide on how to mitigate SEUs
in the device, an estimate of the error rate during operation in the EMC is needed.
While it is commuon to use a single “worst-case” SEU cross section obtained through
irradiations to obtain such an estimate, the methods developed here aim at giving a
more complete picture of the energy-dependence in the proton and neutron cross
sections. As part of this work, two Monte Carlo models of SEUs have been de-
veloped, which describe the memory cell as consisting of several volumes sensitive
to energy deposition. This work was initiated with the work presented in Paper
I, where an initial model is described. As this initial model differs from the subse-
quently developed models, it will not be discussed further in this thesis. The two
models presented here should be seen as two additional stages in the evolution of
the model. The first of these models is based on well-known methods in Monte
Carlo simulations of SEUs, and was found to have some shortcomings that were
subsequently addressed in the second of the two models. The second model, which
is also described in Paper II, was developed with the aim of describing charge collec-
tion in a memory cell in a more realistic way than in traditional Monte Carlo models
of SEUs. In both models, the energy deposition in the cell by protons and neutrons
was simulated, and the free parameters of the models were obtained by fitting the
model to the experimental data. Once the model was fitted to experimental data, it
was used to predict the SEU rate in PANDA.

7.1 Modelling Single Event Upsets

Opver the past 40 years, since the threat of SEUs was first recognised, a number
of techniques for modelling SEUs has been developed and used to predict the er-
ror rates of different components in different radiation environments. As technol-
ogy has evolved, the sensitivity of devices to different particles and charge-collection
mechanisms has also changed, motivating an active research in the field. In order to
give a full description of SEUs in microelectronics, a model should be able to incor-
porate seven aspects of relevance [116]:

77
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1. The radiation field that the device is exposed to during operation should be
quantified.

2. The material around the sensitive device should be described.

3. The energy deposited by the incident radiation should be modelled.
4. Generation of charge in the device.

5. Transport of charge in the device.

6. Response of the device transistors to the generated charge.

7. Response of the circuit to the collected charge.

Different models describing SEUs approach these requirements differently. In
order to accurately model the interaction between radiation and matter (includ-
ing the device itself), Monte Carlo methods are commonly used [116-118]. Charge
transport in semiconductor devices may be calculated using technology computer-
aided design tools [119], and circuit responses determined from circuit models [120].
Since these different modelling techniques are required to describe the generation
of SEUs in a device, several tools provide a combination of them [116, 121, 122].

One of the most common models used when modelling SEUs in microelectron-
ics is the rectangular parallelepiped (RPP) method [123]. It is based on the assump-
tion that a sensitive region in the SRAM cell can, in the context of SEUs, be de-
scribed as a sensitive volume (SV) having the shape of an RPP as shown in Fig. 7.1.
As ionising particles travel through the SV, they deposit energy and generate free
charges. As discussed in Sec. 5.5.1, an SEU occurs if enough charge is collected by a
sensitive transistor. In the RPP model, the situation is simplified by assuming that
the quantity of importance is the amount of charge generated in the RPP. If the
amount of generated charge exceeds the critical charge Q¢ Rpp, an SEU is said to
have occurred. In this model, the SEU sensitivity of the device depends on the SV
size and on the critical charge: a larger SV allows a larger amount of charge to be
collected, resulting in a higher SEU sensitivity. A lowered critical charge also results
in a higher SEU sensitivity as the probability for charge generation above the critical
value increases.

Even though they only provide a simplified description of SEUs, for example
excluding detailed descriptions of charge-transport mechanisms, models describing
a single memory cell as a single RPP were very successful in predicting SEU rates
for a very long time [123, 125-129]. However, the validity of using such models
for describing devices with feature sizes below 100 nm has been questioned [130].
At such small length scales, liberated charges can be shared between adjacent tran-
sistors and memory cells, causing the assumption that a single memory cell may be
modelled as a single SV to break down. These effects are, at least in part, due to
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Figure 7.1: The RPP model. The sensitive part of the transistor is the drain, which is
modelled as an RPP-shaped SV centred at the drain location. An ion passing through
the SV generates charges, and in the RPP model the SEU sensitivity depends on the
size of the SV and on the critical charge. Figure taken from [124].

the fact that transistors may collect charge through both drift and diffusion from
within the memory structure [124]. Therefore, the RPP model is unphysical as it
assumes that the charge-collection efficiency is constant and very high in a localised
RPP volume, and zero outside. This shortcoming has been pointed out by others
[131-133], and as will be seen in later sections, was the motivation for developing
model 1 into model 2.

In this work, the aim has been to develop a model of SEUs in FPGAs that in-
corporates radiation-transport simulations and requires very little knowledge of the
fundamental properties of the FPGA memory. These properties include the exact
material composition of the device and information about the circuitry and voltages
in the FPGA. In this chapter, two stages in the development of such a model are de-
scribed. As they are fully independent models, they will be referred to as model 1 and
model 2. Model 1is based on a traditional RPP approach, although incorporating
some sub-cell structure of the memory instead of treating the whole cell as a sin-
gle RPP. Model 2 provides an extension to the RPP model, and includes modelling
of charge collection through both drift and diffusion. As such, it aims at a more
realistic description of the phenomenon while still maintaining the requirements
on model simplicity. Both models are based on the radiation-transport modelling
toolkit Geant4 (Geometry And Tracking 4) [134, 135], and common features in the
Geant4 setup will be described in the following sections, before the two models are
described in more detail.
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7.2 Geant4 Setup

Geant4 is a free toolkit that uses Monte Carlo methods to simulate the transport of
particles in matter. It is mainly used for modelling detector systems in high-energy
and nuclear physics, but can also be used to model radiation effects in microelec-
tronics [116-118, 122]. Depending on the application of the toolkit, the properties
of the the radiation-transport simulation can be optimised and tuned to give real-
istic results for the relevant particle types, energies and length scales. In this work,
Geant4 was used to simulate proton and neutron interactions in matter, while the
charge-generation and charge-collection modelling was developed independently.
The output of the Geant4 modelling thus couples to the subsequent parts of the
SEU model to allow SEU predictions for any incident-particle scenario.

7.2.1 Geometry Definition

To model the interactions of particles inside the SR AM cell, a simplified geometrical
model of the cell was constructed in Geant4. As CMOS feature sizes have decreased
over recent years, the area of a single SRAM cell has continuously scaled down. The
scaling trend makes it possible to approximate the cell area 4. at a given feature
size F [136]:

A =~ 150F>, (7.1)

The Kintex-7 has a feature size of F = 28 nm, which by using this equation corre-
sponds to a cell area of 0.12 pmz.

Based on the physical layout of a general SRAM cell at feature sizes similar to
the one in the Kintex-7 [137], the ratio between the width and the length of the
cell is ~ 2.5. This agrees well with data on cells having feature sizes similar to the
Kintex-7 [138]. Combining this with the cell area determined from Eq. 7.1, the
width and length of the cell used in the theoretical modelling were set to 550 nm
and 220 nm, respectively. In accordance with the same physical layout, the four
sensitive transistor drains of the cell were assumed to be located in a row along the
centre of the cell.

In order to fully model an SRAM cell in the input to a model, details about its
complex physical structure would be needed. This includes, for example, informa-
tion about the materials used in the metal interconnects located above the SRAM
transistors. Since no such information was available for the Kintex-7, the geometry
in this model consisted of a (100 X 100 X 30) pms volume of natural silicon, VY, in
which protons and neutrons interacted.

When a particle is tracked through the geometry in Geant4, the distance it trav-
els between two subsequent interactions is called a szep. Each step has associated
information, such as the start and end points of the step, and the energy deposited
in the geometry during the step. In this simulation, the information connected to
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all simulated steps in a (4 X 4 X 30) pms subvolume of ¥y — V1, — was stored.
The modelled SRAM cell is located inside Vg, and the size of V1, was chosen such
that it was sufficiently larger than the feature size of the FPGA while also being small
enough to limit the resulting amount of data. Therefore, while all particles were
tracked throughout 7%, only the steps within V1, were stored for further analysis.

7.2.2  Particle Beams

When a Geant4 simulation is run, a primary particle is generated. This particle,
and all resulting secondary particles, are tracked through the geometry. When all
particles have been absorbed or escaped the geometry, another primary particle is
generated. The generation of a single primary particle and tracking of all related
secondary particles is known as an evenr. The simulation was run for a predefined
number of events, Ny,,. Before the simulation was run, the beam direction was set
to be perpendicular to the face of the memory cell, to match the experimental con-
ditions. The three proton beams were defined as fully monoenergetic beams with
energies of 80, 100 and 184 MeV. The neutron-beam spectra were defined as having
continuous energy spectra according to Figs. 6.2 and 6.3. While the SEU cross sec-
tion for the TSL measurement was determined assuming that only neutrons above
10 MeV contribute to the SEU rate, the full spectrum as shown in Fig. 6.2 was in-
cluded in the simulation. In order to compare the modelled TSL cross section with
the experimental data, it was scaled after the simulation to account for the fact that
the experimental cross section was determined using only a fraction of the actual
neutron fluence.

In this context, nuclear reactions induced by protons and neutrons are one of
the main sources of SEUs. As discussed in sec 5.5.1, the recoiling silicon nucleus af-
ter an elastic scattering of a 20-MeV proton in silicon has a range of approximately
2 um. As the primary-particle energy in some of the experiments in this work is
significantly higher than 20 MeV, even longer recoil-nucleus ranges are expected.
Therefore, it is possible even for particles generated relatively far away from a mem-
ory cell to reach it and cause an SEU. To ensure that such particles were included
in the simulation, the transversal area of the beam had to be sufficiently large. The
particle fluence in the simulation, @y, is given by:

Z\[sim

Dgim = > 7.2
A beam ( )

where Apeam is the transversal area of the simulated beam. While it was desirable
to have an area as large as possible, a sufficiently large @y was needed to decrease
the statistical uncertainty in the simulation. Therefore, an increase in Ape,m had
to be matched by an increase in Ngim. A too large value on N, would become
computationally unfeasible and therefore Ae,m had to be limited. By investigating
how the results of the model — i. e. the simulated cross section — depended on
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the beam area, a beam area was chosen. Secondary particles could always be gener-
ated in interactions of a primary particle at the edge of the beam, and an increase in
Apeam therefore generally caused an increase in the resulting cross section (as con-
tributions from nuclear fragments generated far from the cell contribute to some
extent). However, this effect is most dramatic at beam areas not much larger than
the memory-cell area, partially because the ranges of generated particles are finite
and partially because the solid angle subtended by the memory cell is very small for
a particle generated far away. A square beam with Ape;m = (30X30) pmz was found
to be sufficient in this respect, while also allowing the simulation to be performed
in reasonable time.

7.2.3  Particle Interactions

On the most fundamental level, the result of a Geant4 simulation depends on a
large number of physics models and data sets, which determine the probabilities for
different interactions to occur. A collection of such models and data is known as a
physics list, which may be chosen based on which particles are involved in the sim-
ulation, as well as on the energy scale and the desired spatial resolution. For model
1, the Geant4 reference physics list QGSP_BIC_HP_EMY was used. It is a combi-
nation of several models for particle interactions: the QGSP model describes high-
energy hadronic interactions, the BIC model is a binary-cascade model of neutron
and proton interactions with nuclei below ~ 10 GeV, HP uses low-energy neutron
data to simulate low-energy neutron interactions, and EMY is a recent extension
of the standard electromagnetic-physics list that is well suited for low-energy ap-
plications [139]. For model 2, the reference physics list QGSP_BIC_HP_EMZ,
which provides even more detail in simulations of low-energy electromagnetic in-

1

teractions', was used.

7.3 Modell

As stated above, model 1 is based on the traditional RPP model, with the exception
that structure inside the memory cell is also modelled instead of assuming a single
RPP for the entire cell. This model consists of a memory cell containing four cubic
SVs, each being centred at the location of the corresponding transistor drain. The
cell is only sensitive to energy deposition inside the SVs, as it is assumed that no
charges generated outside of them would be collected at the transistors. The four
SVs had the same size, which depended on a single parameter — the length of the
SV side, dsy.

1¥or a list of differences between the EMY and EMZ electromagnetic-physics lists, the
reader is referred to [140].
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Figure 7.2: Geometry of the memory cell in model 1. In (a), the top view of the cell is
shown, and the assumed locations of the four transistors are indicated. In (b), the side
view of the cell is shown. The dimensions in the figures are not to scale.

7.3.1 Sensitive Volumes

The SVs were not defined directly in the Geant4 geometry in order to maintain flexi-
bility in the choice of dsy. Instead, all step data within V1, were stored, the location
of the memory cell and the SVs could be mathematically defined within Vg, and
then the energy deposits could be determined by analysing the step data. The lay-
out of the SVs, as implemented in the analysis, is shown in Fig. 7.2. The transversal
placement of the SVs in the cell was modelled after the considerations in Sec. 7.2.1,
so that the SVs were placed on a line, 110 nm apart from each other. The distance
between the centres of two SVs therefore corresponded to the distance between two
transistor drains. This distance is indicated in Fig. 7.2. The top of each SV was fixed
to a plane illustrating the memory-cell surface, which was located at a depth of 10
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um into V. Therefore, a change in dsy only caused the SV to extend on the back
side of the cell into the CMOS substrate.

7.3.2  Energy Deposition

The energy depositions in the SVs were determined on an event-by-event basis by
analysing the saved steps. Each step was described as a vector starting at e,y and
ending at 7en4. For each step, it was determined whether the step intersected any of
the SVs and if it did, the point(s) of intersection with the SV boundaries were iden-
tified. In Fig. 7.3, a step intersecting an SV is shown, and the two intersection points
r1 and r; are indicated. If a step started or ended within an SV; a single intersection
point r; was identified.

Yend

Figure 7.3: A Geant4 step intersecting one of the SVs. The step is characterised by its
endpoint locations 7gqr and 7eng, and intersects the SV at two locations: 71 and 5.
The energy deposited in the SV was determined by comparing the total length of the
step to the distance between the two intersection points.

Once the intersection point(s) between the step and a particular SV have been
identified, the fraction # of the total step distance intersecting the SV was given by:

lry — 1l
=— (7.3)
[7end = Tstarc]
In addition to the endpoints of the step, the amount of energy Eqep, siep deposited to
the silicon during the step was also stored. Using the result of Eq. 7.3, the amount
of energy deposited inside the SV in question, Eycp, sv, was determined:

Edep, N2 %Edep, step+ (74)

When all steps associated with an event had been fully analysed, the energy de-
posited in each SV per event was determined. Fig. 7.4 shows the energy-deposition
distributions for one of the four SVs due to 100-MeV protons at different dsy, af-
ter analysing all events. The energy spectra clearly show the two contributions to
proton-induced SEUs: direct ionisation by protons and indirect ionisation due to
nuclear reactions. In direct-ionisation events, the amount of deposited energy is
lower than ~ 5 keV, while indirect-ionisation events are much fewer in number but



7.3 Model 1 85

deposit significantly higher amount of energy. In fact, the energy deposition due to
direct ionisation by protons is to a first approximation equal to (d£/dx)dsy, so that
it is proportional to dsy.

dsy =30 nm

dsv =50 nm

dsy =70 nm

Counts per 100 eV
=

dsv =90 nm

| [T A R
10° 10! 10*
Deposited energy [keV]

Figure 7.4: Histograms of the deposited energy in one of the four SVs at different SV
sizes after simulating 1.5 - 10" 100-MeV protons incident on the silicon geometry.

7.3.3  Critical Energy

In the RPP model, the assumption that the charge is collected uniformly within
the SV is made, so that an SEU occurs if the amount of generated charge in the SV
exceeds Qi Rpp- Assuming that the number of produced electron-hole pairs per
unit of deposited energy is 1/3.6 eV~ for silicon [141] and is constant throughout
the SV, the critical energy Eyi; may be defined:

chit RPP
Eo i = ———— keV, 7.5
crit 2800 c ( )
where e is the elementary charge. Now, E. replaces Qcric, Rpp as one of the free pa-
rameters of the model and the SEU sensitivity depends on the amount of deposited

energy, and not charge, in the SVs.

7.3.4 Number of Upsets

In the model, the total energy deposited in each SV for a full event, and how it com-
pared with Eyc determined whether that event was classified as an SEU. Also, the
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initial state of the memory cell — i. e. whether it holds a value of 1 or 0 — is of im-
portance, as it determines which of the four transistor drains are sensitive to charge
collection, as discussed in Sec. 5.5.2. Assuming that only the drains of the two oft-
transistors are sensitive to charge collection, the sensitive SVs under the two initial-
state situations is given by Tab. 7.1.

Table 7.1: The two possible initial-state situations in the model. Depending on what
value the memory cell initially holds, different transistors and therefore different SVs
are sensitive.

Initial cell state  Sensitive drains  Sensitive SVs

1 D1 and P2 land 3
0 Pyand D, 2and 4

The conditions for an event to be classified as an SEU under the two initial-state
situations are given by:

(Edep,sv1 = Earit) V (Egep,sv3 = Eaie) = SEU (bit value: 1 — 0),

7.6
(Edep, sV 2 Ecrir_) \ (Edep, SV4 2 Ecrit) = SEU (bit value: 0 — 1)) ( )

so that an energy deposition exceeding Ey, in either of the two sensitive SVs results
in an SEU. The total number of detected SEUs in the two initial-state situations,
NSOEU model and NSOEﬂEU model Was determined. By assuming that the SEU sensitivity
is independent of the initial-state situation, the two situations were treated as two
separate measurements. The total number of detected SEUs, Nsgy, model Was the
sum of the two contributions:

_ on off
NSEU) model = NSEU, model + NSEU, model” (77)

7.3.5 SEU Cross Section
The SEU cross section predicted by the model, o5gy, model, Was determined from:

N SEU, model (Ecrit: dSV)
2 @sim ’

SEU, model (Ecric; dsv) = (7.8)
where the factor 2 in the denominator is due to the fact that Nsgy, model is the sum
of two measurements (i. e. the two initial-state situations), so that the total fluence
is twice the simulated fluence. The parameter space of Eje and dsy was divided
into a rectilinear grid, where each cell had an area of 0.5 nm X 10 V. At each grid
point, NSEU, model Was evaluated and osgy, model Was mapped. In Fig. 7.5, the model-
predicted cross section for SEUs induced by 100 MeV protons is shown as a function
of Eui and dgy.
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Figure 7.5: The 100-MeV proton SEU cross section predicted by the model, as a func-
tion of the critical energy and the SV side. Note the logarithmic scale on the horizontal
axis.

7.4 Model 2

Although model 1 may be used to predict SEU rates in its own right, it has the dis-
advantage that it is unphysical on a fundamental level as described in Sec. 7.1. As
will be seen in Sec. 7.5.2, determining the parameters in model 1 from a fit to the
experimental data results in unrealistically large SV dimensions. This, together with
the unphysical nature of the RPP model, motivated the extension of the model into
what is known as model 2. Model 2 shares several assumptions about the memory-
cell structure with model 1, such as the number and orientation of the transistors
and the dimensions of the SRAM cell. Therefore, the two possible memory-cell
states and the corresponding sensitive drains given in Table 7.1 still hold.

7.4.1 Sensitive Volumes

The main difference between the two models lies in the definition of the SVs. In
model 1, an SV is an RPP volume below each transistor, assumed to collect charge
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with an efficiency of 100%. In model 2, an SV still represents a volume below a
transistor in which charge is collected with an efficiency of 100%. This represents
the charge-drift process, where the electric field around the transistor yields a high
charge-collection efficiency. In addition, the SV is sensitive to charge collected from
the silicon further below the SV volume itself. This represents the charge-diffusion
process, where charges may diffuse to the high-field regions below the transistors
after which they are collected efficiently.

In model 1, the amount of charge collected by a transistor is assumed to be pro-
portional to the amount of energy Ejy., deposited in the corresponding SV. Due to
the inclusion of multiple charge-collection processes in model 2, this assumption is
no longer valid, and the amount of charge Q. collected by a transistor has to be
used as a parameter of interest. The layout of the SVs, as implemented in model
2, is shown in Fig. 7.6. The overall layout of the memory cell, including transistor
locations, follows the same reasoning as for model 1 (see Sec. 7.3.1). Apart from
the non-zero charge-collection efficiencies below the SVs, there are two differences
from the geometry in model 1: the memory cell is in model 2 located 15 ym into
the silicon block instead of 10 um, and the SVs are cylindrical instead of cubic. The
diameter and height of'a SV cylinder in model 2 are the same, so that the SV dimen-
sions are again defined by a single parameter dsy. Note that while this parameter
still contains information about the SV size, as it did in model 1, the actual shape of
the SV is different here. The switch from cubic to cylindrical SVs was motivated by
the inclusion of charge diffusion in the model, and are detailed in Sec. 7.4.2.

7.4.2  Charge Collection

As in model 1, the particle step information was available from the Geant4 simu-
lation on an event-by-event basis, and each step was described as a vector starting
at Tsare and ending at 7¢,g. In model 2, the charge-collection efficiency for an SV
is non-zero below the SV, describing charge diffusion, and zero above the SV as no
charge collection from above the memory cell is assumed. The number of electron-
hole pairs Nej, generated along a step corresponding to an energy deposition Ejyep, is
given by:

]\[eh = kEdep, step> (79)

where £ = 1/3.6 V! for silicon, as was also assumed in model 1. Due to the di-
rections of the electric fields around the transistors, it was assumed that the two
nMOS transistors only collect negative charge efficiently, and that the two pMOS
transistors only collect positive charge. As a first-degree approximation, the proba-
bility that a charge generated below the SVs would diffuse to a particular SV is given
by the solid angle £2; subtended by the base of that SV. Combining this with the
100% collection efficiency inside the SV and the 0% collection efficiency above the
memory-cell surface, the combined efficiency of SV i collecting a charge generated
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Figure 7.6: Geometry of the memory cell in model 2. In (a), the top view of the cell
is shown, and the assumed locations of the four transistors are indicated. In (b), the
side view of the cell is shown. The cell sensitive to energy deposition both inside the
four sensitive volumes and, to some extent, below the sensitive volumes where there is
a possibility for generated charge to diffuse to the transistors. The dimensions in the
figures are not to scale.

ata position (x, y, 2) is given by:

1, inside cylinder 7,
tcoll, /(% 9, 2) =  £2;(x, ¥, 2) /47, below cylinder 7, (7.10)
0, otherwise.

In Fig. 7.7, a step intersecting an SV is shown, and the two endpoints e, and
Tend Of the step are shown. The cylindrical SV shape is motivated by the fact that the
solid angle subtended by the circular base of such a cylinder from a point (x, y, 2)



20 Chapter 7. Theoretical Modelling

may be calculated analytically [142], while this would be much more difficultin case
of cubic SVs.

Vstart

Tend

Figure 7.7: A Geant4 step intersecting one of the SVs. The step is characterised by its
endpoint locations e and reng. The charge collected by the SV was determined by
integrating the amount of charge generated along the step over the charge-collection

efficiency.

Since each particle step is described by a straight line between two points 7
and 7.4, one may introduce a parameter # to parameterise the line:

7(2) = Foare + t(Fend = Tstare), 0 < 2 < L (7.11)

By integrating the charge-collection efficiency along each such step, incorporat-
ing the electron-hole production, the total amount of generated charge g0 along
the step was determined:

1
Geoll,i = / dt Nep, - € - ey, i(1(2)), (7.12)
0

where e is the elementary charge. By solving this integral, the amount of negative or
positive charge (according to the SV type) collected by the i:th SV was calculated.
By summing the contributions from all steps during a particular event, the total
amount of collected charge Q.o during an event was determined for each SV. Fig.
7.8 shows the charge-collection distributions for one of the four SVs due to 100-MeV
protons at different dgy, after analysing all events. There are obvious similarities
with the energy-deposition distributions for model 1 (shown in Fig. 7.4), as the ma-
jority of the distribution corresponds to direct-ionisation events giving rise to small
Qcoll values while a few events giving higher Qo correspond to indirect ionisation.

In model 2, the critical charge Qe is reintroduced as a model parameter. In
model 1, it was replaced by the critical energy, but since charge collection is now
actually modelled it provides a realistic connection to the actual upset mechanisms
in the cell. The model still relies on only two parameters, which now are Qi and
the cylinder dimension-parameter dsy.
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Figure 7.8: Histograms of the collected charge in one of the four SVs at different SV
sizes after simulating 2 - 10" 100-MeV protons incident on the silicon geometry.

7.43 Number of Upsets

As stated earlier, model 2 views the sensitivity of the memory-cell transistors in the
same way as model 1, i. e. that two of the SVs correspond to pMOS drains and
the other two to nMOS drains (see Table 7.1). The conditions for an event to be
classified as an SEU in model 2 under the two initial-state situations are given by:

(.Qcoll, sV1 2 chit) \ (.Qcoll, sV3 2 chit) = SEU (blt value: 1 — 0)
(Qcoll, sv2 = chit) \4 (Qcoll, SV4i = chit) = SEU (bit value: 0 — 1),

so that a charge collection exceeding Q¢ in either of the two sensitive SVs results
in an SEU. The total number of detected SEUs in the two initial-state situations,
on off . . ..
NSEU, model and NSEU, model WAS determined. By assuming that the SEU sensitivity
is independent of the initial-state situation, the two situations were treated as two
separate measurements. The total number of detected SEUs, Nsgu, model Was the

sum of the two contributions:

(7.13)

_ on off
NSEU, model = NSEU, model T NSEU, model (7.14)

7.4.4 SEU Cross Section
The SEU cross section predicted by model 2, o5gy, model, Was determined from:

N SEU, model (chit: dSV)
2 Qsim ’

OSEU, model (,chit; dSV) = (715)
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where the factor of 2 in the denominator is due to the fact that Nsgy, model is the
sum of two measurements (i. e. the two initial-state situations), so that the total
fluence is twice the simulated fluence. The parameter space of Qe and dsy was
divided into a rectilinear grid, where each cell had an area of 1 nm X 0.525 aC. At
each grid point, Nsgu, model Was evaluated and gsEy, model Was mapped. In Fig. 7.9,
the model-predicted cross section for SEUs induced by 100 MeV protons is shown
as a function of Qe and dsy.
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Figure 7.9: The 100-MeéV proton SEU cross section predicted by model 2, as a function
of the critical charge and the SV side. Note the logarithmic scale on the horizontal axis.

7.5 Fitto Data

From Figs. 7.5 and 7.9, it is evident that the results of both models are highly de-
pendent on the choice of the model-parameter values: the resulting cross sections
differ by up to ten orders within the studied parameter ranges. In order to predict
SEU cross sections based on the models, the values of the free parameters had to be
determined by fitting the models to the experimental data. Although the two mod-
els were analysed and fitted separately, the procedure used to determine the optimal
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parameter values was the same in both cases. Therefore, the details of the analysis
procedure will be given here, and results from the specific models will be given sepa-
rately. However, as noted in the beginning of this chapter, the purpose of this is not
to perform a strict comparison of the models but rather to demonstrate the process
that led to the improvement of model 1 into model 2. Fitting the model was done
by means of Bayesian inference, which enables determination of the full parame-
ter PDF — i. e. how likely any parameter-value pair is, given the observed data —
and subsequent cross-section predictions. The foundation of Bayesian inference is
Bayes’ theorem:

p(NSEU, exp |3)P(9)

SIN exp) =
p( | SEV P) P(NSEU,exp)

(7.16)

where p(3|Nsgu, exp) is the posterior probability, p(NSgu, exp|9) is the likelibood,
P(9) is the prior probability and p(Nsguy, exp) is the marginal likelibood. Nspu, exp
is a vector containing the total number of experimentally observed SEUs during
the six measurements and & is a vector of the model parameters. In model 1, & =
(Eqriv, dsv), and in model 2, & = (Qeir, dsv). The posterior probability is the
probability that the model parameters take on particular values given the observed
number of counts, and the likelihood is the probability that the observed data is
reproduced by the model given the particular parameter values. The prior prob-
ability incorporates any previous knowledge about the parameter values (such as
physical constraints), and the marginal likelihood is the likelihood summed over all
possible parameter values. As the data are fixed, the marginal likelihood is simply a
constant ensuring that the posterior probability integrates to unity. Furthermore,
if we assume no prior knowledge of the parameter values, p(9) is constant and may
be included in the normalisation constant. The unnormalised posterior probability
becomes:

6
POINsEU, ) o p(Nsiv,xpl®) = | | PN 19 (7.17)
=1

where the separation of the total likelihood into the product of the individual like-
lihoods for the six data points comes from the fact that the experimental data are in-
dependent from each other. Obtaining the posterior probability describing & there-
fore comes down to determining the six likelihood functions.

7.5.1 Likelihood Functions

Eq. 6.1, which was used to determine the experimental cross sections, relates a par-
ticular cross section to the number of observed SEUs, Nsgu, exp, the particle fluence,
Peyp and the number of bits in the FPGA memory, Ny. The cross section predicted
by the model, gsEy, model, May be inserted into Eq. 6.1 to calculate the expected value
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*

SEU, exp’

<NS*EU, exp> (8) = OSEU, model (8) cpexp]\fo- (718)

of the predicted number of experimentally observed SEUs,

Assuming that the number of observed SEUs follows Poisson statistics, the like-
lihood of observing the number of SEUs given in Tab. 6.4, {NsgU, exp)» in the case of
some parameter values & is given by a Poisson distribution with the mean (NS*EU’ exp).
This distribution quantifies the uncertainty in the experiment, as a higher number
of observed SEUs would lead to alower uncertainty in the Poisson distribution. The
statistical uncertainty in the model was also incorporated into the fitting procedure
by noting that it is given by the Poisson uncertainty in NSgy, model> 2s it depends
on the number of counted SEUs in the model. That is, the output of the model
under some parameter values is a particular SEU count, {NSgu, model)> Which has an
associated uncertainty given by Poisson statistics. This in turn gives the uncertainty
in 0SEU, model- By increasing the number of simulated events Ny, the uncertainty
in the model predictions can be decreased. The uncertainties in both the experi-
ments and models were included by applying the technique introduced in Ch. 6 —
propagation of input-parameter PDFs. For each value of the two parameters, the
following procedure was performed:

1. A value on Nsgy, model Was generated from the Poisson distribution given by
(INSEU, model)- The corresponding modelled cross section asgy, model Was de-
termined from Eq. 7.8.

2. A value on @y, was generated as described in Ch. 6. Ny was obtained from
the experimental data.

3. (Ngy exp) was determined from Eq. 7.18. The predicted number of exper-
imentally observed SEUs, N¢,

from the Poisson distribution with mean (Ng exp).

, was determined by generating a value
5 CXP

4. The procedure was repeated a large number of times so that the likelihood of
obtaining a predicted number of SEUs exactly equal to the expected value of
the observation, p({Nsgu, e,(p)l\‘}), was determined with high precision.

The likelihood values as a function of the model parameters were determined
for both models, for all six experiments, using this procedure. During the model
development, the neutron intensities from the low-energy neutron sources and the
associated uncertainties were re-determined as detailed in Ch. 6. Because of this,
there is a difference in the experimental data used to determine the likelihood func-
tions in the two models, and this will affect the fit. The likelihood functions for
100-MeV protons in both models are shown in Figs. 7.10. A general trend in the
obtained likelihood functions is that when the SV size is increased, also the critical



7.5. Fit to Data 95

energy or charge has to be increased to remain true to the observed data. This is due
to the fact that more energy will be deposited in a large SV, and to still fit the exper-
imental data also the sensitivity of the SV has to be decreased (corresponding to an
increased critical energy/charge).
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Figure 7.10: Likelihood values as a function of the model parameters for 100-MéV pro-
tons using a) model 1 and b) model 2. The likelihood is the probability of obtaining
the experimentally observed cross section in the model under different values of the
model parameters.

7.5.2 Posterior Distributions

The posterior distribution gives the probability that the z7x#e parameters of the model
take on particular values, given the observed data. The posterior distributions for
the two models were determined by normalising the products of the corresponding
individual likelihood functions to one, and are shown in Fig. 7.11.

It can be seen that the posterior distribution for model 1 is somewhat bimodal
— there are two distinctly separated maxima in the PDF. However, as Bayesian in-
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ference allows using the full posterior distribution for further analysis, this does not
cause any issues. A more serious problem, which ultimately caused the evolution of
model 1 into model 2, is the fact that both of the maxima in the model 1 posterior
correspond to dsy > 110 nm, as indicated in Fig. 7.11b. Since 110 nm is the prede-
fined distance between two transistors in the cell, an SV size larger than this results in
overlapping SVs. This is unphysical, since each SV should only correspond to charge
collection by one particular transistor drain. In model 2, the posterior distribution
was only analysed for dsy < 110 nm, and in this case there is only one clear maxi-
mum of the PDF. The properties of the posterior distributions for the two models
are summarised in Tables 7.2 and 7.3.

Table 7.2: The means, standard deviations and covariance of the two parameters in
model 1, obtained by analysing the posterior distribution.

Parameter Mean Standard deviation
Eic 160 keV 40 keV
dsv 300nm 30 nm

cov(Eqie, dsy) = 1154.6 keV? nm?

Table 7.3: The means, standard deviations and covariance of the two parameters in
model 2, obtained by analysing the posterior distribution.

Parameter Mean Standard deviation

Orit 0.23fC 0.03fC
dsv 87nm 7nm

COV(chit, dgv) =0.192 fCZ nm2

7.6 Comparison with Experimental Data

The results of the model, in terms of SEU cross sections, may be determined by
combining ¢sgy, model With the posterior probability distribution. In the context
of Bayesian inference, this may be done using posterior predictive checking [143].
The posterior, which was determined by the actually observed experimental data, is
in this procedure used to generate a PDF describing the data that could have been
observed if the model is correct. The probability for a particular replicated data value
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may therefore be determined. For one of the measurements, the probability that

. . rep . . .
the replicated cross section 7y takes a particular value given the experimental

EU, model
result, (INSEU, exp)> is given by Eq. 7.19:

PO model (NSEU exp)) = Z PO modet DPOINSE, exp)), (7.19)
3
where p(o';;%’ .
7.8, and the sum runs over all possible parameter values.

The expected values and standard deviations of all replicated cross sections based
on the analyses of the two models, compared with the experimental data, are shown
in Figs. 7.12 and 7.13. Because the fit of model 1 to the experimental data yields an
unphysically large SV size, model 2 was developed. From this point onwards, i. e. in

odel |3) may be directly determined from p(NSr;% mo dells) using Eq.

the next chapter, only model 2 will be used to predict SEU cross sections.

7.7  Discussion

As shown in Figs. 7.12 and 7.13, both models reproduce both proton- and neutron-
induced SEU cross sections. Whereas model 1 was fitted to experimental data de-
termined using nominal neutron intensities of the low-energy neutron sources, re-
measured intensities were used in the model 2 fit. There is some discrepancy be-
tween the model and the data at some of the particle energies — for instance the pro-
ton cross section increases with the proton energy in the model predictions, while it
appears to decrease based on the experimental data. However, there are not enough
experimental data to draw any conclusions about whether this difference is signifi-
cant. For a discussion about the quality of the fit of model 2, the reader is referred
to Paper II. The cross sections from previous work neither give sufficient informa-
tion about the trend in the energy dependence. However, support for an increasing
trend (as is predicted by the model) is given in Sec. 6.2.4, where an increase in the
SEU cross section until it reaches a plateau level is motivated.

The dimensions of the SVs in model 2 are such that the SVs are well separated,
supporting the initial assumption of the model — that each SV corresponds to a
localised volume in which charges drift to a single transistor. The feature-size de-
pendence on the critical charge Q¢ has been studied in the past [96]. These results
show that Q. for a transistor in the Kintex-7 configuration memory could be be-
low 0.5 fC, with which the value predicted by model 2 (0.23 fC) is in agreement.
The fact that the geometry in the model only consists of silicon most likely affects
the obtained values on both Qi and dsy. The real device contains a number of
metallic layers above the silicon in the CMOS. If the proton or neutron reaction
cross section is larger in one of these overlayers, the result could be a higher number
of SEUs. These effects are discussed in Paper II.
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Figure 7.11: The posterior probability distribution of the model parameters using
a) model 1 and b) model 2. The posterior probability gives the probability that the
true parameters of the model take on particular values, given the observed data. The
horizontal dashed line in b) indicates dsy = 110 nm, above which adjacent SVs start to
overlap, thus making the model unphysical.
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Figure 7.12: The model-determined cross sections for proton-induced SEUs, com-
pared with the experimental results. Note that model 1 was fitted to experimental cross
section based on earlier estimates of the intensities of the low-energy neutron intensi-
ties, as explained in Sec. 7.5.1.
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Figure 7.13: The model-determined cross sections for neutron-induced SEUs, com-
pared with the experimental results. Note that model 1 was fitted to experimental cross
section based on earlier estimates of the intensities of the low-energy neutron intensi-
ties, as explained in Sec. 7.5.1.






8. Results and Discussion

The model described in Ch. 7 may, after determination of Qgic and dsy, be used
to predict SEU cross sections. By simulating the interaction of a proton or neutron
beam of any energy inside the modelled SRAM cell, the SEU cross section for that
particular particle beam can be determined by using Eq. 7.19. In this process, the
direct result of the Monte Carlo simulation — i. e. Nspy(Qcrie» dsy) — is combined
with the posterior distribution of the two parameters to predict osgy. In this chap-
ter, the results of such predictions are presented, both for monoenergetic proton
and neutron beams of different energies and for the expected neutron spectrum at
the location of the digitiser boards in the PANDA EMC. Additionally, the SEU rate
during operation of PANDA is estimated.

8.1 Monoenergetic Protons and Neutrons

The energy dependence of the proton and neutron SEU cross sections was studied
by applying the model predictions to simulations of monoenergetic beams of pro-
tons and neutrons. The resulting SEU cross sections are shown as a function of the
incident-particle energy in Fig. 8.1, where they are also compared with a parametric
model for neutron-induced SEUs described in the work of Wirthlin ez 4l [98]. The
observed discrepancy between the model in the present work and this previously
described model may be due to the fact that the parametric model in [98] was fitted
to high-energy data only.

The energy dependences of the predicted cross sections agree well with what
is expected from the reasoning in Sec. 6.2.4: the cross sections increase with en-
ergy above a threshold level, until reaching a plateau. At high energies, the proton
and neutron cross sections are very similar, which is expected as the nuclear-reaction
mechanisms in silicon at these energies are similar for both nucleons. As the fluence
of low-energy protons is assumed to be very small at the locations of the digitisers
(see PaperII), the cross section for low-energy protons has not been determined with
the model.

Potential uncertainties in the energy-dependence of the modelled cross section,
for instance regarding the SEU risk posed by thermal neutrons, are discussed in Pa-
per IL.
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Figure 8.1: The energy dependences of the cross sections for proton- and neutron-
induced SEUs in the Kintex-7 FPGA, as predicted by the SEU model developed in this
work. The model predictions are compared with a model for neutron-induced SEUs,
proposed in [98].

8.2 Neutron-Induced SEUs in PANDA

As discussed in Ch. 4, the digitiser boards will be placed inside the EMC detector
volume, where they will be exposed to a rather high particle fluence. The SEU rate
during operation of PANDA may be estimated by employing the SEU model in
this work. Here, this procedure has been performed for neutrons reaching the digi-
tiser boards around the forward endcap of the EMC. In addition to the SEU model,
the expected neutron fluence and energy spectrum at this location are needed to
estimate the SEU rate. To determine these, the PandaRoot framework [144] has
been used. PandaRoot is a software framework that includes the PANDA detector
geometries and allows event generation from an initial pp collision using the dual
parton model (DPM) [145] event generator. The generated particles are tracked
through the detector volumes using Monte Carlo techniques and the responses of
the PANDA subsystems may be simulated.

In this work, the different operating conditions of PANDA during initial ex-
periments have been considered. Therefore, two PandaR oot simulations were per-
formed: at p momenta of 1.5 and 15 GeV/c, respectively. This was done to identify
any potential variation in the SEU rate with beam momentum. As described in Pa-
per 2, the PandaRoot simulations were used to model the neutron energy spectra
for these two p momenta at the locations of the forward-endcap digitiser boards.
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By combining the modelled radiation field with the model-predicted SEU energy
dependence, the rate of neutron-induced SEUs in the forward endcap could be pre-
dicted. The predicted SEU rate and resulting mean time between upsets (MTBU)
are shown in Tab. 8.1. For more details, the reader is referred to Paper I1.

Table 8.1: The model-predicted rate of neutron-induced SEUs in the forward-endcap
EMC and the corresponding mean time between upsets per FPGA.

Beam momentum [GeV/c] SEU rate [h™}] Mean time between upsets [h]

1.5 0.006 165 + 38
15 0.008 123 £ 30

8.3 Discussion

The results in the previous section show that the worst case average MTBU in the
forward-endcap FPGAs under initial operation of PANDA is expected to be 123 +
30 hours per FPGA. Since the forward endcap will be read out by 217 front-end
digitisers, each containing two FPGAs, the resulting M TBU for the whole endcap is
predicted to be 17+4 minutes. As stated in Sec. 8.1, one potential issue with the SEU
model is that its ability to model SEUs induced by thermal neutrons is unknown.
However, due to considerations in the manufacturing process, the thermal-neutron
cross section of the Kintex-7 is kept low.

In order to assess the need for SEU mitigation techniques in the FPGA firmware,
the severity of errors has to be determined. An SEU occurring in a part of the config-
uration memory which is not utilised by the used firmware, and which has no effect
on any vital parts of the memory, does not have to be corrected immediately. On
the other hand, an SEU causing a bit flip in a sensitive part of the memory — for
instance the location of a state machine used in the data processing — has to be cor-
rected immediately. In order to determine which parts of the memory are critical,
the design of the firmware has to be finalised.

As was the case during the experiments described in Ch. 6, the Xilinx SEM core
may be implemented in the FPGA firmware during operation of PANDA to pro-
tect against some SEUs. In fact, the functionality of the SEM core may be extended
compared to what was the case during the test irradiations, so that some MBUs may
be corrected in addition to the SBUs. As may be determined from the data Tab. 6.1,
the average probability of an SEU being part of an uncorrectable error is approxi-
mately 10%. Assuming that this ratio holds also for the PANDA SEU cross sections,
the MTBU for uncorrectable SEUs in the whole forward endcap is 170 +40 minutes.
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9. Feature Extraction

The purpose of the PANDA shashlyk calorimeter is to measure the energies of highly
forward-boosted photons, electrons and positrons. As with all calorimeters, the
shashlyk detector and readout are constructed in a way such that for instance the
size of the output signal is proportional to the energy deposited in the detector. Key
properties of the detector, such as potential non-uniformities in the scintillation-
light collection and a position dependence in the detector response, have been stud-
ied in the past [146]. After a dedicated research & development campaign, these
issues were resolved by improving the mechanical rigidity of the cell, changing the
WLS-fibre type and including reflective material for improved light collection. Af-
ter these improvements, the energy and time resolution of the shashlyk calorimeter
were found to fulfil the performance requirements presented in Table 4.1.

As was explained in Ch. 3, powerful FPGA-based front-end electronics will
be used in the shashlyk EMC as part of the PANDA DAQ chain. These digitiser
modules will sample the detector signals, and signal-processing algorithms will be
implemented in the FPGA firmware to enable real-time analysis of the incoming
signals. Due to data-rate constraints, the entire sampled detector signals will not be
transmitted from the digitisers. Rather, so-called feature-extraction methods [83]
will be implemented in the FPGA to extract key parameters of detector signals in
real time. In addition to information about the incident-particle energy, the FPGA
should also determine the timing of signals from the detector. Since the digitisers
will receive global timing information through the SODANET protocol, time in-
formation determined locally on an FPGA may be related to signals from other de-
tector subsystems. Merging of data from these multiple sources will be done at a
later stage in the DAQ chain, where information extracted by the digitiser FPGAs
may also be used to reconstruct the hit position of a particle.

Throughout the history of radiation-detection systems, several methods to de-
termine pulse-height and timing information from detector signals have been used.
Many of these methods were developed for implementation in analogue electronics,
and as digital signal processing techniques have become the standard in modern sys-
tems one may either port these algorithms to the digital domain or develop purely
digital algorithms. Today, when fast and powerful components such as FPGAs are
commonly used in these systems, it is possible to implement increasingly powerful
real-time algorithms. In this part of the thesis, the development of a method com-
bining two well-known algorithms is described. The developed algorithm enables
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real-time determination of pulse height and timing, and provides a way of recon-
structing pile-up events. In the following sections, these three tasks will be intro-
duced, current status of the field briefly reviewed and the components of the pro-

posed algorithm described.

9.1 Energy and Timing Measurements

Before proceeding to describe the algorithms chosen for this work, the current status
of the field will be described, with the focus being on digital algorithms. There are
several areas of research where these topics are of interest. In gamma-spectroscopy
applications, the task is to accurately measure the energies of photon impinging on
the detector. Today, such applications often suffer from high count rates, and so
the task of handling pile-up events is a common one. Methods for pulse-height and
timing measurements are commonly used in high-energy physics. However, as dis-
cussed in Sec. 3.3, most such systems do not employ the same free-running DAQ
approach as PANDA, and so entire sampled detector signals are often available for
offline analysis, allowing for removal of pile-up effects. Yet another area of research
connected to these topics concerns medical applications such as positron emission
tomography, where good energy and time resolution, often at high count rates, is
usually required to minimise treatment times.

9.11 DPulse-Height Measurements

Fundamentally, the amount of light output from a scintillator should be propor-
tional to the energy deposition in the detector. As this scintillation light is converted
into charge, the total amount of charge should be proportional to the energy depo-
sition. By integrating the current output from the detector, one obtains a measure-
ment of the energy. A number of analogue methods have been developed to per-
form this integration to yield an optimal energy resolution — commonly a detector
system includes a preamplifier to integrate the current pulses and an amplifier to
amplify and shape the integrated signal [147]. A common feature of such systems is
that the amplitude of the final signal is made to be proportional to the input charge,
so that the energy can be measured by measuring the pulse height. Using a peak-
sensing ADC, the pulse height is detected and digitised for spectroscopic analysis.
In Fig. 9.1, a typical detector signal is shown and its height indicated. It is clear that
noise and fluctuations may obscure the true pulse maximum, which is the motiva-
tion for pulse-processing methods.

In the case of purely analogue methods, optimal performance in terms of for in-
stance the signal-to-noise ratio (SNR) is the aim of integrating and shaping circuits.
Fast digital systems make it possible to take a different approach to pulse-height de-
termination, by directly digitising the preamplifier signal and applying digital fil-
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Figure 9.1: The purpose of pulse-height algorithms is to determine the height of a
detector signal, as this is proportional to the energy deposition in the detector. Here,
a typical detector signal is shown and its pulse height indicated.

ters directly on that signal. Digital filters commonly used to maximise the SNR to
obtain a good energy resolution include trapezoidal filters [148, 149], cusp filters
[150] and digital implementations of CR-RC filters [151]. Filters such as these are
commonly developed starting from an analogue filter, but are in many cases eas-
ier to implement in the digital domain. These filters often assume that the input
signal is well described as a single decaying exponential function. This assumption
is usually valid for signals from preamplifiers. In the case of the PANDA shashlyk
calorimeter, however, the signals from the PMTs are digitised directly (potentially
with some analogue shaping at the input stage of the digitiser), so that the sampled
signal is not well described by such an elementary function. In addition, most of
these digital algorithms suffer from the same issue as their analogue counterparts:
they are unable to withstand high-rate conditions [152]. This is not acceptable in
PANDA, where a high rate is expected in the shashlyk calorimeter, and pile-up re-
construction is desired. Therefore, a method capable of measuring the pulse height
of non-exponential pulses with a good SNR at high-rate conditions is necessary.
Finally, fully digital systems are capable of sampling and extracting entire pulse
waveforms, which has been utilised in spectroscopic applications by fitting the ex-
tracted waveforms offline to obtain pulse-height information [153, 154]. Advan-
tages of such methods are for instance that information about the entire pulse shape
is available for analysis, and that the pulse shape does not have to be described by a
simple exponential function but may be fitted with a custom pulse-shape function.
Due to the need for real-time processing of signals in PANDA due to high data rates,
such methods are not appropriate for application to the present work. Nonetheless,
there exists a well-known algorithm which may be used to perform a simplified fit to
incoming data in real time: the so-called optimal filter (OF) [155]. It is purely dig-



110 Chapter 9. Feature Extraction

ital as it has no direct analogue counterpart, and has been successfully used mainly
in particle-physics experiments for a long time [156-158]. It has been developed to
determine the amplitude and timing of detector signals given a known pulse shape.
As it is one of the algorithms used in this work, it will be described in more detail in
Sec. 9.3.

9.1.2 Timing Measurements

In addition to measuring the energy of the particle interacting in the calorimeter,
measuring its time of arrival is a key task for the EMC digitisers. In order to relate an
event to responses from other subdetectors in PANDA, accurate information about
its timing is necessary. The goal of any timing algorithm is to produce a logic signal
at a time directly related to the time-of-arrival of the measured signal. In Fig. 9.2, a
typical detector signal is shown and its start time indicated. As was the case for the
pulse-height determination, noise and fluctuations makes the task of determining
the pulse timing more difficult. As with algorithms developed for energy determina-
tion, timing algorithms have often been developed starting from analogue predeces-
sors. Such is the case for digital implementations of the leading edge discriminator
(LED) and the constant fraction discriminator (CFD).
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Figure 9.2: The purpose of timing algorithms is to determine the timing of a detector
signal. Here, a typical detector signal is shown and its start time indicated.

A LED outputs a logic signal when the input exceeds a fixed threshold, i. e.
on the leading edge of the detector signal [159]. The LED method suffers from two
sources of noise: jitter and time walk. Jitter is due to noise and statistical fluctuations
in the detector and readout electronics, and to some extent affects all timing algo-
rithms. Time walk is a more severe shortcoming of the LED method, and appears
when input signals have very different amplitudes from each other. If the rise time
of all signals is the same, the constant threshold of the LED will mean that a larger



9.1 Energy and Timing Measurements 111

pulse will cross the threshold earlier than a small pulse, even if the time of arrival of
the initiating particle was the same. While this effect is not very pronounced if the
pulse amplitudes are fairly constant, the LED method would cause a deterioration
if used in the shashlyk readout, where pulses having a wide range of amplitudes are
expected.

To reduce the impact of the time-walk effect, the CFD was developed [160]. In
contrast to the LED, which relies on a fixed threshold for timing determination, the
idea behind the CFD method is to trigger at a fraction of the pulse amplitude. In
this way, the strong pulse-height dependence of the determined time is removed. In
an analogue implementation of a CFD, this is achieved by splitting the input signal
into two branches — one which is delayed and one which is inverted and attenu-
ated. By triggering at the time when these two branches are equal (or equivalently
when their sum crosses zero), the timing signal is generated at a specific fraction of
the input-signal amplitude. The actual value of the fractional triggering level is spec-
ified by setting the delay time and the attenuation factor. It has been found that the
jitter induced by the CFD method is minimised when the triggering occurs at the
maximum slope of the signal rising edge. The CFD algorithm may be easily imple-
mented in digital signal processing (DSP) systems, and was due to its simplicity and
favourable properties chosen as one of the main algorithms for use in the present
work. The digital implementation of the CFD algorithm is described in more detail
in Sec. 9.2.

In addition to the digital implementation of analogue algorithms, several purely
digital algorithms have been developed. These include methods based on weighted
averages of pulse samples [161], moment analysis [162], pulse-shape fitting [161]
or interpolation techniques [163]. At least some of these more advanced methods
suffer from the same computational complexity as the more advanced algorithms for
pulse-height determination. The OF algorithm, briefly introduced in the previous
section, provides a way of estimating the pulse timing in real time while avoiding the
computational complexity of some of these methods. It will be described in more
detail in Sec. 9.3.

9.1.3  Pile-Up Events

For many years, the issue of pile-up events has posed a problem in radiation-detection
systems. In a gamma-spectroscopy system, pile-up causes distortion of the measured
spectrum, and for this reason methods to detect and discard pile-up events before
storage were developed [164-166]. Through the advent of digital-signal process-
ing systems, new possibilities to handle such events have opened up [167]. This
includes methods developed to not only reject pile-up events, but to some extent
reconstruct the underlying signals to extract signal features. Such methods have a
greater throughput than pileup-rejection methods where events are discarded, but
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may result in a loss of resolution as the resolution of reconstructed events is worse
than the resolution of undisturbed events. In Fig. 9.3, a typical pile-up event is
shown. The purpose of a pile-up reconstruction algorithm is to “disentangle” the
constituent pulses so that their respective heights and start times may be determined.

Pulse 1 height Pulse 2 height (true)

0 10 20 30 40 50 60

Time [a. u.]

Figure 9.3: The purpose of pile-up recovery algorithms is to reconstruct piled-up
pulses so that the heights and timings of the constituent pulses may be determined.
Here, a typical pile-up event, where a second pulse arrives before the end of the first
pulse, is shown.

In order to achieve the requirements of at most 1% event loss due to pile-up
placed on the PANDA EMCs, pile-up reconstruction algorithms are necessary. One
algorithm commonly used for this purpose is the moving window deconvolution
method [168], a trapezoidal filter which runs in real time and is implementable in an
FPGA. However, it relies on the assumptions that the signals are well described by a
simple exponentially decaying function. As was the case for the many pulse-height
algorithms relying on the same assumption, this is not valid in the shashlyk EMC,
and other methods have to be investigated. Many of the methods not requiring a
simple exponential pulse shape rely on pulse fitting [169] or deconvolution [170].
Such methods are often computationally intensive and require offline processing of
the saved waveforms. Real-time pulse fitting methods have been developed [171],
but also these require multiple iterations to converge to optimal pulse-height and
timing parameters.

Out of the recently proposed strategies to reconstruct pile-up events, the method
presented in this thesis is most similar to the one presented in [172]. It also shares
features with a proposed method for pile-up reconstruction in the PANDA EMC
[173,174], which includes pulse-tail subtration but also requires purely exponential
pulse shapes and cannot be directly applied in the shashlyk EMC. In this thesis, the
well known CFD and OF algorithms are combined with the purpose of construct-
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ing a real-time method, implementable in an FPGA, which is capable of improving
the energy and time resolution while also enabling pile-up reconstruction. A digi-
tal implementation of the CFD is used to extract a first estimate of the pulse timing,
and the OF is used to refine the timing determination and provide a measurement of
the pulse height. Due to the high channel density on the EMC digitiser, this method
has to require limited resources in the FPGA. In the subsequent sections, the CFD
and OF algorithms are described in more detail, and the principles behind the com-
bined algorithm developed in this work are outlined. The results of the method are
presented in the following chapters.

9.2 Constant-Fraction Discriminator

The CFD reduces the time-walk effect as it determines the pulse timing by measur-
ing the time at which the pulse reaches a fixed fraction of its maximum height. The
fractional triggering is achieved by splitting the input signal into two branches, one
which is delayed by a fixed time #;, and another which is inverted and attenuated
by a factor f relative to the original pulse height. All of these operations rely on the
determination of the signal baseline level /) (z), which is the voltage under the sig-
nal, which is not actually related to the particle interaction in the detector. While
the baseline can in the most general sense be time-dependent, it is commonly as-
sumed to be constant. For proper operation of the CFD algorithm, the baseline has
to be subtracted from the input signal. After summing the delayed and the attenu-
ated/inverted branches, the resulting signal shape is given by:

Verp (1) = V(e —tg) = Vo(t = ty)) = f(V () = Vo(1)), 0.1

where V" is the raw signal from the detector. The timing of the signal is determined
by measuring the time at which Vcpp crosses zero. The working principle of this
method is shown in Fig. 9.4.

The CFD method was in its original form a purely analogue one, but it may be
directly transferred into the digital domain by simply considering a sampled detector
signal. Given a set of such samples S[7z] (where z denotes the sample number), the
digital CFD (DCFD) output is, analogous to Eq. 9.1, given by:

Vocep[z] = (S[n — D] = B[n — D]) - f(S[n] — B[n]), 9:2)

where B is the signal baseline and D is the time delay used in the delayed branch.
In the simplest digital form of the DCFD, D is an integer, although methods have
been developed to consider also fractional-sample delays [175]. In this work, only
integer-value delays will be considered. Because of the discrete nature of the DCFD
algorithm, the true DCFD zero crossing is normally located between two sampling-
clock cycles. Because of this, some form of interpolation between the samples below
and above the zero crossing may be employed to extract Tpcrp, the DCFD time.
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Figure 9.4: Principle of using the constant fraction discriminator method to deter-
mine the timing of a detector signal. The raw signal is (after baseline subtraction) split
into two branches: one which is delayed and one which is inverted and attenuated.
The zero-crossing point of the sum of the two branches yields a time stamp which is
independent of the pulse height of the original signal.

9.3 Optimal Filter

One of the more common signal-processing algorithms used in high-energy physics
is the so-called optimal filter (OF) [155]. The OF filter is an example of a finite
impulse response (FIR)) filter [176], a type of filters which will now be briefly intro-
duced.

9.3.1 Finite Impulse Response Filters

As with any filter used in signal processing, the aim of a FIR filter is to modify an
input signal to reduce unwanted features (such as noise) or enhance features of in-
terest in the signal. A schematic view of a FIR filter is shown in Fig. 9.5, where N
delay-line elements are used to obtain a set of N +1 samples of a sampled input signal
x (giving x[n], x[n — 1], x[n — 2], ..., x[n — N]). Each of these samples is multiplied
by one of N + 1 corresponding coefficients &, and the results of the multiplications
are summed to give an output y[7]. Each sample used in the filter is known as a zap,
so that an N'th order FIR filter has N + 1 taps.



9.3. Optimal Filter 115

x[n] —_— Zfl | 271 reraeanns >| Z*l

FY¥Y %
Oe) S, W

Figure 9.5: Schematic drawing of the principle of a finite impulse response (FIR) filter,
in which N + 1 taps of the input signal x are multiplied with coefficients by, &1, b5, ...,
by. The filter output y[#] is the sum of the multiplied values.

9.3.2  Principles of the Optimal Filter

In the rest of this thesis, the notation used to denote the FIR-filter operations used
in the OF will differ from the more general notation just introduced. In particu-
lar, the total number of samples and coeflicients used in the filter will be denoted
M, the filter tap indices will run from 1 to A4 and the input signal will be denoted
S, = S[n] (where 7 is the sample number). The OF algorithm may be used to esti-
mate the amplitude and timing of a detector signal, under the assumption of white
noise. It relies on knowledge about the pulse shape g(#), which has an amplitude
normalised to 1. Although the OF will be given in the form of a FIR filter later in this
section, it is helpful — especially so for the work in this thesis — to introduce it as
being equivalent to fitting the incoming data with a linearised version of the known
pulse shape in a x? fit. The aim of this procedure is to estimate the pulse height and
timing. Given a sampled waveform such that a series of samples § = Sy, S, ..., Sar
are obtained, the agreement between the data and the assumed pulse shape may be
quantified using a 5> metric:

Mz

M
%2=Z

i=1

(S; = Ag(t; = T)Vy(§; — Ag(5; = 7)), (9.3)

~
I
—

where the normalised pulse template g(#) is evaluated at the sample times (i =
1, ..., M), is scaled by an amplitude parameter .4 and shifted in time by 7. 7 is the
deviation of the phase of the pulse from some assumed time of arrival. V7 is the
inverse of the covariance matrix for the different samples. This matrix depends on
any correlation between subsequent samples in the incoming data. By minimising
Eq. 9.3, the values of A4 and 7 giving the best agreement with the observed pulse
may be determined. Assuming that 7 is small, one may linearise g(# — 7) using a
Taylor expansion:

gt —7) =~ g(t;) — 74’ (1), (9.4)
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where ¢’(#;) = dg/dz. By defining oy = A and ay = A7, introducing the notation
g =g¢(t;) and g/ = ¢’ (#;) and combining Egs. 9.3 and 9.4, one obtains:

M M
= Z Z(Si — a1 + arg) V(S — ougj + oczgj'), (9.5)
=1 j=1

so that the task of estimating et; and «; is now reduced to a linear problem.

It can be shown [155] that minimising the x* in Eq. 9.5 yields expressions for
o and a that depend only on the pulse template g, the matrix V and the input
data §, and that this minimisation may also be performed in the time domain using
a FIR filter. This makes it easy to implement in an FPGA. In the time domain, o
and o, may be estimated using two FIR filters with sets of coefficients @ and b:

o = A= d,‘S,‘ (96)

M
ay = A7 = Z b;S; (9.7)

To satisty these relationships while assuming purely white noise, the sets of co-
efficients @ and b should be chosen according to:

a=XVg+xVg' (9.8)
b=uVg+eVyg, (9.9)
where A, %, w and ¢ are defined as follows:
/T ’
\%
A= — 55 _ _ (9.10)
(g'Vg) (g'Vg -(g Vg - (g Vg
/T
%
x= — —5 5 - (9.11)
(g"'Vg) g'Vg -(g" Vg (g Vg
/T
\%
w=— 5 £ - (9.12)
g'Vg) 'V -(g''Vg) - (g''Vy)
T
-9V
0 £ 78 (9.13)

C(@"Vg) - (g"Ve - gV - TV
Thus, since the ideal pulse shape ¢(7) (and its time-discretised version g) and the
matrix V are known, the sets of coefficients @ and b may be calculated offline and
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multiplied with any incoming data to give estimates for .4 and 47 according to Egs.
9.6 and 9.7. The fact that these coeflicients are constant makes the OF algorithm
very well suited for real-time applications. When the method is applied in real time,
it will constantly re-evaluate the output of the FIR filters based on the A4 input
samples. When the input data and waveform template are optimally aligned, the
output reaches its maximum and the estimates of o and a; correspond to the best
estimates for the analysed pulse.

Because the OF algorithm incorporates information from several samples into
the determination of the pulse height and timing, as well as prior information about
the expected pulse shape, it can provide accurate parameter estimation. In contrary
to the CFD algorithm, it does not rely directly on linear interpolation for timing
determination and should be able to more accurately describe a non-linear rising
pulse edge. However, this relies on both the assumption that the pulse shape from
the detector is fairly stable, that the pulse template ¢ actually contains the pulse max-
imum, and that a good initial estimate of the pulse timing is provided. In a collider
experiment with a bunched beam structure, the assumed time of arrival of signals
may be obtained by synchronising the clock used to sample the input signal with the
bunch-crossing frequency. In this case, the assumed time of arrival is readily given by
the sampling clock. In PANDA, this is not possible due to the free-running nature
of the DAQ (all electronics are time-synchronised using the SODANET protocol,
which is not directly derived from the antiproton-proton interaction rate). Because
of this, the method proposed in this thesis uses the CFD algorithm to provide an
initial timing estimate of the pulse timing, after which a small 7 may be assumed.
In practice, this means that the coefficient sets @ and b depend on the timing de-
termined by the CFD, since the time-discretised pulse template g will be different
for different assumed pulse timings. The solution to this issue will be described in
Ch. 10.

9.3.3  Pile-up Recovery

The previous sections introduced the two DSP algorithms forming the basis of the
rest of this thesis. Together, they may be used to solve the two main tasks of the
EMC digitiser: pulse height and timing determination. The CFD method provides
a first estimate of the pulse timing but gives no information about the pulse height.
By using the CFD timing estimate as an input to the OF algorithm, the timing de-
termination may be refined and the pulse height determined. However, as it is gen-
erally used, the OF algorithm does not enable pile-up reconstruction. Indeed, if the
pulse template g describes an ideal pulse shape and the input data corresponds to
two (or more) overlapping pulses, the algorithm will attempt to “fit” a single pulse
to the multi-pulse data and the pulse height and timing determination will most
likely not be correct.
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To obtain robust operation of the OF method even under pile-up conditions,
correlations introduced by pile-up events (which are essentially time-shifted and
scaled pulse templates superimposed on each others) may be incorporated into the
covariance matrix [177]. Such methods depend on the average pile-up probability,
which in turns depends on the primary-interaction rate. They may be used to sup-
press pile-up events when using the OF to make a trigger decision, but in a feature-
extraction application such as the PANDA EMC, where the full waveform will not
be stored for offline analysis, they are not suitable. A method based on the tradi-
tional OF aimed at simultaneous determination of a; and &, for two pile-up pulses
has been developed in the past [178], but comes with higher requirements on hard-
ware resources.

In this work, we propose another approach, which is illustrated in Fig. 9.6. As
the OF algorithm may be viewed as a way of minimising the x* in Eq. 9.5, there
is no reason why the “range” of the fit has to be large enough to cover the entire
pulse, except that information from more samples will go into the determination
of a; and a;. Since the most important information about the pulse — its height
and its timing — is contained within the first part of the pulse, the pulse-template g
may be truncated in time to correspond to a narrower fit range. The main require-
ments on this range are that it should cover the rising edge and the maximum of
the template pulse. By limiting the fit range, the influence that potential pile-up
events arriving on the tail of the primary pulse would have on the amplitude and
time determination are reduced. Limiting the fit range corresponds to decreasing
the number of FIR coeflicients A4, which also reduces the hardware requirements.
If oty and oty may indeed be successfully determined from the initial part of a pulse,
they will have been determined before the arrival of any pile-up pulses. Since the
pulse template g(#) is known, it may be scaled and shifted according to the parame-
ters determined from the fit to the initial pulse, and subtracted from the subsequent
input data. This way, the reconstructed tail of the first pulse will constitute the base-
line of subsequent pile-up pulses and may be used as such in both the CFD and OF
analyses of subsequent data. The analysis procedure of any pile-up events is exactly
the same as for the initial pulse, only assuming a non-constant baseline. With this
method, reconstruction of pile-up events should be possible as long as they are sep-
arated well enough that they don’t influence the OF fit range. The development of
this method is described in detail in the next chapter.
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Figure 9.6: Principle of the feature-extraction algorithm proposed in this work. Digi-
tised detector data are analysed by a combination of the CFD and OF algorithms. After
an initial timing estimate by the CFD method, a “truncated” OF algorithm covering
the initial part of the detector signal is used to determine the height and timing of the
first pulse. The determined pulse parameters may be used to calculate a reconstructed

pulse shape, which forms the baseline of any pile-up pulses.






10. Detector Modelling

To develop and benchmark an algorithm for feature extraction in the PANDA shash-
lyk calorimeter, a detailed Monte Carlo model of the detector and its readout has
been developed. This model has been developed using existing experimental data
from measurements of the response of a 4 X 4 prototype of the calorimeter. After
validating the model against these experimental data, it was used to generate realistic
detector signals on which the developed algorithm was applied.

10.1 Prototype Tests

In 2014, the response of an 4 X 4 calorimeter prototype to photons with energies
up to 800 MeV was measured at the tagged-photon facility at the MAMI (Mainzer
Mikrotron) electron accelerator in Mainz, Germany [146, 179]. These experiments
were performed and analysed by the PANDA groups from Gieflen, Germany and
Protvino, Russia. During these measurements, the full digitised waveforms were
extracted for each event, allowing for flexible offline analysis. These measurements
provided valuable information about for example the energy and time resolution
of the calorimeter. For the work presented in this thesis, these measurements also
provide information about the detector pulse shape.

The MAMI electron-accelerator system used during the prototype tests con-
sists of a thermionic electron gun, a 4-MeV linear accelerator and three racetrack mi-
crotrons. At the end of acceleration, the electrons had an energy of 855 MeV. The
calorimeter prototype was placed in the MAMI A2 hall, where the electron beam
was directed into a 10-um copper foil acting as a radiator to produce bremsstrahlung
photons. After bremsstrahlung photons are produced, the electrons are deflected
by a dipole magnet (the tagger), and directed onto a plastic-scintillator hodoscope
where their energies are determined. In this way, a quasi-monoenergetic beam of
tagged photons is obtained as the electron energy detected at the hodoscope is di-
rectly related to the energy of the corresponding bremsstrahlung photon. By requir-
ing a coincidence between a signal in the prototype and a signal in the hodoscope,
the detector response to different photon energies may be measured.

Fig. 10.1a shows a photograph of the 4 X 4 prototype used at MAMI. During the
prototype tests, the calorimeter was mounted on a movable table, so thatits position
relative to the photon beam could be modified. Using this setup, the response of

121
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the calorimeter at different beam positions could be measured. A subset of these
data was used in the analysis presented in this work — as shown in Fig. 10.1b, the
measurements of relevance here are the ones where the beam was aimed into the
centre of one particular cell (position 4) and also when aimed at the interface between
two cells (position b).

16 12 8 4
15 11 7 3
bl a
o O
14 10 6 2
13 9 5 1
(b)

Figure 10.1: a) Photograph of the 4 X 4 shashlyk prototype used during the 2014 tests
and b) a schematic drawing of the numbering scheme used to identify the cells in the
prototype. In this work, measurements taken when the photon beam was directed
into positions a (centre of cell 6) and b (interface between cells 6 and 10) were used.
Photograph taken from [146].

A VME-based Wiener AVM16 160 MHz, 12-bit sampling ADC [180] was used
to digitise the signals from the calorimeter prototype, and readout was triggered by a
coincidence between a signal in any calorimeter cell and a signal in any of 15 electron-
hodoscope channels selected to correspond to photon energies evenly distributed
below 800 MeV. Each acquired waveform consisted of 162 samples, corresponding
to 1012.5 ns. At each occurring trigger, the data from all 16 calorimeter cells were
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read out. In Fig. 10.2, three examples of collected waveforms are shown. Due to an
impedance mismatch between the PMT outputs and the ADC inputs present dur-
ing the prototype tests, reflection of the signals occurred. The resulting undershoot
is clearly visible in the acquired waveforms. The amplitude of the undershoot was
assumed to be proportional to the amplitude of the original pulse, and the under-
shoot region of the waveforms was excluded in the analysis.

Another instrumental effect discovered during the original analysis of these data
was a non-linearity in the response of the used sampling ADC at photon energies
higher than 400 MeV. This had the effect that only data corresponding to tagged-
photon energies below 400 MeV could be used in the analysis. For this reason, data
from the first eight tagger channels only — corresponding to photon energies of 55,
78,95, 125,156,182, 239, 301 and 342 MeV — will be used in the analysis here.

1000 A
-=0-= 55 MeV
800 156 MeV
5 —e— 301 MeV
4 600
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Figure 10.2: Examples of waveforms acquired during the 2014 prototype tests at three
different tagged-photon energies. The undershoot visible just before 600 ns is a result
of an impedance mismatch during the experiment, and this region of the waveform
was excluded in the analysis.

10.2 Geant4 Simulation

In order to develop feature-extraction algorithms for the shashlyk calorimeter, a
Monte Carlo model of the 4 X 4 prototype has been developed. The starting point
of this model is a Geant4 simulation of photons interacting in the 4 X 4 prototype.
A schematic side view of a single shashlyk cell is shown in Fig. 10.3 — this was the ba-
sis for the modelled detector geometry, with the exception of the WLS fibres which
were assumed to provide a negligible contribution to the energy deposition in the
cell due to the relatively small fibre diameter of 1 mm. The Tyvek sheets placed be-
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tween the layers in the calorimeter are not shown in Fig. 10.3 but were included in
the modelling as they contribute to the thickness of the detector and therefore could
influence the shower development and potential leakage.

~90 cm

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

:Scintillator Lead i x 380 Wavelength-shifting fibre

Figure 10.3: Schematic side view of a single shashlyk-calorimeter cell. Each cell consists
of 380 layers of interleaved scintillators and lead, giving a total thickness of approxi-
mately 90 cm. The Tyvek sheets placed between the layers are not shown here, but are
taken into account in the total thickness. WLS fibres are used to read out the scintilla-
tion light, which is detected and converted to a current in a PMT. The signal from the
PMT is digitised and may be processed by an FPGA.

The MAMI facility provided a tagged photon beam, and as each scintillator
in the tagger hodoscope has a finite width, the tagged photons corresponding to a
particular tagger channel will have a (narrow) energy distribution, which was taken
into account when simulating the beams. Due to the bremsstrahlung process, the
tagged-photon beam had a finite size when reaching the prototype, and this was
modelled as a beam having an intensity distribution given by a 2D normal distribu-
tion with a standard deviation of 3.6 mm, in accordance with [146].

Each of the 380 layers of an individual cell was modelled as consisting of a 175-
um Tyvek sheet, a1500-um scintillator plate, another 175-um Tyvek sheetand a 275-
um lead plate. An air gap of 1 um was assumed between each of these components.
A schematic drawing of such a layer is shown in Fig. 10.4. The wavelength-shifting
fibres were notincluded in the Geant4 geometry, as they were assumed to have a neg-
ligible impact on the energy-deposition profile. In addition, no mechanical holding
structures were included. The matrix was constructed by stacking 4x4 such cells side
by side, with a 0.5-mm air gap between each pair of cells. Fig. 10.5 shows the energy-
deposition distributions for the different parts of cell 6 after centring a 55-MeV pho-
ton beam on that cell. These distributions show the sum of the contributions from
all layers in the cell, and show that the energy deposited in the Tyvek sheets is small,
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Figure 10.4: Schematic drawing of a single shashlyk-calorimeter layer, as implemented
in the Geant4 simulation. Each layer consists of a 175-um Tyvek sheet (a), a 1500-um

scintillator plate (b), another 175-um Tyvek sheet () and a 275-yum lead plate. Between
each layer there is a 1 um air gap.

but non-zero. Also shown is the distribution of the total energy deposition in the
cell, i. e. the sum of all contributions from the scintillators, absorbers and Tyvek
sheets. The asymmetry of the energy-deposition distribution indicates that there is
a substantial lateral leakage of the electromagnetic shower.

250 . (a)

0 -
> 250 - b
c (b)
© ,*
S 0 -
g 2500 1 1 (c)
£ 0-
5 d
A 100 - (d)

O T T

0 10 20 30 40 50 60

Energy deposition [MeV]

Figure 10.5: Spectra of simulated energy depositions in the (a) scintillator plates, (b)
lead absorber plates, (c) Tyvek sheets in cell 6 in the 4 X 4 matrix, after simulating 1-10%

55-MeV photons directed into the centre of that cell. In (d), the total energy deposition
in the entire cell is shown.

The Geant4 simulation provides access to event-by-event sampling fluctuations
intrinsic to the calorimeter, but in order to model the full response of the calorime-
ter, including the PMT and readout electronics, proper treatment of time and am-

plitude fluctuations in the system is necessary. These considerations are described
in the following subsections.
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10.3 Calorimeter Response Function

In order to obtain realistic pulse shapes based on the results of the Geant4 simula-
tion, the entire detector and readout have to be modelled. As shown in Fig. 10.6,
one may divide the detector and readout of a single shashlyk cell into four main
components that affect the pulse size and shape:

1. The 380 scintillator plates in the cell, which convert the energy deposited into
scintillation light.

2. The WLS fibres, which absorb the scintillation light, re-emits it at a longer
wavelength and transport the wavelength-shifted light to the photomulti-
plier tube.

3. In the PMT, electrons are produced from the scintillation photons using a
photocathode, and multiplies these electrons to generate a measurable cur-
rent at the anode.

4. The ADC interface is assumed to consist of a parallel RC circuit which con-
verts the current from the PMT anode to a voltage and a digitisation step
where the resulting voltage is digitised.

(1) fyrs(o) fomr (1) fapc(t)
Scintillator plates ‘Wavelerfl‘ith—shifting I Photomultiplier I ADC interface
ibres

Figure 10.6: Flowchart depicting the components of the calorimeter detector and read-
out that affect the pulse size and shape.

The four components of this single-cell system may be characterised by their
time-domain transfer functions £, fwrs, fomT and fapc, so that the total transfer
function fror of the shashlyk cell is given by the convolution of these:

380

Fror(®) = | D (il®) = fwrs ()| * foner () * fape(®),  (10.1)
i=1

where the response functions of all 380 layers have been summed for the scintillators
and WLS fibres, since the total light yield is the sum of the contributions from the
individual layers. The convolution operation * between two functions f(z) and

g(2) is defined as:
(f*20)(2) = / f(n)g(t — 7)dr. (10.2)
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The time-domain response function describes the digitised pulse shape from
the detector as a function of the amount of energy deposited in the scintillators.
The different components of the response function will now be discussed in detail.

10.3.1  Scintillator Response Function

The scintillator response function f; describes the time and amplitude structure of
the scintillation light given a certain energy deposition in each of the 380 scintillation
plates. Assuming that there is no leakage of scintillation light between the different
layers, one may treat each layer independently and sum the responses at a later stage.

The time structure of scintillation light from a plastic scintillator with a very
similar composition to the one used in the PANDA shashlyk calorimeter has been
studied before for use in the CDF experiment [181]. Given the similarity in the com-
position (2% pIP and 0.03% POPOP in the previous study compared with 1.5%
pIP and 0.04% POPOP in PANDA), we assume the same time structure. The re-
sulting response function of the #:th layer, £; ;, is given by:

f (l‘) _ 5i1+R To—T1
S, i =
0, otherwise,

4 exp(—t/72)—exp(—t/71) + REXP(;j/T3) ) ifr>0

(10.3)

where the values on the parameters R = 0.24, 71 = 1.04 ns, 75 = 1.54 ns and
73 = 7.8 ns were obtained from [181]. s; is the amount of energy deposited in
scintillator layer 7 and @is the average number of generated scintillation photons per
unit of deposited energy in the scintillator. For an energy deposition in a particular
layer at a specific time, the scintillator response function yields the time distribution
of the produced scintillation photons.

10.3.2  Wavelength-Shifting Fibre Response Function

The WLS fibres used in the PANDA shashlyk calorimeter are 1-mm diameter Ku-
raray Y-11(200)M green-shifting WLS fibres [182]. As discussed in Sec. 4.4, each
shashlyk cell is read out by nine such fibres, each making a 180-degree turn at the
front of the cell. As a result, each scintillator layer is pierced by 18 fibres. Several
properties of the WLS fibres are of interest:

* The purpose of the fibres is to absorb scintillation photons and re-emit pho-
tons at a longer wavelength. This process has an associated decay time intrin-
sic to the fibre, and has previously been measured to be 7wrs = 7.3 ns [183].

* Light transported through a fibre will be attenuated due to losses from the
fibre. This effect has previously been measured to correspond to an exponen-
tial attenuation with an attenuation coefficient of © = 0.33 m~! [184]. In
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addition, the quite sharp 180-degree fibre bend at the front of the cell was as-
sumed to result in an additional loss of 30% of the photons passing through
it, so that the transmission probability of light travelling that way is px = 0.7.

* The speed of the light transported through a fibre depends on the refractive
index of the fibre, which was taken to be » = 1.59 [182].

In the following calculations, it will be assumed that the total length of a single
fibre is given by 2/, where / is the thickness of the entire calorimeter. After being
absorbed and re-emitted in a WLS fibre, a scintillation photon may travel in any of
the two directions in the fibre: either directly towards the PMT or towards the fibre
bend at the front of the cell. In the first case, the photon has to travel a distance d, ;
(the distance from the z:th scintillator layer to the back of the calorimeter), while it
in the second case has to travel a distance b ; = [ + (I — d, ;). The different path
lengths result in different attenuations, in addition to the extra attenuation affecting
the light passing through the fibre bend. The full response function of a WLS fibre

from layer 7 is given by:
JwLs,i = fwis, 1,i +fWLs, 2, i> (10.4)

where fivrs,1,i contains information about the photons transported directly from
the scintillator layer to the PMT (a distance 4j, ;) and firs, 2, i contains information
about the photons transported via the fibre bend (a distance d>, ;).

Combining the different sources of photon attenuation with the exponential
time structure introduced by the WLS, the response function for photons trans-
ported directly to the PMT is given by:

exp(—(t-Tgis)/rwis) . 1 i
s, ,i(2) = 0.5 exp(—ueh, ;) Tv‘vVLI;S o i = Ty (10.5)
X otherwise,

where T\lilis is the time it takes for the re-emitted photons to travel from the #:th
layer to the PMT, given by the speed of light corrected for the fibre refractive index.
The factor 0.5 represents the fact that only half the number of produced photons
will travel this path, and the factor & represents additional (but position-independent)
losses!. Note that this response function does not include any reference to the actual
number of scintillation photons — when solving the convolution in Eq. 10.1 this
will be included from the scintillator response function.

The situation is very similar for the case where the absorbed and re-emitted pho-

ton from the z:th layer travels to the PM T via the fibre bend, only that dj, ; is replaced

1A typical position-independent loss in efficiency could come from imperfect photon
transmission from the scintillator to the WLS.
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by d>, ; and an extra factor py is included to account for the light loss at the fibre bend:

B ' exp(—(t—Té;Lis)/T\VLs) . 2, i
fWLS, 2,i(t) = {Osgpx CXP( Mdz’ l) TWLS ’ if ¢ = TWLS (106)

3 otherwise,

where also the different travel time, T\%(;Lis, for the photons taking this longer path
has been included.

Since each scintillator layer will be read out by a number of fibres, the response
function should be scaled accordingly. However, since this can be represented by a
constant factor, it can be absorbed byé in the above equations.

10.3.3 Photomultiplier Response Function

In the PANDA shashlyk calorimeter, a 10-dynode Hamamatsu R7899 PMT is used
to read out the light from the WLS fibres. The first part of the PMT is the pho-
tocathode, where electrons are produced when photons impinge on it. The proba-
bility of this process occurring is given by the quantum efficiency g, which depends
primarily on the material of the photocathode. The produced electrons are acceler-
ated by electric fields and multiplied at the PMT dynodes and the resulting currentis
read out at the PMT anode. The average total gain Gpyyr of the PMT was assumed
to be 2 - 10° [78].

Two effects of the PMT on the time structure of the pulse are assumed. First,
the multiplication process in the PMT leads to a time spread in the anode pulse,
which was modelled as a normal distribution having a 10-90% rise time of 1.6 ns
and a mean transit time of 17 ns [ 78, 185]. Secondly, transit-time spread (TTS) in the
PMT was modelled as a normal distribution having a full-width at half maximum of
0.6 ns [78]. To combine these effects in a single response function, these two normal
distributions were convolved, a procedure resulting in a wider normal distribution.
Combining these effects with the PMT gain, the average PMT response function
may be written as:

qGpmT
[ 2
27(a} + 0fopg)

where TpyT is the mean transit time in the PMT, o, is the standard deviation of the
anode pulse and s is the standard deviation of the TTS.

fomr(e) = exp(—0.5(t — Tomr)>/ (07 + o)), (10.7)

10.3.4 ADC-interface Response Function

The interface between the PMT anode and the input of the sampling ADC is as-
sumed to correspond to a parallel RC circuit, where the voltage difference J” across
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the resistor is measured and changes as current from the PMT flows into the circuit
[186]. The time dependence of this voltage is given by the differential equation:

AN ONNAU)
d¢ ~ C  RC’

(10.8)

where i(¢) is the current from the anode and R and C are the resistance and ca-
pacitance in the RC circuit, respectively. Solving this differential equation with a
delta-function input current yields the transfer function of the circuit:

Gapc

C
‘aDC(?) =
f 0, otherwise,

exp(—t/7rc); ifr>0 (10.9)

where Gapc is the analogue-to-digital conversion gain of the ADC (which includes
digitisation of the analogue signal), and 7rc = RC is the anode time constant. This
essentially leads to some shaping of the anode pulse.

10.4 Model Calibration

As shown in Eq. 10.1, the response function fror(#) of the entire cell is given by the
convolution of the scintillator, WLS fibre, PMT and ADC-interface response func-
tions. There exists an analytical solution to this convolution problem, and one may
calculate the average response of the whole cell to an event where energy depositions
[51, 52, ..., 5380 ] occur at times [ 77, 75, ..., T380] in the 380 different scintillator layers.
The energy-deposition times may be calculated relative to the time Tp when the in-
cident photon hits the front of the detector by assuming that the electromagnetic
shower develops through the cell ata speed of ¢. The only free parameters of fror ()
are a time offset T, a scaling factor G and the anode-circuit time constant 7rc. The
scaling factor G is the integral of fror and incorporates all normalisation and gain
factors — including the number of scintillation photons produced per unit of en-
ergy deposition, and thus acts as an overall scaling constant. The parameter 7gc is
thus assumed to be the only free parameter affecting the shape of the digitised pulse.

To fully model the calorimeter, the different contributions to the time structure
of its signal have to be understood. In the following sections, the determination
of the relative contribution to the total scintillation-photon yield by each layer, the
number of generated photoelectrons and the anode time constant will be described.
In addition, an energy calibration of the model will be described.

10.4.1 Layer Contribution to Scintillation-Photon Yield

Due to sampling fluctuations in the calorimeter, the energy deposition s; in a par-
ticular scintillator layer, and therefore also the calorimeter response to a photon of
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a particular energy, will in reality differ on an event-by-event basis. As a first step in
calibrating the model, one may study the contribution of the scintillation photons
generated in layer 7 to the toral number of photons reaching the PMT. In this case,
the time structure of the signal does not matter since we are only interested in a to-
tal photon yield. By combining the time-independent parts of Egs. 10.3-10.6, one
obtains an expression for the average relative contribution 7; of layer 7 to the total

number of photons at the PMT:

(s exp(—udy, i) + (sipx exp(—uds, ;)
ri = 380 > (1010)
2o [y exp(—udy, ) + (s)px exp(—uds, )]

i=1

where (s;) is the average energy deposition in scintillator layer i. 4y ; and d,, ; are
known for each layer, and p and u describe scintillation-light attenuation, as dis-
cussed in Sec. 10.3.2. The factor (s;)/ > (s;) was determined for each layer for each
of the nine tagged-photon energies by simulating the interactions of 1- 107 photons
directed onto position a of the cell (see Fig. 10.1b). The result is shown in Fig. 10.7,
where the average relative energy deposition per layer is shown as a function of layer
number for three different incident-photon energies. Here, layer number 1 corre-
sponds to the layer closest to the front of the detector, while layer 380 is the one

closest to the PMT.
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Figure 10.7: Simulated shower shape in a single shashlyk cell at three different incident-

photon energies.

As the average contribution of each layer to the total light yield of the detec-
tor has been determined, the average time-independent component of the full re-
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sponse function fror(#) up to the point of the photocathode is known. By sum-
ming the time-dependent response functions of all 380 scintillator layers and their
corresponding WLS fibres, weighted by their respective 7; values, also the time-
component of the response function until the photocathode stage may be calcu-
lated. Convolving this with the PMT and ADC-interface responses as discussed
above, an average detector response_}AETOT(t; E,, G, Ty, 7rc), which depends on the
incident-photon energy E,, and the three free parameters discussed above, is ob-
tained.

10.4.2 Number of Generated Photoelectrons

In order to model fluctuations in the detector, the time-independent scaling factor
G present in the total transfer function has to be decomposed into its various com-
ponents. One of the most important factors determining the statistical noise in the
detector is the number of photoelectrons generated at the PMT photocathode per
unit energy deposition in the detector. Earlier studies of the shashlyk calorimeter
have shown that if an energy Etor is deposited in the entire cell (i. e. in scintil-
lators, absorbers and Tyvek sheets), £ = 3.6 Mev! photoelectrons are on average
generated at the photocathode [146]. This gives:

(P) = kETOT, (10.11)

where (P) is the average total number of generated photoelectrons. In order to relate
this to the energy deposited in the scintillator layers, the Geant4 model was used to
determine the average fraction between the total energy deposition in all 380 scintil-
lator layers stot and Etor. This was done by simulating a large number of photons
for each tagged-photon energy and determining the ratio between the two for each
event. As shown in Fig. 10.8, the ratio stor/EtoT appears to be quite constant over
the entire energy range, and the average fraction (sror/EtoTr) Was determined by
fitting a horizontal line to the data.

One may now rewrite Eq. 10.11 in terms of the energy deposition in the scintil-
lator layers:

E
(P) = /e< ToT > STOT (10.12)
STOT
where both k£ and { Fror/sroT) are now known constants. At the same time, it is
also known that if N scintillation photons hit the photocathode, the average num-
ber of generated photoelectrons (P) is given by:

(P =qN, (10.13)

where g is the quantum efficiency of the photocathode. Using Eqs. 10.3, 10.5 and
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Figure 10.8: Event-by-event fraction between the total energy deposition in all 380
scintillator layers stor and the total energy deposition in the whole cell (including lead
plates and Tyvek) Etor, determined from the simulation as a function of the incident-
photon energy. The average of this fraction is approximately constant across the entire
investigated energy range, with (stor/EroT) determined by fitting a horizontal line
(dashed) to the data. The uncertainty (in parentheses) corresponds to the one-standard
deviation uncertainty in the fit parameter.

10.6 we also know:
380

N =g 2[0-551' exp(—udy, ;) + 0.55;py exp(—udy, 1)1, (10.14)

=1

which may be combined with Eqs. 10.12-10.14 so that one finally obtains:

380

STOT = ﬁ < JTOT >Z[0.55i exp(—udy, ;) + 0.55;px exp(—udy, ;)] (10.15)
k \Eror| 4

Here, stor and the §; of all individual scintillator layers may be determined on an

event-by-event basis from the Geant4 simulation. As shown in Fig. 10.9, a first-

degree polynomial intersecting the origin was fitted to these data to yield a value on

2 <m> From this, g8¢ was determined to be 13.8 MeV . By determining &

k \ Etor
in this way, Eq. 10.14 may now be solved for any set of s; values to give the average

total number of generated photoelectrons ().

10.4.3 Anode Time Constant

Since 7rc is the only free parameter which should be the same for all measured sig-
nals, its value may be determined by performing a fit to a number of experimentally
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Figure10.9: Simulated total energy deposition in all 380 scintillator layers as a function
of Z?f(l) [0.55; exp(—udy, ;) + 0.55;px exp(—udy, ;)], which is related to the number of
scintillation photons reaching the PMT photocathode. A first-degree polynomial in-
tersecting the origin has been fitted to determine qPB&. See text for details. The uncer-
tainty (in parentheses) corresponds to the one-standard deviation uncertainty in the
fit parameter.

measured signal waveforms. This was done by performing a global fit of}:fOT(t)
to 90 measured waveforms — 10 from each of the selected tagged-photon energies.
In this fit, 7rc was treated as a global parameter that should be the same for all fit-
ted waveforms, while G and T were allowed to vary freely between the individual
waveforms. For each waveform, 10 samples around the signal maximum were in-
cluded in the fit to exclude the undershoot present in the experimental data. For
each waveform E, was known, and therefore the appropriate (s) values. This pro-
cedure yielded a value of 7rc = 17.1 ns. This value could also depend on possible
signal shaping at the input of the sampling ADC, which was unknown for the de-
vice used during the 2014 prototype tests. One example of the fitted pulse shape is
shown in Fig. 10.10.

10.4.4 Energy Calibration

By the reasoning given above, it is now possible to relate the energy deposition in
the detector to an average photoelectron yield per energy deposition. The average
gain of the PMT is known, as is the multiplication of the individual dynode stages.
Indeed, the only parameter not yet specified is the amplitude-scaling factor intro-
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Figure 10.10: One of the 90 experimentally obtained waveforms to which the average
shashlyk response function was fitted. The dashed lines show the region used in the
fit, which was chosen to avoid effects on the pulse shape due to the undershoot. The
integral G and time-offset T parameters were allowed to vary freely between the in-
dividual waveforms, and 7r¢c was a global parameter that should be the same for all
fitted waveforms. The uncertainties (in parentheses) correspond to the one-standard
deviation uncertainties in the fit parameters.

duced by the response function of the ADC-interface. This scaling factor is defined
as Gapc/C in Eq. 10.9, and is related to the overall scaling factor G of the response
function of the whole detector as:

© Gapc Gapc Eror
G= / Sfror(¢)dr = c TRC{P)GpmT = ’ch/C< STCC))T >5TOTGPMT:

(10.16)
where G is given in units of (ADC channels)-ns and Eq. 10.12 has been used for the
second equality. Gapc is given in units of ADC channels per voltage, and C in units
of inverse voltage (since the amount of charge at the PMT anode is given in units of
number of electrons). As such, Gapc/C has units of ADC channels.

By fitting a large number of experimentally obtained waveforms with the con-
volved detector response function as in Sec. 10.4.3 (only now with 7rc known and
fixed), a histogram of the determined values of the G parameter from the fits was cre-
ated for each of the nine tagged-photon energies. Similarly, nine histograms of the
stot values from the Geant4 simulation were created. Due to leakage of the electro-
magnetic shower to adjacent cells, these distributions are more or less asymmetric.
The Novosibirsk function [187, 188] was used to fit these asymmetric distributions.
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The Novosibirsk function is given by:

2 —
f(E; A, 7,08, Ey) = Aexp [—% (10g L+ AZ(E £o)) + 72)} : (10.17)
T

where

inh log 4

Sinh(7 ylog ) (1018)
oeT +/log4

The shape of the Novosibirsk function depends on a “tail parameter” 7 and a width
7. Its mode is defined by the ty parameter. This function will be used through-
out the rest of this thesis when fitting distributions of energy depositions in the
shashlyk cell. Here, Novosibirsk functions were fitted to both the distributions of
G values (determined from pulse-shape fits) for a particular photon energy and the
corresponding distributions of stor. The relationship between the modes of these
Novosibirsk fits is shown in Fig. 10.11. From the slope of the fitted line, Gapc/C
was determined to be 1.5 - 107° ADC channels.
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Figure 10.11: The overall scaling factor G as a function of the total amount of energy
deposited in the shashlyk cell, as determined by fitting Novosibirsk functions to the
respective distributions. The slope of the fit makes it possible to determine Gapc/C.
The uncertainty (in parentheses) corresponds to the one-standard deviation uncer-
tainty in the fit parameter.
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10.5 Signal Generation

The calibrations of the model make it possible to generate realistic detector sig-
nals incorporating all the discussed noise sources on an event-by-event basis. For
a Geant4-simulated event resulting in energy depositions [s1, 52, ..., 5330] in the scin-
tillator layers, this is done as follows:

1.

Pick a T} value from the uniform distribution [60 ns, 100 ns]. This was done
to cover all timing phases relative to the 6.25 ns ADC sampling clock.

For the #:th scintillator layer, the average number of electrons produced at
the photocathode due to the energy deposition 5; depends on the attenuation
of scintillation photons in the WLS fibres: (P;) = q,@ff[O.Ssi exp(—udy, ;) +
0.5s;px exp(—udy, ;)]. For a particular event, the actual number of generated
photoelectrons was determined by picking a random number from a Poisson
distribution with the mean (P). This process was repeated for all 380 layers.

Each generated photoelectron may have been caused by a photon travelling
either a distance dj, ; or d, ; through the WLS fibre. The average relative
probability of a photon having travelled the distance 4, ; is for example given
by exp(—udy, ;)/[exp(—udy, ;) + px exp(—uda, ;) ], and by picking a random
value from the uniform distribution [0, 1] and comparing with this (i. e.
drawing from a binomial distribution), the path of the scintillation light caus-
ing a particular photoelectron was determined.

The time of generation of each photoelectron was determined by picking a
time from the time distributions given by the scintillator and WLS-fibre re-
sponse functions in Eqs. 10.5 and 10.6.

The mean electron transit time through the PMT was determined from the
normal distribution used to model the transit-time spread.

In order to track the multiplication of the electrons through the PMT, the
gains of the individual dynode stages were taken into account to determine
the number of electrons reaching the PMT anode. Here, Poisson statistics
was assumed to govern the electron-multiplication process at the dynodes.

Since the number of electrons at the anode is very large, the time structure
of the anode pulse was modelled as a normal distribution as discussed in Sec.
10.3.3, normalised to the determined number of electrons at the anode.

Finally, the resulting current from the anode was convolved with the ADC-
interface response function in Eq. 10.9, which includes digitisation in the
ADC and shaping, assumed to be due to the anode circuitry.
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The electronic noise was modelled as white noise having an r.m.s. given by the
experimental data. By modelling individual detector responses according to this
procedure, realistic sources of noise and fluctuations are included on an event-by-
event basis.
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Figure 10.12: Example of a simulated event, at an incident-photon energy of 156 MeV.
a) shows the current of generated photoelectrons (the cathode current), b) the current
at the PMT anode and c) the final, digitised pulse in the ADC.

10.6 Model Validation

By using the model to simulate the response of the calorimeter to the tagged-photon
beams used during the prototype tests, the simulated waveforms may be analysed
in the same way as the experimentally obtained waveforms. This makes model vali-
dation possible, regarding both the energy and timing resolution of the prototype.
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For these validations, 8 - 10° simulated waveforms were generated at each of the nine
tagged-photon energies.

10.6.1  Energy Resolution

The single-cell pulse-height distributions of both the simulated and the experimen-
tal waveforms were obtained by histogramming the maximum of each waveform.
As shown in Fig. 10.13, a Novosibirsk distribution was fitted to each of the two dis-
tribution, and the relative energy resolution was defined as ¢z/Ey, where Ej is the
mode of the Novosibirsk distribution and o characterises its width.

—— Novosibirsk fit
2000 A I Model
Eq = 581.5(4)
£ 7 = 101.0(2)
3] 0 - T
2.
§ 200 - Novosibirsk fit
© B Experiment
100 7 Eo = 578(2)
ar =99(1)
0+ E— | — T
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Pulse height [a. u.]

Figure 10.13: Comparison between the pulse-height distribution corresponding to
156-MeV photons, as determined from model-generated (in red) and from experimen-
tal data (in blue), respectively. The uncertainties (in parentheses) correspond to the
one-standard deviation uncertainties in the parameters of the fitted Novosibirsk dis-
tributions.

Fig. 10.14 shows a comparison between the obtained model and experiment
relative energy resolutions for all nine tagged-photon energies. The agreement be-
tween the model and the experiment is in general very good, with the exception for
the lowest-energy datum point.

10.6.2 Time Resolution

The time resolution of the 4 X 4 shashlyk prototype has previously been investi-
gated [179], by analysing the data from the measurements taken with the photon
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Figure 10.14: Comparison between the determined relative energy resolution from ex-
perimental data and the model-generated data, as a function of incident-photon en-
ergy. The error bars correspond to the one-standard deviation uncertainties in the fit-
ted Novosibirsk distributions.

beam directed onto position b (see Fig. 10.1b) of the matrix, i. e. onto the inter-
face between two adjacent cells. The acquired waveforms from each of the two cells
were analysed offline using the CFD timing algorithm, discussed in Sec. 9.2. For a
particular event, the pulse timings 73 and 75 were determined for the two detector
signals. Under the requirement that the two pulses corresponded to similar energy
depositions (within 10% of each others), the time resolution of a single detector was
determined from the time difference AT between 77 and 75. This relies on the
assumption that similar energy depositions would correspond to similar time res-
olutions. After analysing a large number of events, a distribution of AT values is
obtained. Assuming that the responses of the two cells are uncorrelated, the time
resolution was determined from:

op= ZAD (10.19)

V2

where ¢(AT) is the standard deviation of the distribution of AT By performing
exactly the same analysis procedure on the model-generated waveforms, for each of
the two beam positions, the time resolution as given by Eq. 10.19 was determined.
Note that the time resolution is determined as a function of the amount of energy

deposited in each of the two adjacent cells.
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Figure 10.15: Comparison between the determined time resolution from experimen-
tal data and the model-generated data, determined from the time difference between
signals in adjacent cells. The time resolution is shown as a function of the energy de-
position per cell, which was selected by requiring that the two pulses corresponded
to energy depositions within 10% of each others. The error bars correspond to the
one-standard deviation uncertainties in the fitted normal distributions.






11. Algorithm Development

The end goal for the algorithm introduced in Ch. 9 is implementation in an FPGA.
In order to test the performance of the proposed method, it has been implemented
in the hardware-description language VHDL and used in a simulation environment
to analyse waveforms generated by the model described in Ch. 10. Each generated
pulse corresponds to a particular photon-interaction time 7 and a certain energy
deposition in the cell Eror, which are known from the model. This enables bench-
marking of the model under realistic conditions.

The OF (optimal filter) algorithm, introduced in Sec. 9.3, relies on three as-
sumptions about the detector signal:

* The signal is a pulse with a fixed shape, scaled by an amplitude .4 and shifted
by a time 7.

* The phase shift 7 is assumed to be small, and describes the deviation of the
pulse timing from an assumed time #.

* The noise under a single detector pulse can be approximated as white noise.

The tasks of determining the pulse-shape template, obtaining an estimate of #y, im-
plementing the filter in VHDL and evaluating its performance will be described in
this chapter.

11.1  Pulse-Shape Template

While the Monte Carlo model provides a way of parameterising the detector pulse
shape through the detector response function, this description inherently relies on
the shower shape in the detector. As the shower shape depends on the incident-
photon energy, and the OF relies on an energy-independent fixed pulse shape, an-
other approach has to be taken to obtain a function describing the overall pulse
shape. This is also of importance for realistic applications of the method, as a full
time-based Monte Carlo model of a detector is not generally available. To describe
the average pulse shape, the lognormal function was used:

Ay exp(u—0.56%) exp [[log(r_TL)—MJz] ifr> T

T 2
ﬁ(f) — =11, 20
0, otherwise,

(1L.1)
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where A, is the amplitude of the pulse, u and ¢ are parameters determining the
shape of the function, and 77 is the start of the pulse. By performing a global fit of
this function to 180 model-generated pulses (20 from each tagged-photon energy),
wand ¢ were determined. In Fig. 11.1, a comparison between a generated signal and
the fitted lognormal function is shown. Setting A1, = 1, the result is an amplitude-
normalised pulse shape which can be used as the pulse-shape template in the OF

algorithm.
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Figure 11.1: Fit of the lognormal function (Eq. 11.1) to 2 model-generated detector
signal. The resulting fit parameters are shown. The amplitude 4, and time-offset
T1, parameters were allowed to vary freely between the individual waveforms, and &
and ¢ were global parameters that should be the same for all fitted waveforms. The
uncertainties (in parentheses) correspond to the one-standard deviation uncertainties

in the fit parameters.

11.2 Binary—SearCh Constant Fraction Discriminator

Now that the shape of the pulse template has been defined, the aim of the feature-
extraction algorithm described here is to provide estimates of A4y, of 717, for each
analysed detector signal. It is clear that there is a direct correspondence between A4,
and Ao, the amplitude parameter determined using the OF algorithm. It is also
clear that 77, is related to 7o, although there is not a direct correspondence in this
case due to the linearisation needed in the construction of the OF. That s, 7or gives
the (small) time difference between an assumed time T(%F and the actual timing of
the signal: 77, = TgF + 70or. Therefore, the first issue faced when constructing the
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filter is to find a good estimate of TgF.

As discussed in Sec. 9.3.2, one way of finding TgF in an experiment where the
beam structure is bunched is by synchronising the sampling clock of the ADC with
the bunch-crossing frequency. This way, TgF = 0 relative to the sampling clock
and the OF algorithm may be applied directly. This approach is not possible in
PANDA, where the bunch-crossing frequency is not provided by the accelerator and
real-time feature extraction is vital. Therefore, a separate method is needed to obtain
an estimate of TgF. In the method described here, a binary-search implementation
(from now on referred to as B-CFD) of the linear CFD is proposed for this purpose.
The basis for the B-CFD algorithm is still Eq. 9.2, where the CFD data are calcu-
lated from the incoming (baseline-subtracted) data samples. However, the B-CFD
method differs from the standard linear CFD method in how the CFD samples are
treated. Instead of requiring a division operation to locate the time of the CFD
zero crossing, each sample is subdivided into four regions in time and the window
in which the zero crossing occurs is located. This was done by directly evaluating
the value of the linear interpolation at three fixed sub-sample fractions (0.25, 0.5
and 0.75). In practice, this was achieved by redefining the width of a sample to be
i — tp = 2, so that the value of the interpolated line at half of the sample is given by:

Verp(2) = Verp(0) Verp(2) = Verp(0)

Verp (D) = 270 1-0)= > , (1L.2)

where Vcrp(0) and Verp(2) are the CFD data for the two samples surrounding the
zero crossing. As this operation only requires division by two, i. e. a single bit-shift,
itis very suitable for implementation in an FPGA. By determining whether Vcrp (1)
lies above or below the zero crossing, the half-sample window containing the zero
crossing was located. By further subdividing this smaller window into two regions
and applying Eq. 11.2 again, the quarter-sample region containing the zero crossing
was located. The B-CFD timing Tg.crp of the signal was determined as the centre
time of the located zero-crossing window (so Tg.crp = 0.125, 0.375, 0.625 or 0.875
samples relative to the CFD sample before the zero crossing). The working principle
of the B-CFD method is shown in Fig. 11.2. It is worth noting that a B-CFD delay
of 2 samples is used, contrary to the 4-sample delay used in the previous analyses of
the experimental data. This was the result of an optimisation procedure of the OF
algorithm, and was not found to affect the time resolution adversely.

The B-CFD method provides a way of estimating the phase of the signal relative
to the ADC sampling clock. However, the determined T3.crp has to be related to
the assumed pulse timing TgF needed by the OF method. To establish a connec-
tion between these, the lognormal function of Eq. 11.1 was fitted to 9 - 10° generated
signals of different amplitudes. By also applying the B-CFD algorithm on each anal-
ysed signal, (Tg.crp — 71.) was determined for each of the four sub-sample windows.
For any subsequent signal 7 analysed in real time, the initial time estimate for the OF
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Figure 11.2: Working principle of the binary-search CFD (B-CFD) method. a) shows
the raw sampled data from the detector, b) is the CFD data given by Eq. 9.2 using
tq = 2samplesand f* = 0.5, and c) shows the two samples surrounding the CFD zero-
crossing. Using a binary-search algorithm, the quarter-sample wide window (marked
in grey) containing the zero crossing is located. The resulting time estimate is the centre
of the located zero-crossing window, Tg.crp = 18.375 samples.
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method is given by:

TS, ; = Tocep, : = (To.cep — TL). (11.3)

Tab. 11.1 lists the obtained { Ts.c,p — 71.) values for the four B-CFD windows at a
CFD delay of z4 = 2 samples.

Table 11.1: The average difference between the 2-sample delay B-CFD timing estimate
and the lognormal time parameter for each of the four B-CFD windows, determined
by analysing 9 - 10° generated signals.

B-CFD window  (7Tg.crp — 71.) [samples]

1 3.454
2 3.460
3 3.417
4 3.413

In order to determine the coefficients needed for the OF algorithm, the template
pulse shape has to be discretised in time: fi.(r) — g[#]. Itis clear that the phase of
/1.(2) relative to the discrete time steps affects the values of ¢[#;], so that four different
sets of OF coefficients — one for each B-CFD window — has to be constructed. As
soon as the phase of the signal has been estimated using the B-CFD method, the
correct OF coeflicients may be applied to the data to determine the final pulse-time
correction 7oF as well as the pulse amplitude Aor.

11.3  Optimising the Filter Length

As described in Sec. 9.3.2, the OF uses A4 sampled values of the input signal, and
multiplies these values with sets of coefficients @ and . Implementation of an A4-
coefficient OF in an FPGA therefore requires the device to perform 244 simultane-
ous multiplications. The Kintex-7 FPGA used in the EMC digitiser has 600 DSP48
blocks, which contain dedicated resources for signal-processing operations such as
multiplications. Because each FPGA in the digitiser will be used to analyse signals
from 16 detectors, at most 37 DSP48 blocks are available per channel. If the sys-
tem is used in dual-gain mode, each mode has to be analysed separately, cutting the
maximum number of DSP48 available per signal in half. Since 244 simultaneous
multiplications are necessary, there is a hard limit of 44 < 9 in the current imple-
mentation, and the OF has to be optimised.

Since the OF method is analogous to performing a x* fit to the sample data,
limiting the number of OF coefficients corresponds to limiting the region of the x>
fit. When choosing a fit region, one has to select both the starting point of the fit
and the width of the fitting range. In the OF case, one has to select which samples of
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the incoming data to use in the “fit”. Because the B-CFD method is used to estimate
the phase of the signal, the “fit range” must be related to the B-CFD zero crossing.
Defining By as the time of the first 2-delay CFD sample after the zero crossing, one
can relate the timing of any sample to this. Therefore, we define By to be the time
(relative to Bz) of the first sample used in the OF analysis subsequent to a B-CFD
zero crossing being found. If A4 is the number of OF coefficients, the data samples
to be processed by the OF are located at times By, By + 1, ..., By + (M — 1) relative
to Bz.

When determining the optimal values of By and A4, care has to be taken to not
degrade the resolution of the system. This could for instance happen if the samples
processed by the OF do not include the peak of the detector signal, which would
lead to a worsened energy resolution. Due to Eq. 9.7, the OF time determination
is directly dependent on a correct amplitude determination, and therefore the time
resolution can be assumed to be a solid estimate of the performance of the algo-
rithm. To study the dependence of the time resolution on By and A4, the simulated
interactions of 5 - 10* photons of each of the tagged-photon energies aimed at posi-
tion a in the matrix (see Fig. 10.1b) were used to generate signals that were processed
by a C++ implementation of the method. The time resolution was in this case de-
fined as the standard deviation of the (Tor — T}) distribution. The time resolution
for 156-MeV tagged photons as a function of By and A4 is shown in Fig. 11.3. A few
things are worth noting:

* At (By = —6, M = 4), the samples processed by the OF lie before the peak
of the pulse, leading to a worsened resolution.

* As By is moved closer to Bz, fewer samples on the rising edge of the pulse are
included in the fit, leading to a worsened resolution.

* An OF with By = —6 can generally be replaced by an OF with By = —5 and
one less coefficients. This is because ¢[ Bz — 6] = 0.

Based on the results shown in Fig. 11.3, as well as an analysis of the results for
the other tagged-photon energies, it was found that the optimal samples to use are
given by By = =3 and M = 4. Making the OF shorter in this way has a positive
effect on both the resource requirements and the pile-up reconstruction ability of
the method. Fig. 11.4 shows the range of samples used by the 4-coefticient OF using
the four samples up to and including the first sample above the 2-sample delay B-
CFD zero crossing.

11.4 Pile-Up Reconstruction

One of the primary objectives of the method developed in this work is to enable
separation and reconstruction of pile-up events. We here propose a method where
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Figure 11.3: The time resolution of the OF-based method at a photon energy of 156
MeV, as a function of the initial sample and number of coefficients in the OF. The
initial sample is numbered relative to the first sample after the B-CFD zero crossing.
The optimum, both in terms of time resolution and number of OF coefficients, is
marked in green.



150 Chapter 11. Algorithm Development

200 A
A =199 ® Dana
11, = 22.39 samples — 4-sample OF range
[ ]
150
: o
S
o 100 4
g o
= .
50 A °
° [ ]
o0
0)eeeceeeee 000000
T T T T T T
—10 -5 0 5 10 15

Time relative to B-CFD zero crossing [samples]

Figure 11.4: Example of a generated waveform and the “fit range” used in the OF
method suggested here. The pulse-height and timing parameters determined by the
filter are shown.

the B-CFD and OF methods outlined in the previous sections are used to analyse the
detector signals in real time, and the extracted pulse parameters are used to subtract
the subsequent “tail” of the pulse to allow detection and analysis of possible piled up
pulses. The advantage of only using the initial part of the pulse in the OF algorithm
now becomes clear, as it lowers the risk of pile-up pulses “contaminating” the OF
calculation and allows a completely separate treatment of the first pulse.

The key to this algorithm is that the pulse tail is subtracted from all pulses suc-
cessfully analysed by the B-CFD and OF methods, irrespective of whether there is a
subsequent pile-up pulse or not. To do this, the tail has to be reconstructed solely
from the Aor and 7o parameters of the first identified, and the reconstructed tail
forms a new baseline which may be subtracted from subsequentincoming data. The
template pulse shape g, used by the OF method, contains information about the
shape of the tail. The reconstruction of the pulse tail may be done using the meth-
ods outlined in Sec. 9.3.3, where the pulse template is discretised in time at four
different phases. In theory, this discretised template may now be scaled and shifted
by the parameters from the OF. However, it was found that there was a discrepancy
between the lognormal function defining ¢(#) and the generated pulse shapes. The
discrepancy between the reconstructed pulse shape (using the Aor and 7oF param-
eters determined by the OF) and one generated pulse shape is shown in Fig. 11.5.

By determining the average amplitude-normalised difference between the re-
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Figure 11.5: A generated waveform (blue points), the pulse shape fitted by the pro-
posed method (orange line) and the residuals after taking the difference between the
two. The average residuals were determined by performing a large number of such fits,
and could then be subtracted to yield better pile-up reconstruction capabilities.

constructed pulse and the generated data and interpolating it using a spline method,
a correction function geor(#) to the reconstructed pulse was obtained. Since the in-
terpolated spline is differentiable, ¢/, (¢) could be determined and geor (#) was lin-
earised in exactly the same way as the pulse template g(#). The reconstructed pulse

shape g () is given by:
grec(ti -7) = gOF(ti) +gcorr(ti) - 'T(g(’)F(ti) +gclorr(ti))- (114)

This procedure was repeated for each of the four B-CFD subsample phases (as
in Sec. 11.2, the time-discretised pulse template is different for each of these cases).
The end result is four sets of linearised reconstructed-pulse templates, which may
be scaled, shifted and subtracted from an analysed waveform as soon as 4or and
7or have been determined. The result of this pile-up algorithm is discussed in Ch.
12.

11.5 VHDL Implementation

The algorithm described in this chapter has been implemented in a VHDL code,
which has been used to simulate the processing of both generated and experimen-
tal waveforms. As this has been purely a simulation study, no optimisations with
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regards to the implementation in an FPGA have been considered. Fig. 11.6 shows a
schematic representation of the developed VHDL algorithm, which aims at estimat-
ing the amplitude 4oF and time 7oF of detector pulses by analysing the sampled-
signal values S. The implementations of the five components in the design — the
baseline follower, the baseline trigger, the B-CFD algorithm, the OF algorithm and
the baseline selector — will now be discussed in more detail.

P g FPGA
ADC Baseline trigger
Qy E
Trigger .
Pulse trigger ||
—>{ Baseline follower 4
ay é
Baseline selector .
Trigger .
Srec bs E
AN AN B-CFD
s |
T :
b, B-CFD :
P — Aor
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Figure 11.6: Flowchart of the VHDL implementation. A “pulse trigger” is issued when
the OF has succeeded in determining the pulse height and timing.

11.5.1 Baseline Follower

Successful operation of both the B-CFD and OF methods relies on an accurate mea-
surement of the baseline of the signal, i. e. the voltage level of the detector output
when no pulses are present. In a realistic detector system, the baseline may fluctuate
due to electronic noise or interference, and the noise level may change throughout
a measurement. Therefore, the first task for the implemented algorithm is to con-
tinuously follow and estimate the baseline of the signal. The implemented baseline
follower receives the raw sampled data S from the ADC, as well as trigger signals
from the baseline-trigger and OF components. The purpose of these trigger signals
is to prevent pulse data from influencing the baseline estimation.

The baseline follower is based on a 4-sample moving average (MA) filter, which
is used to reduce the fluctuations and calculate an averaged baseline 4. In order
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to implement the MA filter, the sampled data were pushed into a 10-sample buffer
where any four values could be used to calculate z45. The length of the buffer was
chosen such that if a trigger signal from the baseline trigger is received, earlier sam-
ple data may be retrieved from the buffer and used to calculate 44. The length of the
buffer therefore depends on both the length of the MA filter and on the character-
istics of the detector pulse shape. The baseline follower can be in one of three states,
which may update every clock cycle:

* Setup: the baseline buffer is filled with sampled data S during a fixed initial-
isation time. No pulse detection can take place when in this state. After a
fixed number of clock cycles, the state changes to awake.

* Awake: if no trigger is received from the baseline trigger, and a sufficient num-
ber of clock cycles have passed since the last OF trigger, the incoming signal is
assumed to consist of pure baseline. The measured sample S is pushed into
the buffer and the latest four samples in the buffer are used to calculate the
averaged baseline z4. If a baseline trigger is received, earlier data are collected
from the baseline buffer and used to calculate z4. The baseline-buffer con-
tents are shifted so that the last four samples correspond to the ones used to
calculate 44 and the state changes to sleeping.

* Sleeping: no sampled data is pushed into the baseline buffer. The baseline
estimate from before the baseline trigger is used as a constant estimate of the
baseline. When the trigger signal from the baseline trigger disappears, the
state changes to awake.

11.5.2  Baseline Trigger

The baseline calculation done by the baseline follower should be paused as soon as a
possible detector pulse is identified. To this end, a 2-sample MA is used to continu-
ously smooth the sampled data S, and the resulting average 4, is compared to a fixed
threshold vy above the baseline 4 measured by the baseline follower. If 2, > a4+ vo,
the processed data potentially corresponds to the rising edge of a detector pulse.
When this occurs, a trigger signal is sent to the baseline follower, which goes into
its sleeping state as outlined above. This trigger signal remains at a high value until
ay < a4 + v1, where vy is another fixed threshold level depending on the characteris-
tics of the falling edge of the pulse.

The trigger signal from the baseline trigger is distributed to the other compo-
nents in the design, so that further feature-extraction processing is only possible if
the baseline trigger is at a high value. One may note that in the case of pile-up events,
the baseline trigger may be triggered by the rising edge of the first pulse and not get
cleared until the falling edge of the second pulse. Since the final triggering is handled
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by the OF algorithm, which will be active for the whole time the baseline trigger is
active, this does not affect the triggering capabilities of the method.

11.5.3 Baseline Selector

The baseline estimate from the baseline follower assumes that underneath each pulse
from the detector there is a flat baseline. This baseline estimate will be sent to the
baseline selector, which by default transmits that baseline estimate to the B-CFD
and OF components. However, as described in Sec. 9.3.3, a pulse identified by the
OF should be reconstructed and subtracted to enable detection and reconstruction
of potential pile-up pulses. In this situation, the reconstructed tail of the first iden-
tified pulse constitutes a new baseline estimate that should be subtracted from sub-
sequent data. For each pulse identified by the OF, the reconstructed pulse tail is also
calculated and sent to the baseline selector. When this happens, the flat baseline
assumed by default is replaced by the reconstructed tail, and the selected baseline
by that is assumed by the B-CFD and OF modules accounts for the reconstructed
pulse.

11.5.4 Binary-Search CFD

Implementing the B-CFD method, as it is defined in Eq. 11.2, is straightforward in
VHDL. The implemented B-CFD algorithm receives both raw data from the ADCs
and baseline information from the baseline selector. By feeding baseline-subtracted
data into a buffer larger than the B-CFD delay parameter, the B-CFD output is re-
evaluated on every sampling-clock cycle. Since the B-CFD attenuation factor is set
to 2, the necessary division is implemented using a bit-shift operation. To avoid
spurious triggers due to noise, a threshold is imposed on the signal slope around
the zero crossing, so that the B-CFD only triggers if the pulse is large enough. The
B-CFD may only issue a trigger if the baseline trigger is active. If all of these condi-
tions are met — i. e. the baseline trigger is active and the B-CFD algorithm finds a
“large enough” zero crossing — the B-CFD issues a trigger to the OF algorithm and
sends information about in which B-CFD window the zero crossing is located. This
provides an initial timing estimate for the OF.

11.5.5 Optimal Filter

The OF wasimplemented in VHDL by storing the necessary OF coefficients #and b
in arrays. As discussed below, the coeflicients had to be quantised before implemen-
tation in VHDL. The precision of this quantisation potentially affects the achiev-
able resolution, and was therefore not resource-optimised in the present proof-of-
concept study. For the OF multiplications, 2 X A4 DSP48 blocks were instantiated
in the code. As soon as a trigger arrives from the B-CFD, along with information
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about the B-CFD timing, the appropriate sets of FIR coefficients are selected and
used as inputs to the multipliers. If the OF-determined pulse height is large enough
(a threshold may be imposed also here), a “pulse trigger” is issued. This tells the rest
of the system that a pulse has been identified, and may be used as a trigger to read
out the event.

In order to reconstruct the pulse tail, two arrays containing the pulse template
and its derivative were defined. As soon as the OF finds a pulse and determines its
amplitude and timing, the reconstructed pulse should be subtracted using Eq. 11.4.
This required the instantiation of further DSP48 blocks, but still few enough to fit
within the FPGA resources. The reconstructed samples are sent to the baseline se-
lector, where they replace the constant baseline as the input to the B-CFD and OF
algorithms. The processing of a pile-up pulse will proceed exactly as above, with its
B-CFD time being determined and the OF used to estimate the pulse height and
timing. In addition to the fixed lower threshold on the amplitude of OF-detected
pulses, which is always employed, pile-up pulses are subject to one further con-
straint: due to the extra noise introduced by the tail reconstruction (visible in Fig.
11.5), a pile-up pulse detected by the OF is only accepted if its amplitude is larger
than a fixed fraction of the previous pulse. This way, triggering on noise due to re-
construction of large pulses is avoided. This however comes with a loss in detection
efficiency for small signals arriving on the tail of large signals.

Coefficient Quantisation

In order to implement the OF in an FPGA, the filter coefficients have to be quan-
tised. In this work, where the FPGA implementation was only studied in simula-
tion, the precision of the quantisation was chosen so that each filter multiplication
only requires a single DSP48 block. As a consequence, the @ and b coefficients were
quantised with a precision of 25 bits per coefficient, with 10 of these bits reserved for
precision in the determined value of 7oF. After a more thorough study of the pre-
sented method under various experimental conditions, the coefficient quantisation
should be optimised by studying the dependence of the energy and time resolution
of different coefficient precisions. Correspondingly, the pulse-template values used
for tail reconstruction were also quantised with a precision such that one DSP48
block is sufficient for each multiplication.

11.6 Method Validation

To validate the method described in this chapter, the Xilinx Vivado logic simulator
[189] was used to set up a simulation of the VHDL-implemented method. Both
experimental and modelled waveforms may be used as inputs to this simulation, so
that data corresponding to a particular beam energy and position can be analysed
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independently to determine pulse height and timing information. For each such
situation, the response to 1000 individual waveforms was simulated.

11.6.1  Energy Resolution

The energy resolution was determined when using the method described in this
chapter on both experimental and model data. In previous analyses of the experi-
mental data, the pulse maximum (i. e. the highest ADC output in the waveform)
has been used as a measure of the pulse height — this was also the basis for the val-
idation of the detector model presented in Ch. 10. Therefore, it is interesting to
compare the results obtained with the OF method and the results obtained using
the maximum-sample method. This was done for both the experimental (Fig. 11.7)
and model (Fig. 11.8) data, separately. Here, the relative energy resolution is again
defined as or/Ey, where &£ and Ej are the width and mode parameters of the fitted
Novosibirsk distributions.
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Figure 11.7: Relative energy resolution of a single cell as a function of photon en-
ergy, determined from experimental data using the pulse-maximum method and the
method proposed in this work. The error bars correspond to the one-standard devia-
tion uncertainties in the fitted Novosibirsk distributions.

11.6.2 Time Resolution

When it comes to the time resolution of a calorimeter, the end goal is to measure the
time when an incident particle hits the detector with as good precision as possible.
Here, we call this time Tp. During the prototype tests described in Ch. 10, with a
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Figure 11.8: Relative energy resolution of a single cell as a function of photon energy,
determined from model-generated data using the pulse-maximum method and the
method proposed in this work. The error bars correspond to the one-standard de-
viation uncertainties in the fitted Novosibirsk distributions.

continuous (non-pulsed) photon beam, Tj is of course not known. Therefore, the
time resolution of a single cell was estimated by aiming the beam into the interface
between two cells and analysing the distribution of time differences AT = 77 — T
between signals in two adjacent cells. In this section, the results from the OF method
are compared with the results from the linear-CFD method both when the time
resolution is obtained from ¢(AT') (this comparison is made for both experimental
and model data) and when the time resolution is obtained from (77 — Tp) (this
comparison is only made for model data).

Time Resolution from a(AT)

Here, the time resolution was determined by directing the photon beam onto the
interface between two cells and determining the time difference AT between the
signals in the two detectors (requiring the energy depositions in the two cells to be
within 10% of each others). In this case, the resolution of a single cell was determined
from the standard deviation of the AT distribution using Eq. 10.19. In Fig. 11.9 the
single-cell time resolution determined from experimental data in this way is shown
as a function of the energy deposition per cell. A similar comparison, but for model
data, is shown in Fig. 11.10.
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Figure 11.9: Time resolution of a single cell as a function of energy deposition in the
cell, determined from experimental data using the linear CFD method and the method
proposed in this work. Here, the photon beam was directed into the interface between
two adjacent cells. The single-cell resolution was assumed to be o7 = ¢(AT)/ V2,
where AT is the time difference between two signals in the adjacent cells. The error
bars correspond to the one-standard deviation uncertainties in the fitted normal dis-
tributions.

Time Resolution from o(Ty — Tj)

In addition to determining the time resolution from the AT distribution, the model
also enables determination the timing of pulses in a cell relative to when the photon
hit the detector, T). That is, if the timings of the signals from the two adjacent cells
are 77 and 77, then these may be compared with the photon-interaction time 75, so
that a true timing spectrum of each cell may be determined instead of having to rely
on determining AT = Tj — T5. Therefore, Fig. 11.11 also shows the time resolution
of a cell determined from ¢(77 — Tp) and ¢(77 — T) using the linear CFD and the
OF method.

11.7 Discussion

It is not obviously clear from the results in the previous section that the OF-based
method presented in this thesis performs better than the previously used algorithms.
With respect to the energy resolution, the methods perform equally well, as shown
in Figs. 11.7 and 11.8. The attainable energy resolution with the OF method could
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Figure 11.10: Time resolution of a single cell as a function of energy deposition in
the cell, determined from model-generated data using the linear CFD method and
the method proposed in this work. Here, the photon beam was directed into the
interface between two adjacent cells. The single-cell resolution was assumed to be
or = o(AT)/ V2, where AT is the time difference between two signals in the ad-
jacent cells. The error bars correspond to the one-standard deviation uncertainties in
the fitted normal distributions.

potentially be improved by modifying the pulse-shape template — since the pulse
is rather short the effect of the fit quality of the used lognormal function around
the pulse maximum could be investigated. This would be a topic for further work,
since the shashlyk-EMC pulse shape is not yet well specified.

The time-resolution situation is a bit more complex. If one would just look
at the experimental data, as analysed with both the linear-CFD and OF methods,
the simple CFD seems to outperform the OF method, as shown in Figs. 11.9 and
11.10. However, the time resolution was in this case determined from the time dif-
ference between signals detected at times 77 and 7 in adjacent cells, as information
about when the photon actually hit the calorimeter (7}) is not available from the
experiment. In contrast, this information 4s available from the Monte Carlo model
described in Ch. 10, and so the time resolution may be determined from the model
data using both methods. When determining the true time resolution ¢(77 — Tp) of
a particular cell, the OF-based method yields a better resolution than the linear-CFD
method, as shown in Fig. 11.11. This will also be clear from the results presented in
Ch. 12. It appears that assuming that the time resolution of a single cell is given by
o(AT)/ V2 overestimates the performance of the detector, as shown in Fig. 11.12.
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Figure 11.11: Time resolution of a single cell as a function of energy deposition in the
cell, determined from model-generated data using the linear CFD method and the
method proposed in this work. Here, the photon beam was directed into the interface
between two adjacent cells. The single-cell resolution was determined by comparing
the pulse timing 7} with the time of arrival Tj of the photon at the calorimeter. The
error bars correspond to the one-standard deviation uncertainties in the fitted normal
distributions.

The difference in the determined time resolution is especially seen for the CFD
case, where this assumption indicates a time resolution ~ 100 ps better than the true
resolution of the cell. This behaviour can be understood by using the linear-CFD
method to measure the pulse timings 77 and 75 in the two detectors, and plotting
(T — Tp) asa function of (77 — Tp) for all analysed events, as shown in Fig. 11.13.

It is clear that there exists a correlation between the pulse timings 77 and 7>
determined with the linear CFD. Since these are random variablesand AT = (75 —
Tov) — (171 — Ty), the standard deviation in AT  may be written:

#(AT) = \Jo(Ty = To)? + o(Ti — To)? = 2ee(Ty — To)o(Ti — Tp),  (IL5)

where ¢ is the Pearson correlation coefficient between (75 — Tp) and (77 — Tp). If
one assumes that (75, — Ty) = (11— T}), i. e. that the resolutions of the two cells
are the same, Eq. 11.5 simplifies to:

o(AT) = (11 — Tp) y/2(1 — o). (11.6)

In the previously used method to determine the time resolution, it was assumed
that the time resolutions of the two cells are identical and that their responses are
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Figure 11.12: Comparison between the time resolution of a single cell determined from
o(AT)/ N2 and o(T; — Ty) as a function of energy deposition in the cell, using both
the linear CFD method and the method proposed in this work. Here, the photon beam
was directed into the interface between two adjacent cells. When using the linear CFD
method (left figure), the o(AT)/ V2 method severely overestimates the performance
of the detector relative to the “true” time resolution ¢-(77 — Tj). The error bars corre-
spond to the one-standard deviation uncertainties in the fitted normal distributions.

uncorrelated (i. e. ¢ = 0). Since it now appears that the correlation is non-zero,
the assumption that the time resolution of a single cell may be directly obtained
from ¢(AT) is invalid and results in an underestimation of the time resolution. The
reason for the non-zero correlation is shown in Fig. 11.14, where the dependence
of (Ty — Tp) and (T2 — Tjp) on the phase of Tj relative to the sampling clock is
shown. Itis clear that the determined times 77 and 75 are correlated, and that there
is a dependence on when (relative to the ADC sampling clock) the photon hit the
detector. This dependence is due to the fact that the linear interpolation needed
for the linear CFD introduces some bias in the timing estimate, and that this bias
depends on the phase of the signal.

To further investigate the source of this correlation, and to enable comparison
with the new OF-based method, the interactions of a large number 0f 156-MeV pho-
tons directed onto position a of the matrix (i. e. onto the centre of one cell) were
modelled. For each event, the pulse timing 77 relative to the photon-interaction
time Ty was determined. Also, the phase of Tj relative to the sampling clock was
determined. Because the detector signal is continuously sampled, the sampled data
will represent slightly different parts of the actual signal, depending on when the
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Figure 11.13: Pulse timings 77 and 7 in two adjacent cells relative to the photon-arrival
time 7}, as determined using the linear-CFD method to analyse 8:10° model-generated
pulses. These events correspond to cases where 50 MeV was deposited in each of the
two cells.

photon interacts in the detector. This analysis was performed using both the linear-
CFD and OF-based methods, and the results are shown in Figs. 11.15 and 11.16. It
can be seen clearly that when using the linear-CFD method, the time response of
the cell depends strongly on the phase of 7. This is explained by the fact that a
linear interpolation is used on the rising edge of the pulse, an approximation which
depends on the phase since the pulse shape is not actually fully linear in this region.
For the case where the photon beam is directed into the interface between two cells,
the result is that the time responses will be correlated as 7 is the same for both cells.
When using the OF-based method proposed in this thesis, the phase-dependence
of the response is suppressed since the OF does not assume linear interpolation be-
tween samples to determine the timing. One can clearly see some non-random struc-
tures in Fig. 11.16 — these are due to the subdivision of a sample into four regions
needed for the B-CFD algorithm. Further optimisations could be done to find an
optimal combination of sampling frequency and number of B-CFD windows.

In conclusion, the OF method proposed in this thesis yields a considerably bet-
ter time resolution than the standard linear CFD method. This improvement is not
directly observed when applying the two methods to experimental data due to cor-
relations in the time response of adjacent cells. This correlation is very pronounced
for the linear-CFD method, and has led to an underestimation of the time resolu-
tion of a single cell. There is no significant improvement in the energy resolution
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Figure 11.14: Pulse timings 77 and 75 in two adjacent cells relative to the photon-arrival
time T, as determined using the linear-CFD method to analyse 8:10° model-generated
pulses. These events correspond to cases where 50 MéV was deposited in each of the
two cells. The correlated dependence of (77 — Tp) and (73 — Tp) on the phase of T

is clearly visible.

using the OF-based method, and this could potentially be improved by optimising
the pulse-template function.
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Figure 11.15: Pulse timing, relative to photon-arrival time T, as a function of the phase
of Ty relative to the sampling clock. The pulse timings correspond to S - 10* model-
generated 156-MeV photons directed into the centre of the investigated cell, and were
determined using the linear-CFD method. A noticeable dependence of the pulse tim-
ing on the phase of T} can be seen, and is explained by the linear approximation in the
CFD not capturing the pulse-shape characteristics on the rising edge.
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Figure 11.16: Pulse timing, relative to photon-arrival time T}, as a function of the phase
of Ty relative to the sampling clock. The pulse timings correspond to S - 10* model-
generated 156-MeV photons directed into the centre of the investigated cell, and were
determined using the OF-based method proposed in this thesis. The OF captures the
non-linear nature of the pulse shape, so that the phase-dependence in the time deter-
mination is suppressed. The non-random structures seen in the figure are due to the
B-CFD algorithm, which subdivides the sample into four windows, and uses those
windows as first approximations to the pulse timing.



12. Results and Discussion

In the previous chapter, promising results from the method presented in this the-
sis were presented. In particular, the time resolution provided by the OF-based
method described here is better than what can be achieved using a standard linear-
CFD method. In this chapter, the energy resolution, time resolution and pulse-
detection efficiency of the method will be evaluated using model-generated detector
signals. In contrast to previous chapters, where comparison to experimental results
was important, all results in this chapter are based on simulations of a fully monoen-
ergetic beam directed into the centre of one of the shashlyk cells in the matrix.

In this chapter, the pile-up reconstruction performance of the method is eval-
uated. Pile-up reconstruction is one of the primary aims of the method, and the
performance of the method in this respect has been studied as a function of pulse
height and pulse separation time. As a final result of this study, the pile-up perfor-
mance under PANDA conditions has been studied and the results compared with
the PANDA requirements presented in Ch. 4.

12.1 Monoenergetic Photons

By simulating the interaction of a pencil beam of monoenergetic photons at posi-
tion b of the matrix (see Fig. 10.1b), and processing the resulting pulses with the
VHDL implementation of the developed method, the relative energy resolution,
the time resolution and the pulse-detection efficiency could be determined as a func-
tion of incident-photon energy E,,. For the present study, the interactions of pho-
tons with energies of 10, 30, 50, 100, 200, 300, 500, 1000 and 1500 MeV were mod-
elled.

12.1.1  Energy Resolution

The relative energy resolution, determined as in previous chapters from the width
and mode parameters of Novosibirsk distributions fitted to the obtained pulse-height
distributions, is shown as a function of £, in Fig. 12.1. Here, the results of the
present method are compared to the energy resolutions obtained using the existing
method (using the pulse maximum as a measure of the energy). No significant im-
provement in the energy resolution by using the OF-based method can be seen. As
the detector signal from the calorimeter is rather short, the accuracy in the A pa-
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rameter of the OF is most likely dependent on the assumed pulse template. Here,
a lognormal function was used to describe the pulse shape (see Fig. 11.1). A more
detailed analysis of the optimal pulse-shape template could potentially improve the
energy resolution of the model.

0.35
4 Pulse maximum
0.30 A
¢ OrF
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15 0.15 + ‘
0.10 - 4
|
0.05 - «
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Photon energy [MeV]

Figure 12.1: Relative energy resolution of a single shashlyk cell as a function of incident-
photon energy. Determined by modelling interactions of monoenergetic photon
beams in the centre of a shashlyk cell. The generated waveforms have been analysed
using the existing method (where the pulse height is measured as the maximum of
the sampled signal) and the OF-based method described in this thesis. The error bars
correspond to the one-standard deviation uncertainties in the ficted Novosibirsk dis-
tributions.

12.1.2 Time Resolution

The timing of each detected pulse, relative to the photon-interaction time 75, was
determined for each pulse. As in previous chapters, the time resolution was deter-
mined by fitting a normal distribution to the resulting timing distribution. The
time resolution of the single shashlyk cell is shown as a function of E,, in Fig. 12.2.
Here, the results of the present method are compared to the time resolutions ob-
tained using the linear-CFD method. As indicated already in Ch. 11, the proposed
OF-based method provides an improvement in the time resolution of the calorime-
ter. The energy-dependence of the time resolution of a scintillation detector cou-
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pled to a PMT may to first order be approximated as [190, 191]:

2
or = (jf) + 2, (12.1)
Y

where the 4/ \/E_y term is due to statistical fluctuations in the scintillation process
and b describes energy-independent noise or jitter. By fitting Eq. 12.1 to the linear-
CFD data in Fig. 12.2, the fit parameters were found to be 2 = (113 + 2) ps/ VGev
and b = (260 =+ 13) ps. By fitting the same equation to the OF data in Fig. 12.2,
the fit parameters were found to be 2 = (114 + 2) ps/ VGeV and b = (120 + 18)
ps. Here, it can be seen that the major difference between the two methods is that
the constant noise contribution to the time resolution is decreased by more than
50% by using the method proposed in this thesis. The major contribution to this
improvement in time resolution is likely due to the removal of the phase-dependent
response of the timing method, described in Sec. 11.7. This improvement becomes
extremely important at high energies where the statistical fluctuations are negligible.
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Figure 12.2: Time resolution of a single shashlyk cell as a function of incident-photon
energy. Determined by modelling interactions of monoenergetic photon beams in the
centre of a shashlyk cell. The generated waveforms have been analysed using the ex-
isting method (a linear CFD) and the OF-based method described in this thesis. The
error bars correspond to the one-standard deviation uncertainties in the fitted normal
distributions.
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12.1.3  Pulse-Detection Efficiency

As discussed in the previous chapter, the VHDL implementation of the developed
algorithm includes some thresholds, which have to be set by the user. These affect
the baseline trigger, B-CFD and OF parts of the algorithm, and are set such that the
occurrence of false triggers is minimised. In order to achieve the single-cell threshold
of 3 MeV, specified by the PANDA requirements, the pulse-height distribution was
calibrated in energy using the energy-deposition information available for each gen-
erated pulse and the thresholds in the VHDL were set to correspond to 3 MeV. The
pulse-detection efficiency ¢ is defined as the ratio between the number of detected
pulses and the number of generated pulses used as input to the VHDL simulation:

_ Ndet

(12.2)
Ngen

€

Fig. 12.3 shows the pulse-detection efficiency as a function of E,. The decrease in
efficiency at low photon energies is simply due to the fact that in a fraction of those
events the actual energy deposition in the cell will be below the threshold of 3 MeV,
for instance due to leakage of the electromagnetic shower to adjacent cells.
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Figure 12.3: Pulse-detection efficiency of the OF-based method in this work as a func-
tion of incident-photon energy. The decrease in efficiency at low photon energies is
due to the low-energy tail in the energy-deposition distribution, meaning that a frac-
tion of the photons in this situation will deposit less than 3 MeV, which is the specified
lower threshold.
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12.2 Pile-Up Reconstruction

To systematically evaluate the pile-up reconstruction capabilities of the method,
generated pile-up events were used as inputs to the VHDL simulation. When gen-
erating a pair of pile-up pulses, the amplitudes of the two pulses and their separation
in time could be specified. Since the pile-up reconstruction performance should be
evaluated for specific E,, separately, the amplitude of one of the two pulses was ob-
tained from the simulation corresponding to the specific £,,. For reasons that will
be made clear in Sec. 12.3, the energy of the other of the two pulses was zor taken
to correspond to a particular £, . Instead, pulses corresponding to particular energy
de])ositiom Egep =1, 3,5, 10, 20, 30, 50, 80, 100, 200, 300, 400, 600, 700, 3500
and 7000 MeV were used. Since the model was calibrated to experimental data for
photon energies below 800 MeV, pulses corresponding to multi-GeV energy depo-
sitions would not fit within the ADC range. To emulate this, the ADC range was
assumed to be 14 bits and the amplitudes of any pulses exceeding this were truncated
as shown in Fig. 12.4.

16000 )
5, = 7000 MeV

14000
3
<
= 12000 A
& E, = 500 MV
210000 -

8000 -

T T T T
10 20 30 40 50 60

Time [a. u.]

Figure 12.4: Example of a modelled pile-up event where the maximum range of the
ADC is reached. The first of the two pulses is due to an energy deposition of 7000
MeV in the cell, while the second is due to an incident-photon energy of 500 MeV. An
energy deposition of 7000 MeV gives an amplitude exceeding the 14-bit range of the
ADC. In the model, such pulses were assumed to saturate at at the ADC maximum.

Since the signal that should be successfully reconstructed — the “signal of inter-

est” — is the one corresponding to a photon-beam energy ., the other of the two
. .. 0 . « .

pulses (corresponding to an energy deposition £ dep) will be referred to as the “nui-
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sance signal”. That is, the nuisance signal constitutes background events in the de-
tector, in which presence the detection probability and reconstruction performance
for an additional photon of energy E,, should be evaluated. Of course, in reality also
the signal which here is called the nuisance signal should be reconstructed by the al-
gorithm. The time difference At between the two pulses constituting the pile-up
event could be specified for each generated event, and was defined as:

At =1, - tgep, (12.3)

where 2, is the time when the photon of energy E, (i. e. the signal of interest de-
scribed above) hits the detector and tgep is the time when the photon giving rise to
an energy deposition Egep in the cell (i. e. the nuisance signal described above) hits
the detector. Because the performance of the method might be different depending
on which of the two pulses arrives first, Az values from -250 ns to 250 ns were in-
vestigated. Fig. 12.5 shows three modelled pile-up events at Egep = 100 MeV and
E, =100 MeV and three different Az values; 125 ns, 37.5 ns and 0 ns. The first of
these cases corresponds to well separated pulses, the second to highly piled-up pulses
and the third to completely overlapping pulses. Completely overlapping signals will
be identified a single pulse with a larger amplitude, and so the two events cannot be

separated.
8000 1 Ar=12
Efep = 100 MeV E, = 100 MV > ns
7000
5 8000 - At =375ns
-,
n
£'7000
12 8000 ———/\ At = 0ns
7000 L T T T T T T
100 150 200 250 300 350

Time [ns]

Figure 12.5: Modelled pile-up events at different time differences. The first pulse is
a so-called nuisance signal corresponding to an energy deposition of 100 MeV. The
second pulse is the signal of interest and is in this case due to an incident photon with
an energy of 100 MeV. Here, time differences Az of 125 ns (well separated pulses), 37.5
ns (highly piled-up pulses) and 0 ns (completely overlapping pulses). When the two

pulses completely overlap a single pulse with the summed amplitude will be observed.

Figs. 12.6 and 12.7 show the energy and time resolution of the reconstructed sig-



12.2. Pile-Up Reconstruction 171

nal of interest in the three cases shown in Fig. 12.5, as determined by the VHDL im-
plementation of the feature-extraction method. As before, the pulse-height distri-
butions have been fitted with Novosibirsk distributions giving mode and width pa-
rameters for the distribution, whereas the resulting timing distributions have been
fitted with normal distributions. Two things are worth noting:

* Even at considerable pile-up (as in the Ar = 37.5 ns case), the method suc-
ceeds in determining the pulse height and timing with almost as good preci-
sion as for well-separated pulses.

* For fully overlapping pulses, the pulse-height distribution is shifted to higher
amplitudes. At the same time, both the relative energy resolution and the
time resolution is better in this case than in the well-separated case. This is be-
cause the completely overlapping pulses appear as a single pulse with a higher
amplitude, for which the resolution is generally better than for a low-energy
photon, as seen in Figs. 12.1 and 12.2.
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Figure 12.6: Pulse-height distributions for reconstructed signals of interest corre-
sponding to an incident-photon energy of 100 MeV under three different pile-up sce-
narios. The parameters of the fitted distributions, along with the uncertainties in the
fit parameters (in parentheses), are shown. In all three cases, the nuisance signal corre-
sponded to an energy deposition of Egep =100 MeV.
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Figure 12.7: Timing distributions for reconstructed signals of interest corresponding

to an incident-photon energy of 100 MeV under three different pile-up scenarios. The

parameters of the fitted distributions, along with the uncertainties in the fit parameters

(in parentheses), are shown. In all three cases, the nuisance signal corresponded to an
.« . 0 _

energy deposition of E dep = 100 MeV.

12.2.1 Resolution and Pulse-Detection Efficiency

To study the effect Az has on the energy and time resolution, pile-up events corre-
sponding to different Az values have been modelled and used as input to the VHDL
simulation. For each Az, distributions such as the ones in Figs. 12.6 and 12.7 were ob-
tained, and their means (A4), {T') and standard deviations ¢ 4, o7 were determined.
In Fig. 12.8, these are compared with the corresponding values for the case of iso-
lated signals of interest. The comparisons are shown as functions of Az for E,, = 100
MeV at three different Ege cases. Note that in these analyses the distributions were
not fitted but the means and standard deviations were determined directly from the
data. The four variables shown here will, along with the pulse-detection efficiency,
be referred to as the performance metrics of the method.

The fifth performance metric, the pulse-detection efliciency relative to the one
when no nuisance signal is present, was also determined for different pile-up scenar-
ios. Fig. 12.9 shows the pulse-detection efficiency as function of Az for £, = 100
MeéV at three different Egep cases.
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Figure 12.8: Means and standard deviations of the £, =100 MeV pulse-height and
timing distributions in the presence of a nuisance signal corresponding to an energy
deposition of Egep, plotted as a function of the time Az between the two signals. Here,
the £, =100 MeV signal of interest arrives at a time Af relative to the nuisance sig-
nal, so that Ar < 0 corresponds to a situation where the signal of interest arrives first.
The means and standard deviations are compared to the cases where no nuisance sig-
nal is present. The relative shift (4)/(A)¢ of the pulse-height mean, the relative shift
0.4/7 4,0 of the pulse-height standard deviation, the absolute shift [(7) — (T")o| of the
timing mean and the relative shift o7/o7; ¢ are shown as functions of Az. Three Egep

cases are shown. It is clear that a large Egep and a small A causes the highest perfor-

mance degradation, but that the method is able to reconstruct pulses separated by as
little as ~ 30 ns.
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Figure 12.9: Pulse-detection efficiency for identifying a pulse corresponding to E, =
100 MeV in the presence of a nuisance signal corresponding to an energy deposition
of Egep, plotted as a function of the time Az between the two signals. Here, the £, =

100 MeV signal of interest arrives at a time At relative to the nuisance signal, so that
Ar < 0 corresponds to a situation where the signal of interest arrives first. As was the
case for the pulse-height and timing determination shown in Fig. 12.8, it is clear thata
large Egcp and a small Az causes the highest performance degradation.

12.3  Feature Extraction Under PANDA Conditions

In the previous section the concept of a “nuisance signal”, with which the signal of
interest may overlap up, was introduced. While the signal of interest always corre-
sponds to a primary photon of a specific energy E., hitting the detector, the nuisance
signal is defined by the amount of energy Egep deposited in the cell. The reason for
this will now be explained. During operation of PANDA, each cell will be subjected
to a certain particle hit rate R. The highest per-cell rate is expected in the cells closest
to the beam pipe, which corresponds to the most forward-directed region from the
PANDA IP. The particles hitting each cell will have a certain energy distribution,
leading to a distribution of energy deposits Egep per cell. The distribution of Egep
in each shashlyk cell was obtained by using the PandaR oot framework (introduced
in Sec. 8.2) to simulate 3-10° pp interactions at beam momenta of 1.5 and 15 GeV /.
The Egep distribution per cell, averaged over the whole calorimeter, is shown in Fig.
12.10. Under the assumption that the shape of this distribution is fairly constant
over the entire calorimeter, the two distributions shown here will be used through
all further discussions in this chapter.
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Figure 12.10: Expected distributions of Eoep, the energy deposition per cell in the

shashlyk calorimeter, at two different antiproton-beam momenta and at a luminosity
of £ =1-10% em™2 s7L. The lower limit of the distributions is at 1 MéV.

The expected hit rate per cell was also obtained from the PandaRoot simula-
tion, and as expected, the highest hit rates are predicted in the cells closest to the
beam pipe. The predicted hit rate in one of these cells under various luminosity
and p-momentum conditions is shown in Tab. 12.1. In these cases, the lowest Egep
included in the rate determination was 1 MeV. If even smaller energy depositions
are included, the rate increases due to combination from low-energy background
events.

Table 12.1: Rate of hits giving an energy deposition of atleast 1 MéV in one of shashlyk
cells closest to the beam pipe, as simulated in PandaRoot. Hit rates for two different
beam luminosities are shown.

Beam momentum [GeV/c] Hit rate R [kHz]
L£=1-10"em™?s! L=1-10%cm™?s7!

1.5 2.3 23

15.0 61.6 616

By averaging the results obtained in the previous section over the Egep and rate
distributions in PANDA, the performance of the method under various conditions
in the experiment may be estimated. Since the performance of the VHDL imple-
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mentation was evaluated for Egep values ranging from 1 MeV to 7000 GeV, the entire
range of the distributions in Fig. 12.10 was covered. A parameter f* (this could be
any of the five performance metrics studied above), the value of which depends on
E, Egep and Az, may be averaged over the simulated Egep distributions p(Egep):

0

(e AT = /0 T p (B ) (Bl B AT0) dES, (12.4)

dep, min

This procedure was repeated for two different p momenta. The results are shown in
Figs. 12.11 and 12.12 for three different signal-of-interest E,, values. In Fig. 12.12, a
comparison is also made with the efficiencies estimated for a situation where a more
basic method for pulse height and timing is used. In this case, it was assumed that
the signal of interest can be reconstructed only if it arrives before the risetime of the
nuisance signal (in case of Ar < 0) or after the decay of the nuisance signal (in case
of Az > 0). If the two pulses arrive closer to each other, the event is assumed to be
classified as a pile-up and rejected.

12.3.1 Hit-Rate Distribution

After averaging over the simulated Egep distributions in PANDA, each performance
metric is a function of E,, and Az only. To evaluate the performance of the method
under different (average) hit rates R in the cell, each metric may be averaged over the
probability distribution p(Ar) corresponding to a particular R:

(FIE,) = /_ N (M) (f) (E,, ATp) dAz, (12.5)

As hits in a cell are assumed to follow Poisson statistics, the distribution of time
differences between two consecutive hits is given by an exponential distribution.
However, since we consider the two cases where the signal of interest can come ei-
ther before or after the nuisance signal, the two-sided exponential distribution [192]
(also known as the Laplace distribution) is used:

p(A?) = Igexp(—RIAtD, (12.6)

where R is the average hit rate per cell. The rate dependence of the five performance
metrics was determined from Eq. 12.5. The results are shown in Figs. 12.13 and
12.14. In Fig. 12.14, a comparison is also made with the efficiencies estimated for the
pile-up rejection method described above.
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Figure 12.11: Means and standard deviations of the pulse-height and timing distribu-
tions for photons of three different energies E,,, in the presence of a nuisance signal.
The nuisance-signal Ege has been obtained as an average of the simulated Egep distri-

butions in a shashlyk cell during operation of PANDA at beam momenta of 1.5 and
15 GeV/c. The four performance metrics are plotted as functions of the time At be-
tween the two signals. Here, the E, signal of interest arrives at a time Az relative to the

nuisance signal, so that Az < 0 corresponds to a situation where the signal of interest

arrives first.
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Figure 12.12: Pulse-detection efficiency for photons of three different energies E,, in
the presence of a nuisance signal. The nuisance-signal Egep has been obtained as an av-

erage of the simulated Egep distributionsin a shashlyk cell during operation of PANDA

at beam momenta of 1.5 and 15 GéV/c. The efficiency is plotted as a function of the
time Az between the two signals. Here, the E,, signal of interest arrives at a time Ar rel-
ative to the nuisance signal, so that Az < 0 corresponds to a situation where the signal
of interest arrives first. The efficiency when rejecting pile-up pulses was estimated as
described in Sec. 12.3.
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Figure 12.13: Means and standard deviations of the pulse-height and timing distribu-
tions for photons of three different energies £, in the presence of nuisance signals
matching the Egep distribution in a shashlyk cell during operation of PANDA at beam
momenta of 1.5 and 15 GeV /¢, plotted as a function of the hit rate R. The expected hit
rate at the highest average luminosity, L, = 1- 1032 cm™2 571, is indicated. The average
luminosity during initial operation of PANDA will be a factor 10 lower.
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Figure 12.14: Pulse-detection efficiency for photons of three different energies £,, in
the presence of nuisance signals matching the Ege distribution in a shashlyk cell dur-

ing operation of PANDA at beam momenta of 1.5 and 15 GeV /z, plotted as a function
of the hit rate R. The expected hit rate at the highest average luminosity, L, = 1- 1032
cm™2 571, is indicated. The average luminosity during initial operation of PANDA
will be a factor 10 lower. The efficiency when rejecting pile-up pulses was estimated as
described in Sec. 12.3, and here this was weighted with the p(Ar) distribution.

12.4 Discussion

The developed feature-extraction algorithm has been benchmarked using the Monte
Carlo model of the shashlyk calorimeter described in Ch. 10. One of the key features
of the described method is the major improvement in time resolution it provides
compared to the linear CFD method. This is due to the fact that a linear CFD re-
lies on a linear interpolation of the rising edge of the signal. The assumption that
the signal shape has a linear behaviour in this region is not usually true, an this will
lead to a loss in time resolution. The OF-based method described here takes more
prior information about the detector pulse shape into account, and does not rely on
a strict linear interpolation between two adjacent samples. The pulse height resolu-
tion of the method developed here is similar to that of simpler methods, but could
be improved by optimising the pulse-shape template used to configure the OF. In
general, the method should be re-optimised once the exact parameters of the shash-
lyk readout (such as possible shaping time and sampling frequency) have been fixed.

It has been shown that the method provides considerably better pulse-detection
efficiencies under pile-up conditions than the more basic methods already evaluated



12.4. Discussion 181

for the PANDA EMC. For comparison with these, it was assumed that a more basic
method would simply reject pile-up events if the constituent signals are close enough
in time. The method described here allows separation and reconstruction of pile-
up events separated by as little as ~ 30 ns without considerable degradation in the
energy or time resolution.

Based on a PandaRoot simulation of the hit rates in the shashlyk calorimeter,
rates above 100 kHz are not expected during the first phase of PANDA (see Tab.
12.1). At such rates, a method where pile-up events are not reconstructed would
probably suffice to keep within the limit of less than 1% of events lost due to pile-up.
However, as luminosity is increased, pile-up will become more of an issue, and in
such a high-rate situation the method developed here would outperform a method
based on pile-up rejection. Note that the capabilities of a pile-up rejection algorithm
were estimated based on the pulse shapes used in the model, and that the validity of
the results should be verified against experimental data of pile-up events. Such an
experimental validation of the method is needed in any case, and requires optimisa-
tion of the VHDL code (for instance with regards to timing and resource usage).

The hit rate in the detector was estimated from the PandaRoot simulation,
where a low-energy threshold of 1 MeV was placed on the energy deposition in the
cell. If one would include contributions at even lower energies, the hit rate would
increase — at high luminosity the resulting rate could exceed 1 MHz. A more thor-
ough study of the effect of such low-energy pileup would have to be performed, but
also here the OF-based method described here could prove useful, since it is possible
to tread such low-energy pile-up events as noise in the OF by incorporating informa-
tion about their probability in the covariance matrix used in the filter construction.

The method used to evaluate the performance of the method in PANDA (Sec.
12.3) should be seen as a first approximation. In order to fully evaluate the method,
and compare it with other feature-extraction methods, it should be incorporated
into a time-based simulation of the PANDA experiment [79]. Among the effects
that are not included in the present study is the probability for multiple pile-ups, i.
e. when more than two pulses arrive so close to each others that they form a single
pile-up event.

The method proposed here could be of more general interest to the radiation-
detection community — especially for applications using a free-running trigger sys-
tem similar to the one in PANDA. Since it has been developed both to run in real
time and to enable fitting a known pulse shape to the incoming data, it provides a
middle way between basic digital algorithms and analysis methods requiring offline
analysis of acquired waveforms. The method does not rely on a specific detector
pulse shape (such as one having a simple exponential decay), and so may be applied
to shaped signals of different types as well.






Sammanfattning pa svenska

Sedan mitten av 1950-talet har den si kallade standardmodellen inom partikelfysik
vuxit fram som en vil testad modell f6r hur materiens minsta bestindsdelar fun-
gerar och vixelverkar med varandra. Denna utveckling har varit méjlig genom en
kombination av experimentella mitningar och utveckling av mer och mer f6rfina-
de teoretiska modeller. Denna forskning ir till sin natur grundforskning och drivs
framat av en nyfikenhet 6ver hur virlden fungerar, men samtidigt kriver de allt mer
detaljerade experimenten och modellerna ofta utveckling av metoder och verktyg
som ligger i teknologins framkant.

Denna avhandling ir ett resultat av forskning gjord inom ramen f6r PANDA,
ett acceleratorbaserat experiment som haller pa att utvecklas som en del av FAIR
(Facility for Antiproton and Ion Research) i Darmstadt, Tyskland. PANDA kom-
mer att mojliggéra detaljerade studier av en av de grundliggande vixelverkningarna i
standardmodellen: den starka vixelverkan. Denna verkar pd lingdskalor av storleks-
ordningen femtometer (107" eller 0.000000000000001 meter) och binder samman
kvarkar, som ir bland de minsta partiklarna i standardmodellen. Partiklar bestien-
de av sammanbundna kvarkar kallas f6r hadroner, en kategori av partiklar som in-
kluderar protonen och neutronen vilka utgér atomkirnor. Genom att studera den
starka vixelverkan kan man saledes 6ka var forstielse for hur protoner, neutroner
och atomkirnor fungerar.

Pa grund av speciella egenskaper hos den starka vixelverkan 4r det vildigt svart
att teoretiskt beskriva hur den fungerar i en hadron. De modeller som nu utveck-
las behover valideras med hjilp av experimentella mitningar av dessa partiklar. Den
gren av fysiken som rér dessa studier — bade teoretiska och experimentella — kallas

f6r hadronfysik och befinner sig i grinslandet mellan partikelfysik och kirnfysik.

For att studera partiklar pa femtometerskalan krivs hdga energier — si hoga
att man kan sl sonder partiklarna och studera resultatet. I PANDA kommer en ac-
celererad strile av antiprotoner med en rorelsemingd mellan 1.5 och 15 GeV/c att
interagera i ett fast mal. D antiprotonerna interagerar med protonerna eller atom-
kirnornaidettamalkan olika typer av partiklar skapas. Flera av de méjliga reaktions-
produkterna kan ge viktig information om hur den starka vixelverkan fungerar, och
for att studera dessa behovs ett avancerat system av partikeldetektorer placerade runt
interaktionspunkten. Detta system bestdr av flera olika detektorer som ir specialise-
rade pa olika uppgifter: vissa kan spira partiklars bana frin interaktionspunkten,
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vissa kan mita tiden det tar for en partikel att réra sig genom detektorsystemet och
vissa kan mita partiklars energi.

En detektor som ir konstruerad f6r att noggrant mita en partikels energi kallas
for en kalorimeter, och den ir konstruerad for att s effektivt som m&jligt bromsa
upp den inkommande partikeln si att denna helst limnar all sin energi i detektorns
volym. Nir en partikel med hdg energi triffar ett material skapas en skur av partik-
lar, som illustrerat pa omslaget till denna avhandling. Med en kalorimeter vill man
alltsd “finga” si mycket som majligt av denna skur.  PANDA kommer elektromag-
netiska kalorimetrar (electromagnetic calorimeters, EMCs) att installeras, vilka syftar
till att mita energin hos fotoner (), elektroner (e™) och positroner (e*). Tva typer
av EMC:er kommer att anvindas: en bestiende av drygt 16 000 PbWO-kristaller
och en sa kallad shashlyk-EMC bestiende av drygt 1 500 detektorelement. Denna
avhandling handlar om utveckling f6r elektroniken som ska anvindas for ate lisa ut
signalerna frin dessa detektorer.

En av de stora utmaningarna inom acceleratorbaserade experiment idag ir de
stora datamingderna fran detektorsystemen. I PANDA kommer antiprotoner att
interagera i malet upp till 20 miljoner ginger per sekund, och om alla resulterande
detektorsignaler skulle lisas ut direke skulle 200 GB data per sekund behéva behand-
las. Detta 4r inte rimligt, och fér att minska datamingden utan ate forlora hindelser
som kan vittna om intressant fysik behover elektroniken som kopplas till detekto-
rerna kunna bedéma vilka signaler som verkar intressanta och ska sparas. For kalori-
metrarna utgors det forsta steget i denna kedja av front-end digitisers — elektroniska
moduler placerade nira detektorn som béide digitaliserar och analyserar detektor-
signalerna i realtid. Denna signalbehandling kommer att utféras av FPGA:er (feld-
programmable gate array), vilka ir integrerade kretsar optimerade for att utféra pa-
rallella berdkningar i hog hastighet. Dessa FPGA:er kommer pa grund av placering-
en i experimentet att utsittas for hoga doser av joniserande strilning (till exempel
bestiende av protoner och neutroner) vilken kan orsaka fel i FPGA:erna. Dessutom
kommer signalerna som behdver analyseras komma med vildigt hog frekvens (flera
hundra tusen signaler per sekund).

I kapitel 5-8 av avhandlingen beskrivs en undersskning av risken for single event
upsets (SEUs) — forindringar i FPGA:ns minne orsakade av joniserande stralning.
Detta har studerats genom experiment dir FPGA:n har bestrilats med protoner och
neutroner med olika energier, och for att ge 6kad insikt i hur SEU-risken beror pa
den inkommande partikelns energi har teoretiska modeller f6r SEU:er utvecklats.
Dessa modeller har kombinerats med data frin de experimentella mitningarna f6r
att gora det majlige ate forutsiga hur ofta SEU:er kan intriffa i PANDA. Resultaten,
som presenteras i kapitel 8, visar att man i virsta fall kan f6rvinta sig ett SEU var
sjuttonde minut i den del av EMC:n som undersokts.

I kapitel 9-12 av avhandlingen beskrivs utvecklingen av en FPGA-baserad al-
goritm f6r behandling av signalerna frin shashlyk-kalorimetern i PANDA. Som ett
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forsta steg i detta arbete har en detaljerad modell av kalorimeterns respons da den
triffas av fotoner utvecklats. Denna modell gor det majligt att simulera realistiska
detektorsignaler, vilka kan anvindas for att testa prestandan hos algoritmer f6r sig-
nalbehandling. En algoritm som kan koras av en FPGA har utvecklats, och denna
gor det dels majligt att noggrant bestimma signalers hojd och ankomsttid, men ock-
s att rekonstruera dessa parametrar for 6verlappande signaler (si kallade pile-ups).
Pile-up ir en direke foljd av den héga interaktionsfrekvensen i PANDA, och den
metod som beskrivs hir gor det méjlige for detektorn att fungera under dessa for-
hillanden utan avsevird minskning i effektivitet. Resultaten frin denna del av av-
handlingen presenteras i kapitel 12.
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