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Abstract
The Fast Interaction Trigger for the ALICE Upgrade
Maciej Slupecki
As a part of the preparations for the LHC Run 3 and 4, the ALICE experiment at
CERN is undertaking a thorough upgrade of the setup. In particular, all ALICE
subsystems have to cope with the increased interaction rate of 50 kHz in Pb−Pb
and up to 1 MHz in pp collisions. Compared to Run 2, this is up to two orders
of magnitude more collisions. Although the solution for the majority of ALICE
detectors is to switch to a continuous readout, several of the older systems (TRD,
CPV, HMPID, EMCAL, DCAL, and PHOS) would still need an external trigger
or a wakeup signal.
The Fast Interaction Trigger (FIT) will generate a minimum-bias and a multiplicity trigger with the maximum latency below 425 ns. It will also measure the
collision time with a resolution of ¡ 40 ps and serve as the main ALICE luminometer, providing direct, real-time feedback to the LHC for the beam tuning.
In the offline analysis, FIT will aid in the reconstruction of the vertex position,
assess forward particle multiplicity, centrality, and event plane, and will be used
for the study of diffractive physics at forward rapidity.
FIT consists of three subsystems: a fast Cherenkov detector array using MCPPMTs as photosensors, a large scintillator ring employing a novel light collection
system, and a scintillator-based Forward Diffractive Detector. In this thesis, the
detector design is presented and verified. The description of detector components,
along with the key test results of individual components, component assemblies,
and of the full detector simulation are presented and discussed. They show that
FIT has been optimized to fulfill all of the required functionalities and operate
efficiently within the imposed constraints.
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1. Introduction
As a civilization, we are both proud of and dependent on our technological advancements. They make our lives easier, safer and generally more enjoyable.
They have become an inseparable component of our culture. To continue developing at such a high rate, we need to push the frontiers of knowledge further and
further. This is the role of fundamental research, which forms the basis for any
technological advancements leading to practical applications. The fundamental
research aims at improving our understanding of the natural phenomena and developing theoretical models capable of their description and a further prediction.

1.1. Standard Model
One of the branches of science performing fundamental research is the particle
physics. It studies the nature of the smallest constituents of matter and energy
and their interactions. Currently, the leading theory of particle physics is the
Standard Model (SM).
According to the SM the Universe is made of a limited number of elementary
particle species: 12 fermions spin 12 , their antiparticles, 12 force-carrying gauge
bosons (spin 1) and one scalar Higgs boson (spin 0). Among fermions, there are
6 quarks grouped by their mass into 3 generations: up (u) and down (d), charm
(c) and strange (s), top (t) and bottom (b). The remaining fermions can be
similarly classified into: electron (e) and electron neutrino (νe ), muon (µ) and
muon neutrino (νµ ), tau (τ ) and tau neutrino (ντ ). The SM recognizes three
fundamental forces or interactions, mediated by gauge bosons: electromagnetic
interaction carried by photon (γ), weak interaction – W + , W − and Z bosons,
strong interaction – eight types of gluons. The existence of the scalar Higgs boson,
responsible for the generation of masses, has recently been verified experimentally
[3, 4]. See Figure 1.1 for details about the SM elementary particles and the
interactions. The one outstanding shortcoming of the SM is that it does not
include the fourth fundamental force – the gravity. Therefore, the link between
small, particle-scale and large-scale astrophysical phenomena is missing.

1

1. Introduction

2

Figure 1.1.: Elementary particles of the Standard Model and the corresponding
interactions. The particle masses are taken from [1, 2]
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The quark content of the SM is supported by two observations [5]. Firstly, in high
energy particle collisions, a multitude of different hadrons is detected. Their existence and properties are explained if they are composed of a group of three quarks
(baryons) or quark-antiquark pairs (mesons). Considering quarks are fermions
and they have to adhere to the Pauli exclusion principle, 6 quark flavours, together with two possible spin states and several radial excitation states of each
quark can be combined to form thousands of final-state particles. These combinations include uud and udd triplets, that correspond to the most commonly
recognized hadrons: the proton (p) and the neutron (n) respectively.
Secondly, the presence of the spin 21 point-like partons inside nucleons is indicated
by measurements of inelastic scattering of electrons off nucleons. The spectra are
best modelled by partons, which behave as free particles within the volume of
a nucleon [6]. Additionally, in e− p+ deep inelastic scattering experiments wellcollimated jets of particles are observed [7, 8]. The natural explanation involves
the scattering of a single parton from the collision region, which then forms a
subsequent directional particle shower.

1.2. Quantum Chromodynamics
Despite such a good agreement of the quark model with experimental observations, no single free quark has ever been observed [9, 10]. This can be explained
by introducing the strong interaction described by the Quantum Chromodynamics (QCD) as the main force affecting the behaviour of quarks. According to
the QCD, the attractive strong force is caused by the exchange of gluons. Gluons are spin 1, massless particles found inside hadrons, binding them together.
Like quarks, they are coloured, and together they are called partons [11]. Unlike
quarks, they carry zero baryon number. Their existence is confirmed by triple-jet
particle collision events, in which two jets originate from a quark-anti-quark pair
and the source of the remaining jet is a gluon [12–14].
To explain why quarks are commonly bound into (i) quark-anti-quark, (ii) threequark or (iii) three-anti-quark system an additional colour charge quantum number has been introduced. There are three colours: red, green, blue and their anticolours. Quarks can only form neutral net colour bound states (colour singlets),
i.e., baryons consist of red, green and blue quark, while mesons are formed by
any combination of colour-anticolour quark pairs. This property is called colour
confinement [15]. Introduction of the additional colour quantum number [16, 17]
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is justified by the experimental observation of baryons, which otherwise could not
exist due to the Pauli exclusion principle. For example, Δ++ (1232) consists of
three same-flavour quarks uuu, which is the only combination of (u, d, s), that
were considered in the early quark model, which makes up the double charge. Its
spin is 23 , that can only be the result of 3 aligned spins of each u quark. Without colours, all three constituent quarks would have the same set of quantum
numbers and could not form the baryon.
While quarks carry one of only three available colour charges, gluons carry one of
eight colour-anticolour charge combinations. In principle, there are nine possible
pairs of colour-anticolour charges, but the one representing colour singlet has to be
removed. If gluons in colour-singlet state existed, they would not be confined [14].
This implies they could be observed as free particles, which has not been the case.
Because gluons are strong force mediators and colour charge-carriers they can
interact both with themselves and with other gluons [18]. A short-range strong
interaction between two quarks can be represented as a direct exchange of gluons.
However, when the distance between quarks increases, so does the probability of
two-gluon interaction or gluon self-interaction. This branching effect complicates
calculations to such extent that at distance scales & 0.5 fm practical QCD results
rely on numerical simulations [5]. They are based on the QCD equations that
are formulated for regions of the discreetly-divided space and time [19, 20]. They
form a 4-dimensional grid or lattice. However, this approach is quite limited,
because such a simulation is very demanding in terms of computer resources [1].
Still, up to date, quite a few significant results were obtained with the help of
lattice QCD, though with non-negligible numerical uncertainties.
The potential between a quark-antiquark pair at the distance r can be described
as [5, 21]:
V (r) = −

A(r)
+ Kr
r

(1.1)

The first term resembles the Coulomb law and dominates at short distances, while
the second one means that at large distances the potential increases linearly with
the distance. It is worth to note the A is not constant, but mildly depends on
r [5]:
A(r) ∼ −

1
ln(r)

(1.2)
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Altogether, such a potential results in two outstanding properties of the strong
interaction. Firstly, at small distances quarks behave as almost free particles.
This property is called the asymptotic freedom [15, 22]. Secondly, the linear
rise of potential at larger distances means, that it is not possible to effectively
separate them. An attempt to separate two quarks would lead to the rise of
potential, which would eventually reach a point, at which it would become more
energetically favourable to create a quark-antiquark pair in between. The created
pair would act then as a sink or source, reducing the potential [5].

1.3. Quark-gluon plasma
Despite quarks are confined in the ordinary matter, they are predicted to behave
as free particles if certain combination of high pressure, density and energy is
applied. They form a strongly interacting soup of free quarks and gluons called
the Quark-Gluon Plasma (QGP) [23, 24]. The QGP is a distinct state of matter,
which can exist only at extremely high temperatures or densities. Many cosmological questions [25] draw our attention to the very early Universe – to about
the time when the QGP was the dominant medium (between a picosecond and
a microsecond after the Big Bang [26, 27]) and its properties affected the development of the Universe. For instance, quantum fluctuations, that are believed
to have appeared earlier during the inflation [28], may have led to the formation of large-scale structures [29], like galaxies and clusters. After the inflation
these fluctuations needed to propagate through the QGP, so it is important to
study the properties of the QGP in order to improve our understanding of the
present large-scale structure of the universe and its development. The moment of
transition between the QGP and the hadronized matter [30] is of equal interest.
This phase transition is the only experimentally accessible one in a quantum field
theory, so it is an excellent proving ground for its verification.
During the phase transition from hadronized matter to the QGP the mean distance between interactions of quarks and gluons shortens as the temperature
is raised. Upon reaching the critical temperature (Tc ∼ 150 − 175 MeV for
µB → 0) [31] they become screened against long-range interactions [32], i.e., partons are no longer bound to hadrons, but can be described as free (deconfined)
particles. The resulting state of matter behaves like a near ideal liquid [33, 34].
On the other hand, if the mean distance between quarks were shorter the strong
interaction would essentially disappear, as a result of the asymptotic freedom,
and they would interact only weakly. Such a mean distance can be expressed
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Figure 1.2.: The phase diagram of known matter. The control parameters are
the temperature T and the chemical potential µ. The figure is based
on data from [5, 36]
as the baryon chemical potential (µB ). It is the variable of choice since it holds
the thermodynamically relevant meaning of a rate of free energy change with
respect to the change in the number of particles within the system. The chemical
potential refers in this case to the baryon number, which is a conserved quantity
in the QCD. It can be calculated as the difference between numbers of baryons
and antibaryons in the system.
It is worth to note that because the QCD is a relativistic theory the rest mass of
particles should be taken into account. Because each quark flavour has different
mass it is associated with its own chemical potential. However, in the firstorder approximation these multiple dimensions can be omitted and it can be
assumed there exists only one chemical potential related to the three lightest
quarks: up, down and strange [35]. The masses of these three quark flavours are
lower than the QGP formation temperature, which means only they contribute
to its properties at an equilibrium. Out of the three lightest quarks the strange
quark is the heaviest one, so it needs to be treated carefully close the QGP phase
transition temperature.
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The two major control parameters needed to construct a phase diagram describing
the QGP phase transition are identified as temperature and chemical potential.
The sketch of such a phase diagram is shown in Figure 1.2. The two known phases
are the hadronic gas, within which the ordinary nuclear matter is located, and the
QGP. At some non-zero chemical potential, there is a critical point, above which
the first-order phase transition is expected. For the lower chemical potential the
phase transition occurs as a crossover [37] due to non-identical quark masses.
This is the region probed by ultrarelativistic heavy-ion collisions. The higher
the collision energy the more quark-antiquark pairs are produced. In the pair
production process, the net baryon number is not changed, so these experiments
probe the phase diagram region, where chemical potential is close to zero. On
the other hand, in lower-energy collisions, the quarks inside the colliding nuclei
constitute a significant fraction of detected matter and their baryon number becomes significant globally. Therefore, such collisions probe the region of the larger
chemical potential, but at a lower temperature. Efforts are made to probe lower
baryon-number regions of the phase diagram by Beam Energy Scan programme
at RHIC [36], by the NA61/SHINE at CERN [38], and by future facilities, i.e.,
CBM at FAIR [39] and MPD at NICA [40]. The aim of these experiments is to
search for the critical point presented in Figure 1.2.
In the phase diagram, there can be more theoretically possible phases. As an
example, the region with the high chemical potential and the relatively low temperature could be a colour superconductor [41]. An experimental confirmation
of such additional phases must rely on studying large astrophysical objects, like
neutron stars [42,43] or black holes [44], where matter is squeezed by gravity overcoming the strong force to reach necessary densities. Construction of an experiment capable of probing this region in a laboratory testbench seems impossible.
The QGP is different in this respect as it can be studied in the well-controlled
laboratory conditions.

1.4. Experimental observables in heavy-ion physics
The only known way to produce the QGP artificially is through high-energy
particle collisions. Colliding heavy ions (HI) is advantageous compared to light
ions or protons because such collisions on average form a larger system, which
translates into a larger amount of the produced QGP [34, 45]. It is only possible
to produce minute and extremely short-lived portions of the QGP, which quickly
expand, loose the required energy density and transform back into the hadronic
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matter.
In heavy-ion collisions, the number of experimental observables is very limited.
At best the yields of identified particles as a function of the transverse momentum,
the azimuth angle and the pseudorapidity are available. These observables can
be used to calculate the luminosity, which is needed for the determination of cross
sections. Invariant mass distributions may also be derived.
Other derived quantities, that can serve as probes of the QGP formation [46] have
been found. One of the phenomena, indicating the QGP is formed in heavy-ion
collisions, is the flow. Initially, the radial flow was identified as the change of
a slope in the momentum spectra of a given particle species [47]. Then the azimuthal anisotropies of detected particles were observed. If a collision happens
to be non-central, then the collision region is not spherical, but rather almondshaped. And such is the initial shape of the expanding QGP droplet. Hydrodynamical flow converts the spatial anisotropies into momentum anisotropies, which
translate directly into azimuthal anisotropies of outgoing particles [34, 47]. The
experimental observation of the angular distribution of particles consistent with
this picture shows that a droplet of low-viscosity liquid is formed in heavy-ion
collisions [48–50].
The second relevant phenomenon, that indicates the early-state droplet is stronglyinteracting, is the jet quenching [51, 52]. In case a pair of heavy quark-antiquark
is produced early after a collision, the momentum conservation stipulates that
two jets of approximately equal total momenta should emerge on the opposite
sides. It, however, assumes both jets are subject to similar further interactions
when traversing the medium between their point of creation and detection. It is
likely, however, that the jets originate from the periphery of a collision region.
In this case, one of the jets may escape the collision region almost immediately,
while the other jet traverses most of the medium created during the collision.
Only if the medium is transparent for a heavy quark, the other jet would emerge
unaffected. In fact, it has been observed that the other jet is quenched [33, 53].
This means that the medium, which it had to pass through, is strongly-interacting
and during this transition, the jet’s momentum is transferred to the medium and
spread across a large number of less energetic particles.
The yields of quarkonia provide additional information on the formation and
properties of the QGP [54]. Heavy quarkonia can be produced either in a primary
collision or at a later stage via recombination. Additionally, their signatures can
be suppressed by the interaction with the QGP medium in the fashion similar to
jets. These three mechanisms influence the final yields of the charmonia and the
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bottomia, that carry information about all of the underlying physics, especially
about the QGP medium interactions. Therefore, the formation of the QGP can
be inferred from the observed increased production of strange quark pairs [55],
ultimately detected as single- or multi-strange hadrons. It has been shown that
mainly the gluon component is responsible for this strangeness enhancement [56]
and in the QGP there is an abundance of free gluons available.
Finally, electromagnetic signals, i.e., photons and dileptons are insensitive to
strong interaction and so they can be used to probe the initial stages of the QGP
formation [57], it’s evolution and some of the properties, like the temperature of
the fireball [58].
Historically strangeness enhancement was the first signal indicating the formation of the QGP [59]. Then jet quenching and anisotropic flow was observed.
Presently, while ALICE, as well as STAR and PHENIX perform detailed studies
of these three basic phenomena, the focus is slowly shifting towards the precise
measurement of the last two groups of observables, i.e., the heavy quarkonia,
leptons and photons. The interest in the heavy-ion community is best shown in
the physics motivation behind the ALICE Upgrade [60]. It concentrates on the
significant increase of the statistics and on implementing detector upgrades allowing to measure leptons and study charm and beauty also at very low transverse
momenta, which were out of reach until now. The forward photon and electron
studies are considered for another upgrade in the further future [61, 62].

1.5. ALICE
Particle colliders are machines capable of accelerating charged particle beams and
directing them to move along trajectories that lead particles to collide with each
other. The Large Hadron Collider (LHC) is the largest element in a complex of
particle accelerators at CERN, located in Geneva region in Switzerland. During
its Run 2 operation, it has routinely achieved the highest particle beam energy
in the world of 6.5 TeV/c for proton beam and 2.51 TeV/c for lead ions, which
translates into the maximum collision energies of 13 TeV/c and 5.02 TeV/c respectively. Along the LHC there are four intersection points, where particles can
collide. Complex detector systems are built around them.
A Large Ion Collider Experiment (ALICE) [64] has its detector at the LHC interaction point 2. A photograph of the opened experiment is shown in Figure 1.3.
The experiment is dedicated to study the QGP, by analysing the properties of par-
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Figure 1.3.: Photograph of ALICE taken on 23.01.2020 [63]. The experiment is
undergoing an upgrade so the magnet doors are open and the inner
detectors are removed
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ticles emerging from the interaction point, where the QGP forms after collisions.
To achieve this goal, ALICE has to utilize multiple particle detection techniques
in several subdetectors. They can be grouped into the following categories:
• Trackers, extracting the particle momentum and charge;
• Calorimeters, providing energy of selected particle species;
• Time-of-Flight, reconstructing particle masses, contributing to the particle identification (PID);
• Transition radiation detector, measuring particle momenta, participating in PID;
• Muon arm, focusing on properties of highly-penetrating muons;
• Forward and trigger, detecting global collision properties independently
from the others.
ALICE has been collecting data since the start of operation of the LHC, during Run 1 (2009-2013) and Run 2 (2015−2018). The runs were separated by
the Long Shutdown 1 (LS1) which lasted for two years. The LHC and its preaccelerators were upgraded to improve performance at that time. During the LS1
the ALICE upgraded its electromagnetic calorimeter system, by adding a second
subdetector, DCAL, with azimuthal coverage of 60°, as an extension of already
existing EMCAL covering the opposite 120° [65]. Also, PHOS was upgraded and
the first CPV module was installed [66]. The TRD also installed the remaining 10
supermodules [67]. The TPC readout was upgraded [68], as well as hard drives,
operating systems and online software [69].
At the end of 2018, the LHC entered its second Long Shutdown (LS2), after which
the Run 3 will start. The LS2 upgrades of the LHC require a major upgrade or
replacement of multiple subdetectors in ALICE. One of the new subdetectors is
the Fast Interaction Trigger (FIT) [70]. It will replace the T0, V0, FMD and AD
subdetectors that were used before the LS2. It will serve as the trigger, main
ALICE luminometer and it will play a major role in the collision classification
in terms of unbiased charged-particle multiplicity, centrality and reaction plane.
This information is a very important starting point for more detailed studies of
the QGP flow and other phenomena.
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1.6. Author’s contribution
The author has been full-time involved with the FIT project since 2014 when
the first detector module prototype was tested at the T10 beamline at CERN.
He participated in 7 out of 8 prototype beam tests in the detector R&D phase
(2014−2018), contributing to the following areas of activity related to the beam
tests:
• Hardware installation, alignment and management at the experimental site
It resulted in the gain of experience in handling of high-voltage devices,
NIM electronics and a laser alignment system, and becoming familiar with
running procedures at the industrial-scale facility of the T10 beamline. Additionally, the author has been qualified to control the beam properties at
the T10. The beam energy, polarity and focus point could be selected by
adjusting the currents flowing through the dipole and quadrupole magnets.
The beam collimators were also adjusted to control the size and spread of
the beam. In the last four beam tests, the author also performed the duties
of a safety officer with permission to patrol the beam test site and confirm
the area is secure. Such a confirmation was needed before the beam could
be released.
• Pulse shape and data analysis
The experimental data was collected with a digitizer. A special analysis
software was created, with significant participation of the author, to convert
the raw waveforms to time, amplitude and charge signals. The next analysis
step involved devising appropriate quality cuts to filter out the background
and plotting the selected quantities.
• Development of cross-talk mitigation technique
Because an unexpected behaviour of the initial versions of the tested sensors was encountered an extensive analysis of the problem was performed by
the author. It was finally identified as the time-delayed cross-talk between
channels. While a moderate optical cross-talk was expected, its time-shift
was surprising. The analysis showed that the majority of cross-talk was
electrical, not optical. It allowed our collaborators from the INR to introduce the hardware modifications to the sensor, that eliminated the problem of electrical cross-talk. More details are presented in subsection 3.3.2
and subsection 3.3.3.
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• Approval of the novel FV0 light collection system
The author helped in the quantification of the performance improvement
of the new FV0 light collection system, that reaches a factor of 2 in time
resolution with respect to the design used by the V0 (its predecessor).
In terms of topics unrelated to the beam tests the author has been involved in
the following activities:
• T0 on-call expert
Since 2016 the author has covered in total 83 24-hour shifts split into four
periods. It resulted in the gain of hands-on experience related to practicalities of running a large and complex system, like ALICE. It led to a deeper
understanding of the experimental setup and the complicated interconnections between many ALICE subsystems, including the Detector Control
System (DCS), Data Quality Monitoring (DQM), readout, trigger etc.
• Characterization of MCP-PMTs
The author has been responsible for the assembly, characterization and
running the acceptance tests of approximately half of the PLANACON®
MCP-PMT photosensors delivered for FIT. He has created the software to
automatically analyse collected data to obtain single photoelectron spectra and the gain curves [71]. He has also created a software to plot the
CAEN Gecko logs [72], used to monitor high-voltage channels and their
current consumption. The details of assembly steps, analysis procedures
and example results are described in subsection 3.3.14.
• ALICE software development
The author has implemented the realistic optical properties to the FT0
detector simulation code in the ALICE analysis frameworks: AliRoot and
O2 (see subsection 3.6.1 for details). For this purpose, the extensive data,
that is not readily available for the public, had to be collected from manufacturers of photosensors and quartz radiators. The data required proper
conversion and adjustment to be used with either of the ALICE software
frameworks. In 2020, the author has become responsible for the FV0 detector software development in the O2 .
• Performance simulations
The detector design has been validated at different stages also using simulations. The author has run all of the simulations and analysed the resulting
data described in subsection 3.3.12 and Section 3.6.
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• Organizer of the weekly FIT software meeting
Since the beginning of 2020, the author has become FIT software meetings
organizer. They have been held weekly to discuss the progress in the development of the part of O2 framework, that is related to the three FIT
detectors: FT0, FV0 and FDD.
• FT0 run coordinator
Since the beginning of 2020, the author has been assigned the role of the
FT0 run coordinator. The job of a run coordinator is to be the interface
between the people involved with the subdetector and the global ALICE
Run Coordination team. The responsibilities related to this position include
ensuring the detector’s readiness for operation and reporting the recent
status and developments in the weekly meetings.
• Student supervision
The author has organized the tutorial for new students in 2016, concerning
the practicalities of running the FIT beam test and introducing the hardware and software tools to them. He has also been supervising the summer
students at CERN in 2019. It resulted in one student implementing the
three-dimensional geometry of the FV0 into O2 during the 3 months of his
internship. The other students, who visited CERN for a shorter time, were
involved in the MCP-PMT assembly and characterization, preparation of
detector mock-up needed for integration tests and analysis of the simulated
data.
The latest developments and intermediate results related to this work have been
presented regularly in conferences and meetings. The two most relevant conferences, where the author has given an oral presentation, that was followed by the
publication of proceedings, were the EPS Conference on High Energy Physics
(HEP-EPS 2017) [73] and the XXXIX International Conference on High Energy
Physics (ICHEP 2018) [74]. The list of the most relevant publications and conferences is included in Appendix A.
1.6.1. Publications
As of 20.04.2020, he has co-authored 211 publications related to heavy-ion particle
physics as a member of the ALICE collaboration and the following three technical
papers.
[1] E.V. Antamanova et al. Anode current saturation of ALD-coated Planacon®
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MCP-PMTs. JINST, 13(09):T09001, 2018.
[2] D.A. Finogeev et al. Performance study of the fast timing Cherenkov detector
based on a microchannel plate PMT. J. Phys. Conf. Ser., 798(1):012168, 2017.
[3] V.A. Grigoryev et al. Fast timing and trigger Cherenkov detector for collider
experiments. J. Phys. Conf. Ser., 675(4):042015, 2016.

1.6.2. Other activities
Because the PhD topic has changed, the author has also been involved in other
activities, which are not part of this thesis, namely:
• The activities in the Pyhäsalmi mine in Finland
(related mainly to the EMMA experiment)
• The Muon Monitor experiment in the LSC, Canfranc, Spain
The two presentations on the related topics were given by the author in two
national conferences and a poster was presented at one international summer
school:
• Physics Days 2014, Tampere, 2014.03.11−13
Poster: Extension of EMMA with Limited Streamer Tube detectors
• Particle Physics Day 2013, Helsinki, 2013.10.24
URL: https://www.mv.helsinki.fi/home/hitu www/hituday 2013.html
Talk: Recent multiplicity distributions in EMMA experiment
• Intelligent Front-End Signal Processing for Frontier Exploitation in Research and Industry (INFIERI 2013), Oxford, 2013.07.10−16
URL: http://www.physics.ox.ac.uk/infieri2013/
Poster: Data acquisition system for the EMMA experiment
These activities resulted in co-authorship of the following publications:
W. H. Trzaska, M. Slupecki et al. Cosmic-ray muon flux at Canfranc Underground
Laboratory. Eur. Phys. J., C79(8):721, 2019.
P. Kuusiniemi et al. Performance of tracking stations of the underground cosmicray detector array EMMA. Astropart. Phys., 102:67–76, 2018.
S. K. Agarwalla et al. The mass-hierarchy and CP-violation discovery reach of
the LBNO long-baseline neutrino experiment. JHEP, 05:094, 2014.
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S. K. Agarwalla et al. The LBNO long-baseline oscillation sensitivities with two
conventional neutrino beams at different baselines. 2014.
S. K. Agarwalla et al. Optimised sensitivity to leptonic CP violation from spectral
information: the LBNO case at 2300 km baseline. 2014.
I. De Bonis et al. LBNO-DEMO: Large-scale neutrino detector demonstrators for
phased performance assessment in view of a long-baseline oscillation experiment.
2014.
A. Stahl et al. Expression of Interest for a very long baseline neutrino oscillation
experiment (LBNO). 2012.
P. Kuusiniemi et al. Underground multi-muon experiment EMMA. Astrophys.
Space Sci. Trans., 7:93–96, 2011.
T. Kalliokoski et al. Can EMMA solve the puzzle of the knee? Prog. Part. Nucl.
Phys., 66:468–472, 2011.
A. F. Yanin et al. Multichannel Data Acquisition System for Scintillation Detectors of the Emma Experiment. 2011.

Additionally, they resulted in co-authorship of the following conference proceedings:
W.H.Trzaska, et al. High-multiplicity muon events observed with EMMA array.
J. Phys. Conf. Ser., 1468:012085, 2020.
W. H. Trzaska et al. Acoustic detection of neutrinos in bedrock. EPJ Web Conf.,
216:04009, 2019.
W. H. Trzaska et al. Possibilities for Underground Physics in the Pyhasalmi
mine. In 13th Conference on the Intersections of Particle and Nuclear Physics
(CIPANP 2018) Palm Springs, California, USA, May 29-June 3, 2018.
L. B. Bezrukov et al. New Low-Background Laboratory in the Pyhäsalmi Mine,
Finland. Phys. Part. Nucl., 49(4):769–773, 2018.
I. Bandac et al. Calculation of total muon flux observed by Muon Monitor experiment. J. Phys. Conf. Ser., 934(1):012019, 2017.
S. Lubsandorzhiev et al. A New Low Background Laboratory in the Pyhäsalmi
Mine: Towards 14C free liquid scintillator for low energy neutrino experiments.
PoS, ICRC2017:1044, 2018.
T. Enqvist et al. Measuring the (14)C content in liquid scintillators. J. Phys.
Conf. Ser., 718(6):062018, 2016.
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P. Kuusiniemi et al. Muon multiplicities measured using an underground cosmicray array. J. Phys. Conf. Ser., 718(5):052021, 2016.
J. Sarkamo et al. EAS selection in the EMMA underground array. J. Phys. Conf.
Ser., 409(1):012086, 2013.
P. Kuusiniemi et al. Underground cosmic-ray experiment EMMA. J. Phys. Conf.
Ser., 409(1):012067, 2013.

2. ALICE at the LHC
2.1. The LHC and infrastructure
At CERN the extreme particle collision energies required for QGP studies are
reached using an infrastructure of several machines arranged in stages. In the
beginning of the chain, there is an electron cyclotron resonance (ECR) ion source,
where an isotopically pure lead sample is heated up to about 800°C to vaporize
it. The vapour is then subjected to high-frequency electromagnetic field superimposed with a static magnetic field, which strips away some of the electrons from
lead atoms. Thus, they become ions and can be accelerated using the electric field
in the linear accelerator called Linac3. They gain energy of 4.2 MeV per nucleon
there. Subsequently, they travel through the Low Energy Storage Ring (LEIR),
which performs two functions. It accelerates ions to 72 MeV and partitions the
beam into tight bunches consisting of 2.2 · 108 ions. Such a beam structure is
suitable to be injected into the 628 m long Proton Synchrotron (PS). The last
electrons are stripped away from lead ions there, as their energy per nucleon is
increased up to 5.9 GeV. The further boost, up to 177 GeV, is provided by the
7 km long Super Proton Synchrotron (SPS). Finally, the ions reach the 27-km
long Large Hadron Collider (LHC), where they collide at the centre of mass energy of 5 TeV. The last three stages of the acceleration, i.e., the PS, the SPS and
the LHC are common also for proton beams, while in the initial stages different
machines are used: proton source, Linac 2 (Linac 4 after 2018) and the Proton
Synchrotron Booster (PSB). The map of LHC-related accelerators at CERN is
shown in Figure 2.1. The right-side picture shows the layout of larger accelerators and the left-side focuses on the smaller devices, corresponding to the early
stages of acceleration, up to the PS. The red colour denotes elements used only
for protons. The blue colour corresponds to the devices used for accelerating
heavy-ions. Black parts are common. The dashed line corresponds to the new
hardware available after the Long Shutdown 2 (2019-2020).
The LHC incorporates two beam pipes, in which particles are circulating in the
opposite directions. The beam pipes cross only in four sections, called intersection
points, where collisions can take place. Around these points, four large detector
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Figure 2.1.: Map of accelerators at CERN [75–77]
systems are built. The ATLAS and the CMS are general-purpose detectors, designed to study a wide range of phenomena. One of their prominent contributions
was the experimental discovery of the Higgs boson [3, 4]. The LHCb experiment
investigates rare decays used to study the CP violation, a phenomenon that can
shed light on the asymmetry between matter and anti-matter in the Universe.
The ALICE focuses on studying the QGP.
2.1.1. The LHC as a collider
The LHC is a collider [78, 79], a machine which performs the functions of synchrotron and storage ring. A synchrotron is a type of a cyclic accelerator, that
keeps particles in similar, stable orbits independently of the particle energy. This
is achieved by synchronising the growth of magnetic field of bending magnets
(dipoles, placed along the beamline) with increasing energy. The energy boost is
provided by a series of radio-frequency (RF) cavities, generating variable electric
field which is tuned to accelerate and maintain grouping of particles into bunches.
Once dipoles reach their maximum magnetic field, particles cannot be accelerated
any further, otherwise the radius of their orbit would increase and eventually the
whole beam would lose stability and dissipate in the beam pipe walls. To avoid
it, when the particle beam reaches maximum energy the role of a collider shifts
from the synchrotron to the storage ring. The storage ring can keep the particle
beam circulating at its design energy with minimal beam intensity losses for at
least several hours. Due to Coulomb force, a tightly-packed bunch of similarlycharged particles tends to spread. Focusing magnets (quadrupoles, octupoles)
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are used to maintain the preferable size and structure of the beam. After the
maximum energy is reached trajectories of two beams circulating in the opposite directions are slightly shifted until they cross in the designated intersection
points, where collisions start occurring. Every collision diminishes the intensity
of beams and therefore the collision rate decreases as well. This decrease is also
due to beam-gas collisions, that happen with the particles of residual gas present
in the imperfect vacuum of the beam pipes. In time, when the collision rate drops
below some threshold, it becomes more efficient to dump the beams and start
another cycle from scratch.
2.1.2. The beam structure, stability and focusing
The particle acceleration at a synchrotron is performed using a device known as
RF-cavity. Inside it, an electric field oscillates at radio frequency. The incoming
particles need to encounter the right direction of the field to be accelerated and
not decelerated. Therefore, the arrival time of particles at the cavity is crucial.
An RF-cavity also helps to stabilize the beam by focusing it longitudinally both
in the acceleration phase and during operation at full energy. At full energy the
particles arriving slightly ahead of the bunch centre are decelerated, while the
late-arriving particles are accelerated.
This implies the beam must be composed of relatively tightly squeezed bunches.
A single bunch must be short enough to pass the cavity within half a period of
the oscillating field, otherwise it will be split into several consecutive bunches. In
practice, the beam is never ideal and the particle distribution within any single
bunch has some tails. After going through RF-cavity they are slightly separated
from the main bunch and form the so-called satellite bunches or satellites.
At the LHC the RF-cavity is tuned to oscillate at 400 MHz, corresponding to the
period of 2.5 ns, which is the distance between the positions of the main bunch and
the first satellite. The collision time distribution measured by the T0 detector at
ALICE is shown in Figure 2.2. The plot represents a subsample of raw data from
the first three hours of pp run (#288806) at the ECMS = 13 TeV, containing
2.2 · 106 events. The main collisions are centered at time = 0. The collisions
between the preceding bunches and the triggering bunches are at time = −12.5 ns.
The vertex of such collisions is shifted with respect to the nominal interaction
point by approximately 3.75 m along the beam direction. The Figure 2.2 clearly
shows that the majority of collisions originate from the bunch-bunch interaction.
Bunch-satellite or satellite-satellite events also occur, but their timing is shifted
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Figure 2.2.: Example of beam bunch structure and satelites recorded at ALICE
with respect to the expected bunch crossing time by 2.5 ns. The position of
vertices corresponding to such events is also shifted along the beam direction.
The pp bunches are separated from each other by a multiple of 10 periods (25 ns)
of RF-cavity field. They form trains separated by slightly longer time gaps. There
is also a single beam-abort gap of 3 µs, equivalent to 900 meters. It is the time
required for a kicker magnet to power up when the beam needs to be dumped. The
size and arrangement of trains depends on the earlier stages of accelerators, i.e.,
their size (defining the maximum number of bunches) and bending magnets used
at injection. It is continuously optimized to maximize the delivered luminosity
and machine efficiency.
Apart from the longitudinal beam focusing also the transversal one is necessary. It is achieved mainly by the quadrupole magnets, but higher multipole
magnets are also used. A single quadrupole focuses the beam in one plane, but
also slightly defocuses it in the other plane, so a pair or more of quadrupoles
is needed to maintain desirable beam profile. The transversal size of the beam
along the majority of the circumference of the LHC is kept relatively large, at
0.2 mm, to avoid strong Coulomb repulsion and minimize the required power of
focusing magnets. Close to the intersection points a much stronger inner triplet
of quadrupoles is used to decrease the beam size to 16 µm. This increases the
particle density within a bunch and the probability for collision, which directly
affects the collision rate.
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2.1.3. The beam life cycle
The beam life cycle at the LHC can be split into distinct phases, tightly connected
with the state of the machine. The most common states, constituting a single fill
during normal operation are described in order [80]:
• Injection probe / setup beam
Injection of a low-intensity beam from SPS to test the configuration of
various components of the LHC and their ability to stabilize it
• Injection physics beam
Injection of high-intensity beam used for physics
• Prepare ramp
Injection is successfully completed, ongoing preparation for ramp-up of
magnets
• Ramp
The beam is being accelerated, the magnetic field of dipoles is gradually
increasing
• Flat top
The beam reached the target energy
• Squeeze
Squeezing the beam profile (or β ∗ ) at the intersection points
• Adjust
Adjusting the beams after squeeze, during this phase the experiments start
registering first collisions
• Stable beams
Only after declaration of stable beams the experiments start recording collision data
• Beam dump
The beam intensity dropped below threshold and it is being, will be or
has been dumped; alternatively, there was a problem and emergency beam
dump was performed
• Ramp down
The magnets are ramped down to prepare for the injection of the next fill
Stable beams state constitutes the majority of time during normal LHC operation,
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Figure 2.3.: Scheme of LHC operational timeline as of 2019/2020 [82]. The operation until 2029 is fully approved; beyond that the plan is approximate, which is indicated by the grey background. The COVID-19
outbreak is expected to cause significant delays from 2021 on
excluding maintenance breaks and shutdown periods. A single physics fill lasts
usually between 4 and 12 hours. While the time from beam dump to the next
stable beams can theoretically be slightly over one hour, in practice it usually
exceeds 2 or 3 hours. The additional time is spent to make more checks or, in
some cases, the beam is dumped prematurely never reaching stable beam state,
for example, due to misinjection or beam instabilities during the ramp-up.
The injection from the PS to the SPS runs just over 10 s and the acceleration
duration at the SPS is 4.3 s. The total time from the moment of particle leaving
the ion source to the LHC injection is below 20 s [81]. Comparison of these
numbers with those for the LHC shows the complexity and scale of the LHC
operation. The injection from the SPS to the LHC takes almost 10 minutes for
both beamlines, then the beam has to wait for 20 minutes before the 25-minutelong ramp-up of energy. The rate at which energy can be increased is limited
by the properties of dipole magnets and extreme strength of the magnetic field,
that they must reach. Finally, Squeeze and Adjust stages take another dozen of
minutes.
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2.1.4. The LHC operation during Run 1 and Run 2
After the initial incident with superconducting magnet quench in 2008, the LHC
management opted for an incremental approach, increasing its operational parameters gradually. In the first five years of a stable operation (2009-2013),
called Run 1, many machine components were tested, while the beam energy and
luminosity was being increased. Following that, the machine was switched off to
perform maintenance and upgrade to allow for further increase of these two most
important parameters. This two-year-long period is called the Long Shutdown 1
(LS1). In 2015 the LHC was restarted into Run 2 and soon the latest standing
world record in pp collision energy of 13 TeV was reached.
Over the three years of operation during Run 2, the LHC has exceeded the design
pp integrated luminosity of 100 fb−1 by 65%. In Run 2 ALICE recorded the
Pb−Pb integrated luminosity of 1.15 nb−1 , which corresponds to over an order
of magnitude increase with respect to Run 1. In 2019 the LHC has entered the
next Long Shutdown 2 (LS2) to further improve its performance. The following
Run 3 is scheduled to last for 3 years, after which another upgrade period starts
(LS3). The long-term LHC schedule is shown in Figure 2.3.
2.1.5. Operational parameters of the LHC in Run 3
The main component limiting the collision energy is the size of the collider and
achievable beam bending radius. Since the LHC occupies the old LEP 27-km long
tunnel, which defines the radius, the length of the collider cannot be increased.
On the other hand, the beam-bending radius depends on the dipole magnets
installed along the beamline. The LHC consists of 1232 superconducting dipoles,
which constitute a substantial cost fraction of the whole machine, so they cannot
be easily replaced. They are designed to operate at the current of 11.8 kA and
generate the magnetic field of 8.3 T, corresponding to pp collision energy of
14 TeV, which is slightly larger than the maximum achieved in Run 2. After
the last warm-up and cool-down cycle, which was performed during the LS1, the
superconducting magnets were trained up to the slightly lower field, limiting the
LHC energy to 13 TeV. It was deemed to be too time-consuming to train them
fully, as more time dedicated to magnet training would mean less time for physics
beam. The full magnet training is scheduled for the Long Shutdown 2 (LS2) [83],
which will bring the LHC to its maximum design beam energy.
Similarly to beam energy, instantaneous luminosity has not reached the ultimate
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design value yet. However, while the beam energy can be further raised by
only a fraction of 8%, the luminosity can be increased significantly with only
modest upgrades. In 2017 the instantaneous pp luminosity of 1.5 · 1034 cm−2 s−1
was routinely achieved, with a single test fill exceeding 2.0 · 1034 cm−2 s−1 [84].
While the maximum beam energy is related to the LHC hardware alone, the
luminosity increase requires careful investigation, hardware tuning and upgrades
at every step from the ion source, through linear accelerators, PS, SPS, LHC and
interfaces between them, i.e., extractors and injectors. The major changes in the
accelerator complex scheduled for LS2 are related to the proton p or heavy ion
HI chain and include [85]:
• Replacement of Linac2 with Linac4

p

• Increase of the PSB magnetic field and upgrade of its power supply and RF
systems to allow for higher proton injection energy of 2 GeV/c to the PS
p

• At ion source and Linac3
• At Linac3
• At LEIR
dump

HI :
HI :

HI :

modernization of beam monitoring equipment

increase of injection rate to LEIR from 5 to 10 Hz
reduction of beam losses and installation of external beam

• At the PS (both p and HI ): bunching improvements, installation of additional beam monitoring instrumentation (longitudinal and transversal feedback)
• At the SPS (both p and HI ): upgrade of RF power supplies and cavities;
mitigation of pp beam intensity losses due to electron cloud also during
ion injection and energy ramp-up; reduction of the length of the bunch
trains injected from the SPS to the LHC allowing for a larger number of
ion bunches at LHC; reduction of injection kicker rise time at the SPS
from 225 to 150 ns; adaptation of machine protection equipment and beam
dumps to the increased beam intensity
As of 2020 the maximum Pb−Pb instantaneous luminosity recorded by ALICE
on 13.12.2015 was 1.1 · 1027 cm−2 s−1 (capped by limited readout capabilities).
Maximum instantaneous luminosity delivered by the LHC was recorded by ATLAS at 3.7 · 1027 cm−2 s−1 .
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Table 2.1.: Amount of data collected by ALICE in LHC Run 1 and 2 [86]
Run

1

2

√

sNN/pN [TeV]

Lint [∼nb-1 ]

Year

System

2009-2013

pp

0.9, 2.76, 7, 8

0.2, 100, 1500, 2500

2010-2011

Pb−Pb

2.76

0.075

2013

p−Pb

5.02

15

2015-2018

pp

5.02, 13

1300, 35000

2015

Pb−Pb

5.02

0.25

2016

p−Pb

5.02, 8.16

3, 25

2017

Xe−Xe

5.44

0.0003

2018

Pb−Pb

5.02

0.55

2.2. ALICE highlights in LHC Run 1 and 2
ALICE is dedicated to studying properties of the QGP (see Section 1.3), such as
degrees of freedom, speed of sound, transport coefficients, equation of state and
the critical temperature, at which the phase transition between the QGP and
hadronic matter occurs. The summary of statistics collected by ALICE during
LHC Run 1 and 2 is listed in Table 2.1. ALICE results can be divided into three
categories: soft probes, hard probes and production of exotic nuclei.
The soft probes are sensitive to collective phenomena of QGP, allow to reconstruct
its thermal features and shed light on the production mechanism of hadrons.
At LHC energies in ALICE the produced QGP medium size is measured to be
V = 300 fm3 and its lifetime is 20% longer than at RHIC energies [87]. Thanks
to its excellent particle identification capabilities, ALICE has also provided new
data on pT dependence of production of several hadron species [88] and baryonto-meson ratios [89]. These results are consistent with our understanding of
collective phenomena and interplay between mechanisms of hadron production,
i.e., hadronization and recombination of quarks [86]. Strangeness enhancement
has also been confirmed by ALICE in heavy-ion collisions of Pb−Pb [55]. Also,
observing similar trend for other collision systems [90] has broadened our knowledge. Furthermore, ALICE has quantified the collective flow phenomena by mea-
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suring the anisotropic flow separately for different particle species and collision
systems [91]. Thanks to ALICE experimental results it became possible to constrain the shear and bulk viscosities as a function of the QGP temperature [92,93].
The QCD implies that the hard probes should lose energy in QGP via gluonstrahlung [94]. ALICE has observed this phenomenon and compared it quantitatively in different collision systems and energies [95, 96]. The charm and beauty
quarks are excellent probes of properties of QGP since they can be produced
only in the initial stages of the collision. The measurements of the nuclear modification factor of open charm states were performed by ALICE [97]. It has been
found that in Pb−Pb collisions the interaction of these states with the QGP is
as strong as that of all charged particles, i.e., their suppression was similar. On
the other hand, when compared to the p−Pb collisions, no charm suppression is
visible [98]. This indicates that the suppression is due to the interaction of heavy
quarks with the medium and it is not related to cold nuclear matter effects.
ALICE has also contributed to the understanding of the coalescence and thermal
models [99] by studying the production of light nuclei and antinuclei. The coalescence parameter is observed to decrease with increasing multiplicity [100]. This
points to the shortcoming of the model, that does not account for the change of
the size of the emitting volume.
The wealth of data obtained by ALICE in LHC Runs 1 and 2 confirms the basic
picture of QGP being strongly-interacting hadronic matter. It also extends the
precision of previous measurements and their kinematic range, as it operated at
the highest temperatures achieved experimentally up to date, at wide pT range
and with excellent particle identification capabilities.

2.3. The ALICE upgrade
2.3.1. Motivation
In Runs 1 and 2, ALICE also observed a few unexpected phenomena with charmonia and other charm mesons [60]. The upgraded ALICE will focus on rare
probes, their coupling with the QGP and hadronization processes, and on their
correlations with other probes. At the LHC energies, these rare probes are produced more abundantly than at previous machines and include: heavy-flavour
particles, quarkonia, photons, jets. However, selection of collisions including
these rare probes is non-trivial and in most cases they are untriggerable.
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One of the major Run 3 upgrade requirements imposed on all detectors, the
DAQ and computing infrastructure is, therefore, related to improvement in collision rate handling capabilities. All major detectors, except TRD, are expected to
record in continuous readout mode all Pb−Pb interactions at the rate of 50 kHz.
In pp and p−Pb collisions the rates will reach up to a few MHz. Another important upgrade goal concerns the improvement of the tracking resolution at very
high particle multiplicity environment of Pb−Pb collisions of about 1600 particles per unit of pseudorapidity. The upgraded trackers will be able to resolve
secondary vertex position with a precision better than 50-100 µm, even for very
low transverse momenta. Such resolution is essential to properly identify heavyflavour decays. Additionally, further extension of the kinematic range, especially
towards low transverse momentum, is also required. The experimental results
from this kinematic region are essential to verify and tune different models. At
the same time, the excellent ALICE particle identification has to be preserved.
Summarizing, the increase in statistics of two orders of magnitude and improvement in tracking resolution will allow access to these rare probes and the aforementioned precision measurements.
2.3.2. Detector and system upgrades
To achieve these physics goals and to adapt to change in LHC running conditions,
ALICE will upgrade its subsystems during the LS2 [73, 74, 101]. Afterwards, it
will be able to cope with the increased luminosity, trigger rate and irradiation.
The layout of the upgraded ALICE subsystems is presented in Figure 2.4. The
ALICE Upgrade consists of 6 main elements:
• New Inner Tracking System [102]
CMOS pixels, MAPS technology, better resolution, less material, faster readout

• New Muon Forward Tracker [103]
CMOS pixels, MAPS technology, forward vertex tracker

• New readout chambers for the TPC [104]
GEM technology, new front-end electronics, continuous readout

• New Fast Interaction Trigger [70, 105–109]
A hybrid of Cherenkov and scintillation detector technology, luminosity measurement, trigger, interaction time, centrality, reaction plane, background veto
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Figure 2.4.: ALICE upgrades
• Readout upgrade [70]
TOF, TRD, Muon Spectrometer, ZDC, calorimeters

• Integrated Online-Offline (O2 ) system [110]
Data acquisition and analysis framework, records minimum-bias Pb−Pb data at
50 kHz

2.4. Particle collisions – parameters and properties
2.4.1. The importance of energy and luminosity for physics
In a√particle physics experiment, the collision energy at the centre-of-mass (ECM
or s) is an important parameter defining the range of physical processes that
are likely to occur [111]. It can be calculated from a kinematical sum of two
colliding four-vectors:
−
−
2
ECM
= (p1 + p2 )2 = (E1 + E2 )2 − (→
p1 + →
p2 )2
Therefore, during the LHC Run 3 the maximum of

√

spp = 14 TeV,

(2.1)
√

sp−P b =
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√
8.79 TeV and sPb−Pb = 5.52 TeV will be available for the particle production.
With such energies, every known Standard Model particle can be produced during
a collision in any of the three main collision systems. In terms of the QGP
phase diagram, the particles produced in collisions at such energies around the
transverse plane, probe the region of the relatively high temperature of more than
180 MeV. At the same time, the baryon chemical potential is very low because
the vast majority of particles detected around zero-rapidity originate from paircreation processes, which generate the same number of particles and antiparticles.
In other words, such conditions best resemble the quark epoch, 10−12 − 10−6 s
after the Big Bang (see Section 1.3).
Moreover, a collision at higher energy probes shorter time-scales or smaller sizes
and gives access to lower Bjorken-x. It allows to experimentally narrow down the
upper limits of the size of fundamental particles described in the SM as point-like.
It is worth stressing that the LS2 upgrade will result only in a modest increase
in collision energy for Run 3.
Luminosity is a second important parameter dictated by an accelerator’s design
and influencing the physics performance. Luminosity measures the number of
particles, that can be squeezed within the unit of cross section per unit of time.
It is defined as:
ZZ Z

∞

L ≡ NK

ρ1 (x, y, s, −s0 ) ρ2 (x, y, s, s0 ) dxdydsds0

(2.2)

−∞

Where ρ1 and ρ2 are time-dependent density distribution
of the two colp −functions
−
−
−
v1 − →
v2 )2 − (→
v1 × →
v2 )2 /c2
liding beam bunches, s0 = c·t is a time variable, K = (→
is a kinematic factor and N is the number of possible collisions per second.
Following the first-order approximations that a collision is head-on, densities are
Gaussian and uncorrelated in all planes and the beams meet at s0 = 0, it can be
simplified to:
L=

N1 N2 f Nb
4πσx σy

(2.3)

The luminosity is proportional to the number of ions per bunch in each of the colliding beams, the number of orbiting bunches and the revolution frequency. The
frequency is dictated by the circumference of the machine and the speed of par-
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ticles. At the LHC particles move nearly at the speed of light, the circumference
is 26659 m, so frequency reaches 11.2455 kHz.
The number of colliding bunches depends on the filling scheme. The bunches
cannot be separated evenly for technical reasons. The first one is the need to
reserve time slots to account for delays in the activation of the injection and
extraction kicker magnets. Another challenge is to adjust the luminosity independently for different interaction points. This can be achieved by devising such
a filling scheme, which results in a different number of bunch crossings at different IPs. Therefore, the filling scheme reflects (i) partly the requirements of
pre-accelerators, (ii) partly these of the LHC and (iii) those of luminosity requirements at different IPs. For Pb−Pb run in 2015 at the LHC the most optimal
filling scheme consisted of 518 bunches [112].
The maximum number of ions per bunch is limited by the focusing capabilities
and beam losses along the whole accelerator chain. The higher the beam intensity
the more losses due to impedance, synchrotron radiation, imperfect vacuum and
electron cloud effects. Beam losses result in heating up of the beam pipe and
instrumentation around it, including superconducting magnets, which can quench
under such conditions. The ultimate limit is the amount of power the cryogenic
systems can dissipate. Currently, at the LHC, it is about 7.5 kW per arc.
The instantaneous luminosity can be used to calculate the rate of collisions of a
given type with a given cross section (σcoll ).
Rcoll = L ·σcoll

(2.4)

The integrated luminosity (Lint ) is another term, which directly relates to the
number of interesting events, that an experiment can observe in a given time,
providing the cross section (σ) for a given process is known.
Z
Lint =

T

L(t)dt

(2.5)

0

Nev = Lint σ

(2.6)

Therefore, luminosity is a convenient interface between the accelerator performance required by physics experiment and theorists or other experiments providing cross sections.
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After the LS2 the instantaneous luminosity delivered by the LHC will increase
almost by a factor of two with respect to the Run 1 [113] for Pb−Pb collisions.
The effective gain will be even larger, because a new scheme of luminosity levelling
will be applied. This scheme will extend the lifetime of fills while reducing the
rate, at which instantaneous luminosity drops. Together with upgraded ALICE
readout, it will make the data taking more efficient.
2.4.2. The pseudorapidity
The pseudorapidity is a spatial coordinate commonly used in the experimental
particle physics. It only depends on the angle (θ) of particle’s momentum with
respect to the beam axis and is defined as:

 
θ
η ≡ − ln tan
2

(2.7)

−
As a function of three-momentum →
p pseudorapidity is equivalent to:
η=

1
ln
2

→



|−
p | + pz
pz
=
atanh
−
−
|→
p | − pz
|→
p|

(2.8)

If the particle’s mass is negligible pseudorapidity approximates the boost component of rapidity along the beam axis:
−
m  |→
p | =⇒

lim

−
|→
p |→E

1
η = ln
2



E + pz
E − pz


= yz

(2.9)

In special relativity the general equation for rapidity is:
1
y = ln
2




−
E + |→
p|
−
E − |→
p|

(2.10)

Since pseudorapidity describes the angle of a particle outgoing from the collision
region it is a convenient parameter to describe a detector’s coverage. Detector
located at mid-rapidity, i.e., (−1 . η . 1) will be exposed to different particle
fluxes than a forward-rapidity detector, (−2 & η & 2), located close to the beam
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pipe or farther from the collision region along the beam axis. Furthermore, the
available range of physics processes changes with rapidity.
In a collider experiment pseudorapidity, together with azimuth angle (φ) and
transverse momentum denoted as pT , i.e., momentum perpendicular to the beam
axis, are commonly used to describe properties of detected particles.
Since LHC energies are generally very high the Equation 2.9 holds and the terms
pseudorapidity and rapidity will be used interchangeably in the following chapters.
2.4.3. Impact parameter and centrality
A heavy-ion collision is not point-like, because the colliding nuclei are not pointlike. In the simplest approximation, two relativistic nuclei can be treated as
spheres, flattened along their velocity vector due to Lorentz contraction. They
collide by overlapping at least partly. The transverse vector connecting the cen→
−
tres of nuclei at this point is called the impact parameter and denoted as b .
It characterizes the overlap area and thus it is related to the number of participants (Npart ), i.e., nucleons, which participated in the collision and to the number
of binary nucleon-nucleon collisions (Ncoll ). The remaining nucleons, which are
assumed to propagate unaffected along their initial momentum, are called spectators. The length of the impact parameter is of the order of a few femtometers
and therefore it is impossible to be controlled or measured directly. Similarly,
the Npart cannot be measured because the energy of initial participants is used
immediately after the collision to create thousands of particles. In a high-energy
collider experiment, the direct measurement of the number of spectators (Nspec )
is also difficult because they move at very high rapidity, close to the remaining
beam.
The stochastic nature of such collisions is described by the Glauber model [114].
It provides a method of linking the distribution of the observable number of
charged particles (Nch ) with distributions of geometrical parameters, listed in
the previous paragraph by introducing the idea of centrality.
Centrality describes how central a given event is when compared to other events
in the same sample. Technically, centrality can only be estimated by ordering
a sample of HI events by the Nch , which is the best-identified proxy for the
centrality of a collision. Events with highest Nch are caused by the most central
→
−
collisions, in which b and Nspec is low, while Npart and Ncoll is high. The exact
matching is obtained using the Monte Carlo method based on the Glauber model.
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In practice, events are divided into centrality classes, where the centrality class
of 0−10% means 10% of most central events, while most peripheral events are
assigned the centrality of 80−100%.
The centrality is one of the most important parameters describing a collision,
because it is related to the amount of energy available for physics processes and
therefore forms a basis allowing to compare the measurements between different
experiments, using different beam energies and collision systems.
2.4.4. Reaction plane and anisotropic flow
Following the simple HI collision model presented in the previous paragraph, in
a non-central collision the overlap region in the transverse plane is not circular,
→
−
but rather it is almond-shaped. There exists a preferred direction along b . It is
worth noting that, following the stochastic nature of HI collisions, the direction
→
−
of b is isotropic in different events, i.e., the distribution of its azimuth angle is
uniform.
If a collective equilibrium is reached in the process governing the expansion of
the fireball the initial geometry of the overlap region is transformed by physics
processes (see Section 1.4) into anisotropies of outgoing particles momenta. This
gives rise to azimuthal anisotropies [115, 116] of produced particles within a single event. The anisotropies are measured and can be quantified by expanding
the distribution of azimuth angle of detected particles in a Fourier series of the
following form:
∞
X
dN
vn cos(n(φ − Ψn ))
∝1+2
dφ
n=1

(2.11)

In the equation above n is the harmonic number, while vn and Ψn correspond to
flow coefficients and symmetry planes. The elliptic flow coefficient (v2 ) dominates,
due to the shape of the initial overlap region. The experimentally measured
non-zero values of directed flow (v1 ) and higher-order coefficients are caused by
fluctuations in the position and momenta distributions of nucleons participating
in the collision. It is worth stressing that the symmetry plane is different for each
harmonic.
Experimentally, flow coefficients can be calculated using event plane method.
−→
Firstly, the 2D flow vector Qn is:
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 hP w cos(nφ ) P w sin(nφ )i
i
i
i
i
Qn,y =
i

i

(2.12)

Where φi and wi are azimuth angle and weight of the particle with i-index. The
usual choice for weight is particle’s transverse momentum. The same vector can
be represented using event planes characteristic to the whole single event:

Qn,x

 −→ 
Qn,y = Qn cos(nΨn )


sin(nΨn )

(2.13)

From here the event plane is:
tan(Ψn ) =

Qn,y
Qn,x

Ψn = atan2(Qn,y , Qn,x )/n

(2.14)

(2.15)

The observed flow coefficients can be calculated as:
vnobs = hcos [n (φi − Ψn )]i

(2.16)

Where angle brackets mean an average over all particles in all events. It should
be kept in mind that flow coefficients generally depend on centrality, transverse
momenta and rapidity.
Several factors are limiting the resolution of flow coefficients. One of them is
the fact that the number of available particles is finite. The others are related
to the detection system, that is, to the limited angular resolution, acceptance
or efficiency of a detector. Therefore, the observed flow coefficients have to be
corrected by the event plane resolution:
Rn = hcos [n (Ψn − ΨRP )]i

(2.17)

Finally, the true flow coefficients are:

vn =

vnobs
Rn

(2.18)
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From the equations above it can be deduced, that a sufficient event plane resolution is required from a detector to properly perform flow-related physics analyses.

2.5. Background sources
2.5.1. Introduction
All detection systems are subject to some sort of noise, i.e., even in the absence of
real or intended detection, an output signal can be generated. There are several
generic noise sources, that exist for any kind of a detector, like ambient electronic noise or cross-talk between different channels. These noise sources form a
background for any physics analysis. Additional background in a particle physics
experiment is due to uninteresting events induced by natural radioactivity, like
cosmic-ray interactions or decay chains, or artificial radioactivity coming from
material activation within the particle beam site. Even more sophisticated background in a hadron collider experiment includes beam-gas interactions and QED
e+ e– pair production.
Depending on the nature of background, there exist different methods that aim
to mitigate its influence on experimental data. The main background sources
and background reduction methods are described below.
2.5.2. Detector- and electronics-specific noise
Design of most kinds of modern particle detector types is based on a relatively
simple idea of converting an occurrence of physics phenomenon into an electric
pulse. The physics phenomenon in case of optical detectors can be the scintillation light or Cherenkov light generation by a charged particle traversing the
detector volume. For other detector types, it can also be the ionization of the
detector material. In optical systems, the conversion from photon to electron
happens on the photocathode of a photomultiplier. The electron is then transported and multiplied using an electrical field to the output terminal, where many
secondary electrons form a charge which is large enough to be sent to the frontend electronics circuitry. The readout electronics further amplifies the signal and
converts it to a digital form that can be collected and analysed by computers.
In this scheme of operation, there are a few possible sources of noise. Firstly,
in the optical part, the light could come from an unintended source. Therefore,
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detectors are often enclosed in light-tight casings and optical parts are separated from any materials that can cause sparking. Secondly, if the sensor is too
sensitive during the photon-electron conversion process it could start extracting
electrons from the photocathode due to their non-zero thermal energy. In some
applications detectors even need to be cooled down before they operate properly.
Thirdly, during the electron multiplication, atoms of residual gas are ionised.
The ions start drifting in the direction opposite to electrons and collide with
the photocathode. This results in the release of secondary electrons that cause
afterpulses.
Since the effects mentioned above can only be minimized, but not eliminated,
further mitigation techniques are applied at the later stages of signal processing.
The readout electronics usually discriminates the signal incoming from the sensor.
In the simplest case amplitude, timing or total charge of the signal is compared
with some threshold values. The thresholds are adjusted in such a way that
eliminates the majority of noise-induced signals, while the efficiency for the real
signals is maintained. The accepted signals are amplified and shaped to match
the input requirements of the digital part of the readout. At the readout stage,
the most serious background comes from analogue transmission lines, which can
act as antennae and pick up electromagnetic (EM) waves. The usual way to
minimize this kind of noise is to shorten transmission lines and to surround them
with adequate EM shielding. Once the signal is digitized it is much more robust
and almost immune to such interferences. Nowadays, a single-chip approach is
commonly used in which the sensor, analogue and digital readout are integrated
into the single chip. While this approach is not feasible for all sensor types,
less flexible and more expensive to develop, it helps to avoid the noise problems
related to signal transmission.
2.5.3. Cosmic rays
The background signals induced by cosmic rays [117] are unavoidable. The majority of air-shower particles can be stopped in a few meters of shielding. This
is one of the reasons why collider particle physics experiments are often built at
the shallow depths below ground. The only air-shower component penetrating
shielding are neutrinos and high-energy cosmogenic muons. Because the cross
section for neutrino interaction is small their contribution to the background is
negligible. On the other hand, muons are charged particles and ionize any material they traverse and therefore produce a strong signal in virtually any detector
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type. Fortunately, the cosmogenic muon flux decreases steeply with the thickness
of overburden and the final rate, even at a relatively shallow depth of a few dozens
of meters, is many orders of magnitude lower than interaction rates produced by
a collider. Once the rate of cosmogenic signals is low enough, it can ultimately be
filtered out almost entirely using time-gating and tracking. The particles of interest originate from the vicinity of the collision point, so all particles not fulfilling
this condition can be treated as background.
While cosmic-rays are considered to be background during normal operation, they
can be used as free and ever-present calibration source and means to commission
detectors before the beam is available.
2.5.4. Natural radioactivity and material activation
As natural or artificial radioactivity can disturb the measurement if it comes
from within the sensitive volume of the detector, it usually is of no great concern.
The particles emitted in the natural decay processes or due to material activation
have much lower average momentum than these originating from the HI collision.
They are also not correlated in time with the collision but happen randomly.
Consequently, their signal is often weaker and falls below the threshold. If it is
strong enough, it is still possible to measure the background in the absence of
the beam and then subtract it from the actual experimental data.
2.5.5. Beam halo and beam-gas events
The beam optics is meant to keep the particles within a narrow beam, but the
momenta of some of them deviate beyond the capability of beam optics to compensate it. While they are still affected by the magnetic fields of dipoles and
quadrupoles, they tend to drift further and further away from the beam axis.
To minimize the risk of damaging sensitive components located along the circumference of a collider, a set of collimators is commonly used to absorb such
a peripheral beam component. The kinematics of the fixed-target collision of a
particle with collimator dictates that most of the reaction products propagate
at very high rapidities. Most of the secondary particles are absorbed within the
collimator, but some may escape it causing the beam halo. A similar mechanism
exists also with the walls of the beam pipe, that may act as a collimator in its
absence.
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Another contribution to the beam halo comes from the beam-gas interactions [118,
119]. They happen when the beam collides with residual gas of imperfect vacuum inside the beam pipe. The rate of these events depends on the quality of
the vacuum and density of particles within the beam. Therefore, any increase in
luminosity of a collider leads to increase of beam-gas background.
Kinematics of the beam halo hints at the possible method of rejection of this kind
of events and suppressing background related to them. The beam halo event is
essentially a fixed-target interaction at much lower ECM than a corresponding
collision could reach. As such the centre-of-mass frame of reference moves at
close-to-relativistic speed along the beam direction. From the stationary collider
experiment point of view, the vast majority of particles outgoing from the interaction caused by the beam halo moves at a small angle with respect to one of the
beam directions. Therefore, a detector located on both sides of the interaction
point, which is sensitive to particle direction can distinguish the collision at the
nominal interaction point from a beam halo interaction.
Apart from generating background for experiments, the beam halo reduces the
overall performance of a collider by limiting the maximum beam intensity and
lifetime of fills.
2.5.6. Ultraperipheral collisions (UPC) and QED pair production
Every bunch crossing at a heavy-ion collider is associated with some probability for a collision. There are various kinds of physical processes that can occur
during a collision and their rates are proportional to collider-specific luminosity and the cross section of a given process (see Equation 2.4). It is important
to distinguish between well-understood soft processes of purely quantum electrodynamical (QED) origin and the interesting hadronic interaction [120]. The
QED [121, 122] events occur more frequently because the cross section for QED
e+ e– pair production is five orders of magnitude
higher than the cross section for
√
hadronic interaction, i.e., for Pb−Pb at s = 5.5 TeV
σQED,e+ e– ∼ 230 kb  σhadronic ∼ 7.75 b,

(2.19)

They form background, significant especially for ultraperipheral
collisions with
→
−
impact parameters larger than the sum of radii of colliding nuclei b & R1 + R2 ,
i.e., for centralities larger than 80%. The physical processes causing these UPCs
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include Pomeron-Pomeron interactions and, for even larger impact parameters,
photon-Pomeron interactions. There exists a broad diffractive physics programme
focusing on these processes [123,124]. Experimentally, since the interacting nuclei
remain intact, such low-multiplicity events tend to be very clean. The identification of a UPC event relies on the fact that it has very low charged particle
multiplicity at central rapidity region compared to even a very peripheral hard
hadronic interaction. However, the UPC triggers are largely contaminated by
QED background events.
Because of much higher cross section, several QED processes are likely to occur
during a single bunch crossing. This means any hadronic event is accompanied
by many QED interactions. The probability to produce N electron-positron pairs
follows the Poisson distribution:

P (N ) =

e−p pN
N!

(2.20)

Where p denotes probability to produce a single pair.
Within a hadronic event, it is essential to properly identify particles of pure
QED origin. Only then they can be either rejected or used as additional probes.
Otherwise, they contribute to the background. The identification methods are
mainly based on precise tracking to differentiate the point of their origin from
the primary hadronic vertex. Ultimately, to mitigate the effect of remaining,
unidentified QED pairs within a hadronic event a background subtraction based
on Monte-Carlo simulation is applied.
Additional QED pair filtering comes naturally in modern collider experiments
due to the presence of the magnetic field. It is primarily used to identify particle
momenta based on track curvature. The magnetic field sets a threshold for lowpT electrons, which are unable to escape the central region of the experiment to
reach the detectors. The differential cross section for QED pair production drops
quickly with increasing e+ e– momenta. Therefore, high enough magnetic field
eliminates the most abundant low-energy pairs of e+ e– at the central rapidity
region.

3. The Fast Interaction Trigger (FIT)
3.1. Motivation
Following the goals of the ALICE upgrade (introduced in 2.3.1) and considering
that the number of ALICE subdetectors cannot be feasibly upgraded to follow the
continuous readout scheme [70, 125], the need for a fast trigger detector emerges.
The Table 3.2 lists the trigger requirements of ALICE detectors. There are 6
detectors that require an external trigger for operation, three of them at level
minus one (LM ) and three at level 0 (L0 ). The latencies associated with each
trigger level in ALICE are shown in Table 3.1 [126–131]. Six more detectors may
utilize the triggers generated externally, but it is not technically required for their
operation. Only TPC [104] and ACORDE [132] do not foresee any use of external
trigger.
An external trigger is, therefore, either necessary or at least useful for the vast
majority of ALICE detectors. By default, they expect a minimum-bias (MB)
trigger and some, additionally, a multiplicity-based trigger. The need for such a
set of triggers is the main motivation to add the FIT detector.
3.1.1. ALICE trigger distribution
Triggering in ALICE is handled by the Central Trigger Processor (CTP) [128,
133]. The scheme of devices and connections between the CTP and the detectors

Table 3.1.: Trigger levels and their latencies in ALICE in Run 3 [126]
Trigger level

Latency at the CTP input [ns]

LM
L0
L1

425
1200
6100
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Table 3.2.: Trigger requirements of ALICE detectors (status on 11.2019)
Detector
TRD
CPV
HMPID
EMCAL
DCAL
PHOS
ITS
MFT
ZDC
TOF
MCH
MID
TPC
ACO

Level
LM
LM
LM
L0
L0
L0
LM
LM
L0
L1
L1
L1
-

Hardware trigger
Type
Trigger essential
MB
Yes
MB, multiplicity
Yes
MB, multiplicity
Yes
MB, multiplicity
Yes
MB, multiplicity
Yes
MB, multiplicity
Yes
MB
No
MB
No
MB
No
MB
No
MB
No
MB
No
No
No
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is shown in Figure 3.1. The CTP collects trigger signals from many detectors and
systems and processes them to form the triggers accepted by the Local Trigger
Units (LTUs) and forwarded to the Common Readout Units (CRUs). The CRUs
control data flow from the detector to the Online-Offline (O2 ) system [110]. The
LTUs form an interface, that is common for all detectors, between the CTP and
readout of the detectors. The LTUs can work in standalone mode, emulating the
CTP. Such functionality is useful during trigger system integration in detector
laboratories and during commissioning in standalone runs.
The system is highly versatile and remotely configurable. It can send different
triggers to different systems while keeping track of all of them and allowing for
later synchronization and event building. One of the outstanding functionalities
is throttling of readout frequency individually for each subdetector. If a subdetector becomes busy the system will automatically stop sending triggers until the
readout of the detector is ready to continue processing data. It is especially important considering the readout of several detectors is not upgraded after Run 2
and they will not be able to cope with very high interaction rates expected in
Run 3. For them throttling will function as a safety valve, preventing local buffer
overflows.
3.1.2. Minimum-bias trigger detector
One of the trigger types generated by FIT in pp and p−Pb is the MB trigger.
Ideally, to eliminate bias the following conditions should be met:
• Only collision events should be accepted
• No collision event can be rejected based on its individual characteristics
• The observables (particles) used to generate trigger should not be directly
reused in physics analyses
In practice, the bias can only be minimized, but not eliminated. The first item
in the list can be translated into effective background-reduction measures. The
second item prevents unknown correlations from affecting the collected data.
It is commonly realised by maximizing detection efficiency and exercising care
with any cuts. It is worth noting that this item allows for random rejection of
events. Such technique is used in ALICE to reduce the trigger rate (see throttling
in subsection 3.1.1) for detectors, that cannot process their data fast enough while
allowing others to collect more MB statistics. The third item is often achieved by
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Figure 3.1.: Trigger and timing system of ALICE in Run 3. D1 represents the
new configuration introduced for Run 3, default for most detectors;
D2 is a special case of D1 designed for the Run 3 ITS, with the
additional fast connection from LTU to the detector; D3 corresponds
to a detector with old, Run 2 readout. Figure is based on information
in [128]
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positioning trigger detectors at different pseudorapidities than other detectors.
This way the forward particles are used for triggering and mid-rapidity particles
are available for physics.
In Run 2 the 0TVX signal was produced by the T0 detector and used by ALICE
as the MB trigger in pp and p−Pb runs. The T0 consisted of two arms of
Cherenkov detectors located on both sides of the interaction point at distances
of 681 mm on the C-side and 3741 mm on the A-side. The 0TVX trigger was
generated under the following conditions:
• A coincidence between the two detector arms was required, i.e., at least one
minimum ionizing particle (MIP) had to be detected by the T0-A and at
least one MIP – by the T0-C.
• The time of signals generated by each side had to fit within a narrow time
window of ±2.5 ns, synchronized with the LHC clock. The time of a side
was defined as the first time from any of the sensors located at this side.
• Based on the time difference between the sides the z-component of vertex
position was calculated. The vertex was required to be within ±10 cm in
Pb−Pb and ±20 or 30 cm for pp.
The FT0 component of FIT will use a similar technique in Run 3 to purify its
triggers. The major difference is related to the fact that FIT will perform all of
these steps using integrated readout system. The signal from each channel will
be digitized early and the gates will also be applied digitally. Thanks to that it
will be possible to use the average timing of each side, not only the first arriving
signal.
3.1.3. Multiplicity trigger detector
The FIT aims at providing also the multiplicity trigger, as the need for such
trigger is declared by five ALICE detectors, listed in Table 3.2. The particle
multiplicity is a useful observable, especially for detectors with limited readoutrate capabilities, that focus on highly energetic processes, for example, related
to jet physics. The interest of such detectors in MB triggers is mainly to establish a baseline of unbiased reference data, while the majority of new physics
observations is expected to come from high-multiplicity events.
To generate multiplicity triggers, FIT must be capable of providing a reasonable estimate of the total number of particles produced during a collision. This
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requires the following conditions to be met:
• Multi-particle detection efficiency has to be maximized
• The dynamic range of each detection channel should be no less than the
expected maximum number of particles
To fulfil them the detector could have high granularity, such that it is unlikely
that more than one particle traverses the volume of one pixel. In such scenario
pixel could be instrumented with binary readout: fired or not. However, for
FIT such an approach is not feasible due to the large density of particles, and
timing requirements discussed in subsection 3.1.2. The cost of readout would not
be acceptable, as the total number of pixels would be high, translating into an
equally high number of expensive timing channels. The only other approach is to
build a detector with lower granularity, but with its pixels capable of detecting
the number of charged particles that hit them. This approach requires careful
optimization of the amplitude resolution, signal shape and dynamic range of each
pixel and readout channel. The required dynamic range depends on the final size
of the pixel or cell and its location, so it varies for different parts of the detector.
To retain high detection efficiency for single MIPs, the multiplicity in the most
central pixels of FIT may exceed the dynamic range in the most central Pb−Pb
collisions. This topic is covered in subsection 3.3.12.
3.1.4. Luminometer
Apart from generating trigger, FIT will monitor luminosity in real-time and send
the feedback directly to the LHC to help tune the beam. Although many small
detector and feedback systems, including luminometers, are an integral part of
the LHC, ALICE requested that in its vicinity such devices are not present.
They could interfere with signals measured by ALICE. This concerns especially
ZDC detector [134], which is located at high pseudorapidity regions, relatively far
away from the interaction point. Instead of having a single-purpose luminosity
detector, possibly interfering with signals measured by ALICE, it was decided
that an additional functionality of luminosity measurement will be performed by
an already existing or foreseen subsystem within ALICE. As the forward, MB
trigger detector, FIT fulfils the requirements.
FIT will use similar technique to that used in Run 2 by the T0, V0 and AD
detectors [135, 136]. Using a set of van der Meer (vdM) scans [137, 138] a visible
cross section (σvis ), that is valid for a given detector and trigger condition, can
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be calculated. After transforming the general formula from Equation 2.4, the
instantaneous luminosity measured by the detector is:
L=

Rtrig
σvis

(3.1)

The σvis already includes the detector efficiency and acceptance ():
σvis =  · σinel

(3.2)

If the detector performance is stable in time, the visible cross section is constant
for a given collision system at a specific collision energy. In practice, the vdM
scans are performed infrequently, only when the detector performance deteriorates, or when a new collision system or energy is introduced. During routine
runs the σvis is stored in a database and reused.
In Run 2 the 0TVX signal was used as the main luminometer in pp and p−Pb
collisions. While all of the 0TVX signal requirements reduce the efficiency of the
signal, it is already accounted for in σvis measured during a VdM scan. There is
no need to know the efficiency or acceptance explicitly to measure luminosity.
3.1.5. Expected contribution to offline analyses
The FIT is expected to contribute to offline analyses, by recording the following
information:
• particle multiplicity and hit time for each channel
• clean trigger, with minimal contribution from background (beam halo,
beam-gas, QED)
• veto flag for the UPCs
• collision time and its resolution
• trigger rate
By combining this information a measurement of forward event multiplicity can
be performed. Thanks to that FIT will reconstruct centrality and event plane.
Moreover, by providing the collision time, FIT can participate in the reconstruction of particle masses with the Time-Of-Flight (TOF) detector. Its contribution
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is especially important for low-multiplicity events, where the time resolution of
FIT is expected to be better than that of TOF. This is based on the Run 2 experience, where in central p−Pb collisions (centrality ≤ 40%) both the T0 and TOF
detectors were able to determine collision time efficiently. The T0 was superior
for more peripheral events. In Pb−Pb system, the collision time reconstruction
benefitted from T0 data only for the most peripheral events (centrality ≥ 80%).
As an extension of online luminosity monitoring, FIT will provide input for the
integrated luminosity calculation, useful as a reference to calculate relative cross
sections for various physics processes [139].
As a forward detector, FIT will contribute to diffractive physics [140, 141] and
select ultra-peripheral events that are one of the cleanest tools to study the highenergy limit of QCD [124, 142].
With the precise timing of FIT, an additional functionality of detecting multiplicity of collision pile-up may be possible. Two or more collisions may happen
within one bunch crossing. If their vertices are sufficiently separated in the (z)
direction along the beamline and their products hit different FIT detector modules, FIT may be able to flag such pile-up events during offline data processing.
This functionality is hypothetical and untested. The detected particles that are
slower than light can blur the picture.

3.2. General design concept
To achieve a sufficient level of MB trigger purity the detector has to meet stringent timing requirements. The single-MIP time resolution of any individual pixel
must be better than 50 ps, which limits the number of available detector technologies significantly. The aim to reach LM latency (Table 3.1) and requirement
of magnetic field tolerance leaves only a Cherenkov detector as a viable option.
On the other hand, to maintain the Run 2 performance the detector needs to
be larger than could be achieved at a reasonable cost with Cherenkov technology
alone. Therefore, a hybrid design, expanding acceptance of Cherenkov array with
plastic scintillators, is used. The overall dependencies between design constraints,
features and performance requirements are shown in Figure 3.2.
FIT design strikes a balance between performance and cost. It consists of 3
components: FT0, FV0 and FDD (see Figure 3.3 and Figure 3.4). Each of
them is optimized for different function and operational regime. The Cherenkov
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Figure 3.2.: FIT functional requirements and linked design features
detector array (FT0) has good timing properties and signal-to-background ratio.
The sectored scintillator ring (FV0) aims at enlarging FITs acceptance towards
mid-rapidities. It improves trigger efficiency and dynamic range. The Forward
Diffractive Detector (FDD) provides forward pseudorapidity coverage.
The FT0 and FDD detectors are composed of two arms each, located on both
sides of the interaction point. Such design helps in filtering background since
trigger can be generated only for events, in which there is a coincidence of signals
from both arms. This triggering scheme, together with a timing gate allows the
rejection of the vast majority of beam-gas interactions (see subsection 2.5.5).
The mechanism is the following: if a beam-gas interaction happens between the
arms then only one of them will register particle hits. This is because such an
interaction is similar to a fixed-target experiment, where the centre-of-mass and
products of the reaction move in one direction, along one of the beams mainly.
There would be no coincidence between the arms. On the other hand, if a beamgas interaction happens elsewhere both arms will register particle hits, but the
arm on the side of the interaction will fire much earlier than the other arm.
Therefore the gating based on the time difference between signals arriving from
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Figure 3.3.: Complete set of FIT subdetectors arranged side-by-side. The graphic
reproduces correct relative sizes of the FIT elements. From left:
FDD-A, FT0-A connected with FV0, FT0-C, and FDD-C are shown

Figure 3.4.: FIT detectors aligned along the beamline. From bottom-left FDD-A,
FT0-A connected with FV0, interaction point, FT0-C, FDD-C. The
distances along the beamline are not up to scale
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both arms is an effective way to eliminate this source of background.
Additionally, the total latency from the interaction to the arrival of FIT trigger
signal to the CTP has to be below 425 ns to be in time to generate LM trigger
signal. For the FT0 the time of flight from IP to the detector is ∼11 ns, sensor
delay is ∼1 ns, cables to readout electronics are ∼30 m long, which translates into
138 ns. The signal delay induced by the 7-m long cable from the FIT readout
electronics to the CTP adds 30 ns. The processing time of prototype readout
electronics, including digital trigger generation, is ∼205 ns. The time adds up to
385 ns. The contingency against the maximum allowed trigger latency, dictated
mainly by the timing constraints on the wake-up signal for the TRD, is about
40 ns. In case of the FV0, the contingency is smaller (18 ns) because the light
collected from scintillator cells propagates along fibres, before it is read by the
photosensors. The additional fiber length and slower FV0 photosensors increase
the delay. The FDD will only generate L0 trigger, mainly because of its distance
from the IP and the corresponding cable-induced delay. The total time delay
for FDD, that takes into account the time of flight from the IP, the time delay
introduced by the detector, the PMT and the 50-meter long signal cable, is
approximately 290 ns.
The convention of naming the sides around the interaction point has been agreed
within ALICE for all detectors and systems [143]. The C-side refers to the northwest side on which Muon Spectrometer is located, towards the town of Crozet
or CMS experiment. The A-side is on the opposite side of the interaction point,
where the L3 magnet doors are located, towards the south-east, the municipality
of Meyrin and ATLAS experiment. This convention is used by FIT detectors
to refer to their arms as FIT-A (including FT0-A, FDD-A, FV0) and FIT-C
(including FT0-C and FDD-C).
Because there is very little space between the IP and the hadron absorber on
the C-side, only the thin Cherenkov array without scintillator fits there. The
length constraint excludes the use of fine-mesh PMTs as photosensors, which
could be one of only a few alternatives, operational in a strong magnetic field
and at high radiation level. Instead, Cherenkov arrays use much thinner MCPPMT technology for light detection. On the A-side, further away from the IP, the
dimensional constraints are more relaxed, so the Cherenkov array is accompanied
by a large, sectored scintillator ring.
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3.2.1. Forward location
As an MB trigger detector FIT has to be located at high pseudorapidity region to
measure unbiased collision properties. This location helps to avoid interference
with very precise, low-material-budget trackers. It is also beneficial for the measurement of the centrality and event plane because such measurement is entirely
independent from those performed by central-rapidity detectors. This way the division of pseudorapidity coverage between physics-oriented trackers, grouped with
other particle-identification (PID) detectors, and servicing detectors, that trigger
and provide global collision parameters, helps to avoid bias. The downside of
such an arrangement is slightly lower statistics at the higher pseudorapidity comparing to the mid-rapidity. For reference see the distribution of primary particles
produced by different collision systems as a function of rapidity in Figure 3.5.
The pseudorapidity coverages and dimensions of different FIT components are
presented in Table 3.3. The radii and z-positions are in millimeters; z-position
denotes the distance along the beamline direction with the nominal interaction
point set as origin. For rectangular detector geometries (FT0 and FDD) rmin
represents the distance from the closest sensitive element of the detector to the
beam axis (z-axis), which is along x or y axis. The rmax is the distance of
the furthest sensitive element from the beam axis, which is along the detector’s
diagonal. Similarly, two limits for ηmin and ηmax are presented. Within this
η-range the detector does not have full azimuthal coverage. For the FV0 this
distinction is irrelevant because the detector is azimuthally symmetric.
The graphical comparison of pseudorapidities of selected ALICE detectors, including FIT subdetectors, is shown in Figure 3.6. In the graph, the pseudorapidity ranges of ITS, MFT and TPC are provided as reference. For FV0 different
shadings correspond to 5 detector rings. The FT0 and the FDD are rectangular,
so their pseudorapidity coverage is not the same for all azimuth angles. The
pseudorapidity ranges, that are not fully covered by one of these detectors, are
marked with brighter colours. For the ITS the darker regions show where all 7
layers are present.
3.2.2. Environmental considerations
Further constraints in the design appear due to environmental conditions, at
which the detector is expected to operate. Firstly it has to be radiation-hard.
FIT will have to withstand the total dose of up to 100 krad. The Figure 3.7
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Figure 3.5.: Comparison of simulated particle densities as a function of pseudorapidity for different collision systems. All curves are based on
PYTHIA8 [144, 145]
Table 3.3.: Pseudorapidity coverages, dimensions and location of the front faces
of sensitive elements of FIT subdetectors. For the FT0, a quartz
radiator is a sensitive element. For FV0 and FDD, plastic scintillators
are sensitive components.
Subdetector

z

r [mm]

η

rmin

rmax

ηmax

ηmin

47.5

205.6

4.9

3.5

FV0-A, ring 1

41

72.1

5.0

4.5

FV0-A, ring 2

73.9

128.1

4.4

3.9

129.9

211.6

3.9

3.4

FV0-A, ring 4

213.4

386.1

3.4

2.8

FV0-A, ring 5

387.9

720.25

2.8

2.2

FT0-A

FV0-A, ring 3

3305

3160

FDD-A

17000

62

282

6.3

4.8

FT0-C

-843 to -819

63.3

211.1

-2.1

-3.3

FDD-C

-19500

37

282

-4.9

-7.0
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Figure 3.6.: Graphical representation of pseudorapidity coverage of selected ALICE subdetectors [102–104], focusing on the FIT elements
represents the spatial distribution of the dose. It takes into account the realistic
uptime of the LHC, beam intensities and energy, and the QED background over
the running period of Run 3 and Run 4. The left-side plot focuses on the C-side
only and extends further in radius to see the possible cable route and patch-panels
placement. Two right-side plots focus on the regions occupied by the inner FIT
arrays. The overlay of the FIT active elements is marked and labelled. For the
FV0, also the range of rings is marked, where r1 denotes ring 1, etc. The ring
r5 is not shown, because it extends beyond the range of r-axis. The shape of
FT0 is not circular, but rectangular-like, so FT0 does not cover azimuth angle
uniformly. Therefore, the outer regions are only partially azimuthally covered by
the detector. These regions are marked in grey. The MFT envelope is marked
for reference.
While the sensing parts of the detector are more robust, most commercial electronics components would fail at such a dose. Therefore, in the vicinity of the
interaction point, there is no active electronics. The analogue signal is sent with
40-m cables directly from sensors to the racks housing readout electronics.
The FIT has to tolerate the magnetic field of up to 0.5 T, as it is located inside
a large L3 magnet, used otherwise for particle momentum reconstruction with
trackers.
The Figure 3.8 presents
all three components of magnetic flux density
→

−
vector B = [Bx , By , Bz ] in two z-positions, where the FT0-A and FV0 (top
row) and the FT0-C (bottom row) are located. The figure is based on the set of
measurements performed for the ALICE detector configuration in Run 2, that are
interpolated to form the continuous B-field map and available in AliRoot framework [147, 148]. The magnet was set to operate at 0.2 T. In case of operation at
0.5 T the small non-uniformities visible for Bx and By scale proportionally. Such
detailed maps are not available for the remote location of the FDD. Despite one
arm of the FDD is attached to one of the LHC magnets, the sensors are located
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Figure 3.7.: Radiation maps based on simulations, focusing on regions occupied
by the FIT components located closer to the IP (FT0 and FV0). The
figure is based on [146]
at a considerable distance. The measurements show that on the A-side (C-side)
the FDD photosensors will experience magnetic field up to 5.5 mT (2.2 mT).
Although the readout electronics is located at least a few meters from magnets,
it can be exposed to stray magnetic fields. It means it should be well shielded
to avoid the saturation of the cores in switching power supplies that could damage active electronic components. Additionally, a special procedure to switch
off readout electronics before commencing any magnet state transition must be
implemented.
As a general rule in complex, multilayer particle detectors the material budget
should be minimized to avoid interfering of the detector with the detected signal.
The forward location of a trigger detector makes this requirement less stringent
since there are fewer detectors behind it.
Other constraints are related to the obvious dimensional limitations due to the
presence of other detectors, beam pipe, support structure and services, such as
cabling, cooling systems, etc. The total weight also has to be taken into account
to ensure the support structure (miniframe) could hold it.
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Figure 3.8.: Magnetic field maps in the z-positions, corresponding to the location of the FT0-A and FV0 arrays (top row), and the FT0-C array
(bottom row)
3.2.3. Comparison with FIT predecessors from Run 2
The FIT detector replaces four forward detectors of the previous generation,
that were decommissioned after Run 2 [149]: T0 [150–153], V0 [154, 155], FMD
(Forward Multiplicity Detector) [156, 157] and AD (Alice Diffractive) [141]. The
T0 detector used to be responsible for luminosity measurement and high-quality
timing. The V0 generated minimum-bias trigger and reconstructed centrality
and event plane. The FMD produced forward particle multiplicity spectra. The
AD focused on background estimation and the physics of ultraperipheral and
diffractive collisions.
The FT0 part of FIT is a similar detector type as the old T0, however the total
area, number of sensors and the number of channels has been increased significantly. The FV0 derives some design features from V0, with one arm missing due
to spatial constraints. To compensate for the loss of half the area, the remaining
arm has been enlarged as much as possible. To improve timing FV0 developed
a new light collection system, which does not rely on wavelength-shifting fibres.
There is no single-detector replacement for FMD, that specialized in measuring
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Table 3.4.: Comparison between old ALICE subsystems and their replacements
within FIT
z [mm]
#channels
Detector
A-side
C-side
A-side C-side
FT0
3305
-843 to -819
96
112
T0
3741
-681
12
12
FV0
3160
—
48
—
3290
-871
40
40
V0
FDD
17000
-19500
8
8
AD
17000
-19500
8
8

forward particle multiplicity. However, FT0-C and MFT cover similar pseudorapidities and aim to do a similar measurement with comparable quality. The
AD is replaced by the FDD, which uses faster scintillator, wavelength shifter
and photosensor. The differences in geometry and number of channels between
the systems from the previous generation and FIT are listed in Table 3.4. The
values for T0 and V0 were extracted from the AliRoot geometry simulation code
used throughout Run 1 and Run 2. The distance to the interaction point (z) is
measured from the middle of the sensitive volume (quartz radiator or scintillator)
along the beam direction.
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Figure 3.9.: Render of the FT0 geometry within ALICE in the simulation framework; most of the inner ALICE components are not visible for clarity

3.3. The FT0
The Cherenkov array consists of FT0 detector modules. On the C-side a single
layer of 28 modules surround the beam pipe. The number of modules used
there is the maximum that fits in the constrained space available. The modules
are arranged in a concave shape to minimize the angle of incident particles,
that equalizes the amplitudes. The distance between the IP and the front face
of Cherenkov radiator of each detector module is kept approximately constant
at ∼ 845 mm. The z-position (along the beam direction) of the front faces is
between -843 and -819 mm. Due to the presence of a flange around the beam
pipe at that position the inner opening of FIT-C has to be at least 120 mm wide.
On the A-side, 24 FT0 modules are arranged in a single, planar layer surrounding
the beam pipe. The distance from the IP to the detector plane, aligned to the
front face of Cherenkov radiators, is 3305 mm.
The render of both FT0 detector arrays within ALICE is shown in Figure 3.9.
The backbone of the Cherenkov detector module consists of two elements: a
photosensor and a Cherenkov radiator block made of a material transparent to
ultraviolet light. These two elements should be optically coupled to maximize the
efficiency of light transport from the radiator to the photosensor. The further
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details of the design process of the FT0 module are presented in the following
subsections. The final design is presented in subsection 3.3.18.
3.3.1. Motivation for detector module R&D at CERN PS
While the rudimentary detector module tests were performed in a laboratory with
picosecond laser pulses, more exhaustive tests require a particle beam of sufficient energy to produce Cherenkov light inside the detector. The monochromatic
laser light fed from a side of a radiator poorly corresponds to real-life detector
operation, in which Cherenkov light is generated with characteristic anisotropy
within the volume of radiators and with characteristic wavelength spectrum. The
difference in wavelengths affects such material properties as refractive index and
transparency. The quantum efficiency of a photosensor is also a function of wavelength. Together with the difference in position and direction of the light source,
these factors are very relevant to design an optimal geometry of radiators, their
granularity, coating, optical grease and to generally optimize the detector performance.
The FT0 detector module prototypes were tested at the T10 beamline at CERN’s
East Hall [158]. Secondary beams are delivered from the Proton Synchrotron to
the T10. They consist mainly of pions, kaons and muons. To avoid excessive
signal time dispersion, caused by contamination of the beam by the heavier,
primary protons, the negatively-charged beam was chosen. The beam energy was
set at the maximum value for this beamline of 6 GeV/c to ensure clean Cherenkov
response of the tested detectors. The experimental setup used across all the beam
tests, performed between 2014 and 2017, is shown in Figure 3.10. The T0C and
T0D are spare Cherenkov detectors from the T0. To ensure the measured signal
originated from the beam and not from the background the hardware trigger was
set as coincidence between T0C and T0D. The tested MCP1 and MCP2 detector
prototypes were located downstream and the XY segmented scintillation detector
registered hit-position information with resolution of about 1 cm.
The data from all detectors were collected by the CAEN 742 digitizer. The
waveforms were analysed to extract the time and amplitude information for every acquisition channel. Subsequently, run-specific event cuts were applied to
reduce background. Commonly, the main requirement was the presence of high
amplitude pulse with appropriate timing in the trigger detectors (T0C and T0D).
At the same time, pulses with too high amplitude were rejected, due to saturation of the readout and incorrect time and amplitude reconstruction. The left
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Figure 3.10.: Scheme of FT0 experimental setup at the T10 beamline at CERN’s
East Hall

Figure 3.11.: Performance of the trigger detectors at the T10 beamline
and middle plots in Figure 3.11 show examples of amplitude vs. time counting
rate plots of trigger detectors: T0C and T0D respectively. The event quality cut
was applied so that only the events with the following properties were analysed
further:
• amplitudes in mV are in range: 150 < AT0C < 420 and 170 < AT0D < 350;
• signal time has to be within 200 ps from the centre of the all-events peak.
The event quality cut is marked with red vertical and horizontal lines. The events,
that fail this cut are not plotted. The position of the amplitude peak and the
time distribution shape of T0A and T0D signals are slightly different. This is
related to the different characteristics of these individual PMTs.
The spectrum of averaged time-of-flight (TOF) for trigger detectors, defined as
0.5 · (tT0C − tT0D ) is shown in the right plot, in Figure 3.11. In case only a single
MCP detector was tested, the TOF was used as time reference. The width of the
distribution is represented as σ = 48.3 ps of the gaussian fit. The ∆t = 34.2 ps
shows single-trigger detector resolution, assuming both of them are the same.
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3.3.2. Selection and optimization of the photosensor
Considering the constraints and requirements listed in Section 3.2, especially
high detection efficiency, time resolution, operation in a magnetic field, high
radiation levels and compact size, a Microchannel Plate Photomultiplier (MCPPMT) technology was the natural candidate to be evaluated. Three MCP-PMT
sensor models were initially tested:
• Photonis PLANACON® XP85012,
• Hamamatsu R10754(X)-00-L4,
• Hamamatsu R10754(X)-07-M16.
They were all found to perform similarly when used for Cherenkov detector application. The ratio of the sensitive area to the total area of the PLANACON®
is better (81%) than the corresponding value for the Hamamatsu models (69%).
The PLANACON® sensor has over 4 times larger area for a similar price as
Hamamatsu models. Moreover, only Photonis expressed willingness to cooperate
with our team to customize the sensor design and introduce the needed modifications.
One way to improve the MCP-PMT lifetime, is to cover the surface of the MCP
with a layer of protective material using ALD (Atomic Layer Deposition) technique. Because the lifetime of the sensor is critical for FT0, two additional
ALD-coated PLANACON® devices (XP85112/A1-Q-L) were tested and compared with their non-ALD-coated equivalents (XP85012/A1-Q). We have found
the ALD-coated MCP-PMTs unsuitable for the application in the FT0 [159]. The
main problems were:
• low anode current saturation level;
• long gain recovery time after saturation of the device, that is expected to
occur frequently during Pb−Pb collisions.
Finally, the PLANACON® XP85012 sensor was selected for FT0 [160].
For the application in FIT, the important intrinsic parameter of the photosensor is
its quantum efficiency. The high quantum efficiency for wider photon frequencies
results in more photons being registered and higher amplitude and charge of
the collected signal. The Figure 3.12 shows quantum efficiency as a function of
photon energy, as declared by the manufacturer.
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Figure 3.12.: Quantum efficiency of PLANACON® photosensors as a function of
photon energy, as measured by the manufacturer
The standard PLANACON® XP85012 photosensor has 64 outputs, each corresponding to one anode plate, and one common output for the whole sensor. Such
a construction makes the sensor quite universal for various applications, including imaging but at the cost of elevated capacitances and inductances between
different anode plates and between anode plates and ground. This worsens the
signal shape, timing and charge readout characteristics and makes it sub-optimal
for the cutting-edge application in FIT:
• An additional PCB is needed to merge the 64 anode outputs into 4 groups.
This increases overall capacitance and inductance along signal lines and
leads to signal shape distortion, which is position-dependent.
• The MCP electrode is not decoupled by capacitors to prevent changes of the
potential on the surface of the MCP block. These changes of anode-MCP
capacitance are the source of the positive time-shifted cross-talk visible in
the left oscillogram of Figure 3.13.
• The differences in anode trace lengths worsen the time resolution.
To improve the performance of the sensor, the following modifications were introduced by the members of the FIT collaboration from the INR in Moscow. The set
of original back-mounted PCBs with 64 outputs was replaced by the three new
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Figure 3.13.: Signal shape of a PLANACON® photosensor before (left) and after
(right) the modification
PCBs, which directly connect anodes into 4 groups while keeping trace lengths
equalized. The new design also uses the MMCX sockets, which are suitable for
the RF signal transmission, as opposed to the original simple pin headers. Additionally, the common output was removed. The manufacturer assigned a new
designation to the modified sensor, i.e., XP85002/FIT-Q. The modification resulted in the reduction of the capacitance between anode and ground to just 80 pF
per quadrant (quarter of sensors active area) and 2 pF between quadrants. The
effect in sensors performance is noticeable in the oscillograms presented in Figure 3.13. The left oscillogram shows a typical response of the off-the-shelf sensor.
The red line represents the signal from the quadrant illuminated by the laser.
The blue line shows the cross-talk in the non-illuminated neighbouring quadrant.
The green line is the common signal. The three red lines in the right oscillogram
in Figure 3.13 present the behaviour of three illuminated quadrants of the modified sensor. The blue line represents cross-talk visible in the non-illuminated
fourth quadrant. Thanks to the modification the signal shape became clean: the
positive cross-talk was eliminated, the overall cross-talk magnitude with respect
to the amplitude of the main signal decreased by a factor of 5 and the tails don’t
show ringing anymore.
The reduction of anode capacitance caused the increase of the signal amplitude
for the same incident light intensity by a factor of 2 at the same gain of 106 .
The outcome of modification of the photosensor is the alignment of the timing
of the main signal and the cross-talk. The results of a beam test measurement
dedicated to timing studies are shown in Figure 3.14. Based on it the time
resolution of the modified sensor is 13 ps. This experimental setup consisted of
two modified sensors, which allowed using one of them as time reference while
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Figure 3.14.: Distributions of time differences between pairs of pixels of 2 modified MCP-PMT sensors, serial numbers: #900059 and #900060.
The cross-talk between channels has been removed; the plots show
single-MIP response. Assuming the time resolution of all pixels is
similar, the resolution of a √
single pixel is calculated by dividing the
√
widths of distributions by 2, i.e., ∆t = hσi
2
the other was being tested. This way less precise trigger detectors were not used
for timing.
The time resolution improvement for the main pulse from 34 ps to 13 ps (factor
of 2.6) can be deduced from Figure 3.15. It stems from the overall improvement
of the shape of islands corresponding to the main single-MIP signal, shown in
Figure 3.16. The shape for the off-the-shelf sensor shows slight anti-correlation
of time-to-amplitude, while the modified version is almost perfectly symmetric in
both time and amplitude planes, showing no correlation whatsoever.
3.3.3. Cross-talk tests
The MCP-PMT entrance window is 2 mm thick. It is uniform across the whole
active area. This makes it the main source of optical cross-talk between channels.
Also, manufacturing defects in mirror surfaces of quartz radiators and radiator
misalignment would lead to optical cross-talk. The principle of optical cross-talk
caused by the entrance window is visible in the right picture of Figure 3.17, where
light generated by the right radiator leaks to the left-side of the photocathode.
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Figure 3.15.: Time (left) and amplitude (right) spectra of the FT0 detector module prototypes using off-the-shelf PLANACON® (4MCP) and the
modified version (8MCP) including cross-talk (red and violet line
respectively) and with single-quadrant selection applied (black and
blue dotted curves respectively)

Figure 3.16.: Amplitude vs. time counting rate plot of the FT0 detector module
prototypes using off-the-shelf PLANACON® (4MCP, left) and its
modified version (8MCP, right) after applying single quadrant cuts
to reduce cross-talk
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Figure 3.17.: Symbolic scheme of light propagation inside of FT0 dector module
using oversized radiator (left) and default radiator (right)
The total cross-talk may be evaluated from Figure 3.15 and is of the order of
40 mV
200 mV ∼ 20%. It is the sum of the electronic and optical cross-talk. The upper
bound for the latter can be estimated based on the geometry shown in Figure 3.17
as the ratio between the area (or length) of the part of photocathode illuminated
by the light coming from the neighbouring quadrant to that corresponding to the
4 mm
whole quadrant. It is 26.5
mm . 15%. This indicates the electronic cross-talk is
smaller than the optical cross-talk.
Once the origin of the cross-talk was understood, an algorithm to reduce it was
developed. It is called single-quadrant cut and it has been applied, in addition
to trigger cuts (see subsection 3.3.1), to analyse most of the beam test data. To
study the response of a single quadrant (pixel) of the PLANACON® MCP-PMT,
it was required that in the other three pixels the amplitude of the signal was low.
This procedure reduces cross-talk-induced background. Such a cut represents the
operation of the detector module at low particle fluxes and allows to understand
the standalone performance of a single pixel. An example of a 2D amplitude
vs. time counting rate plot, its cross-talk-reduced version, and its 1D projections
is shown in Figure 3.18, Figure 3.16, Figure 3.15 respectively for both modified
(see subsection 3.3.2) and off-the-shelf version of the photosensor. The singlequadrant cut efficiently removes the low-amplitude island of cross-talk, while
preserving over 94% of high-amplitude pulses.
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Figure 3.18.: Amplitude vs. time counting rate plot of the FT0 detector module
prototypes using the off-the-shelf PLANACON® (4MCP, left) and
its modified version (8MCP, right). The selection of shown quadrants is arbitrary, though all of them show similar behavior. Note
different time and amplitude scales
3.3.4. Choice of radiator material
We have chosen the Spectrosil® 2000 quartz for the radiators due to good light
transmission at small wavelengths, where the majority of the Cherenkov radiation
spectrum lays. Additionally, the lower the cut-off wavelength is the slower the
material degrades due to radiation. The absorption and refractive index of quartz
are presented in Figure 3.19. The Cherenkov photons are emitted at the θ angle
with respect to the direction of the incident particle:

θ = arccos

1
nβ


(3.3)

Where n is the refractive index of the radiator medium and β = vc .
Based on the Equation 3.3, using the data from Figure 3.19 and assuming ultrarelativistic particle (β → 1) the maximum Cherenkov photon emission angle
inside the radiator can be estimated at ∼ 50°.
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Figure 3.19.: Absorption length and refractive index of Spectrosil® 2000 quartz
as a function of photon energy, as measured by the Heraeus [161]
3.3.5. Optimization of quartz radiators
While the modified photosensor has four channels corresponding to four quadrants, the optimal size of radiators had to be confirmed by testing a detector
module assembled with various configurations of quartz radiators. Considering
that about 100 photons is required for reliable detection with a time resolution of
50 ps, the thickness of the radiator was fixed at 2 cm. This thickness includes a
2-fold margin to be able to tolerate the possible reduction of quantum efficiency
due to photocathode degradation.
The optimization of the size of the radiator in x and y axes (forming the surface
perpendicular to the beam direction) relied on finding the right balance between
the number of internal reflections and the possible negative effect of charge collection by multiple anodes. On the one hand, the reflections are undesirable because
they reduce the number of photons reaching the photosensor, as the aluminium
mirror has a reflectivity of 70–80% for the UV light. Therefore, the excess number
of reflections leads to lowering of the sensitivity of the device. The requirements
related to particle multiplicity detection (see subsection 3.1.3) exclude a scenario
with multiple internal reflections. They also put considerable constraints on the
acceptable level of cross-talk. On the other hand, there may be some gain in
using a set of smaller radiators, to keep the light more focused, illuminating the
section of the photocathode read by a smaller number of anode plates. As anode
plates are not identical, their response is expected to differ as well. So limiting
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Figure 3.20.: Amplitude (left) and time (right) spectra of the FT0 detector module prototypes using different radiator sizes
the light readout to only a few anode plates could result in less amplitude and
time spread of the output signal.
During early detector R&D four configurations of lateral dimensions of quartz
radiators were tested. They were coupled to an off-the-shelf MCP-PMT as the
modified version was not available yet. The optimal configuration is referred to
as default.
• Default configuration of single radiator (2.65 × 2.65 × 2 cm3 ) covering the
sensors active area corresponding to one quadrant. It is the most obvious
solution, that minimizes the number of reflections and amount of cross-talk.
• Two times smaller radiators than the default size (1.3 × 1.3 × 2 cm3 ).
• Four times smaller radiators than the default size (0.66 × 0.66 × 2 cm3 ).
• A large radiator (5.3 × 5.3 × 2 cm3 ) covering the whole active area of a
single sensor.
To compare the performance of different radiator sizes a special detector module
was assembled using off-the-shelf sensor. Two of its quadrants (Q1 and Q3)
were coupled to the default-sized radiators (26.5 mm), one quadrant (Q2) was
coupled to the 4 radiators, which were two times smaller (13.2 mm), and the
last quadrant (Q4) consisted of 16 even smaller radiators (6.6 mm). After the
test, another module with a single radiator, covering the whole photocathode
(53 mm) was assembled using the same photosensor. All tested radiators were
20 mm thick. The amplitude and time spectra of the radiator size test data are
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shown in Figure 3.20. The line colours (violet, black, red, blue) correspond to
the different radiator sizes. The amplitude resolution, shown in the left plot, is
defined as the ratio between standard deviation and mean value of the amplitude
). In the right plot, the time resolutions (∆t) are standard deviations
(δA ≡ µσA
A
of the time difference between the tested detector module and the reference time
(average time of trigger detectors, as explained in subsection 3.3.1). The time
resolutions represent convolution of the trigger detector time resolutions and the
resolutions of the tested detectors.
It is evident that Q4 and Q2 performed worse than Q1 in all measured aspects:
• Mean amplitude of Q1 is 30% bigger than that of Q4 and 18% bigger than
that of the better peak of Q2
• Amplitude spectrum shape of Q4 is wider, with longer tails, while that of
Q2 has two peaks that could be related to poor optical contact between two
of the four radiators; this hints at the higher risk of assembly errors when
more radiators are used
• Time resolution and delay also worsens with decreasing radiator size
The comparison of the default radiator size (Q1) with the single-radiator module
is not straightforward. The single-radiator module performed better by 10% in
terms of amplitude but had 42% worse timing. Since for this test an off-theshelf version of the photosensor was used, the traces from 64 individual anode
pads were not length-matched. Considering that the distance between the corner
anode pads and the central ones is more than 30 mm, the average trace length
spread of 4 mm is very likely. It would account for about 20 ps of time spread. To
conclude, the worsening of time resolution, in this case, should not be attributed
to the radiator but rather to the sensor, specifically to its non-uniform time
response across very large area illuminated by the single radiator. The major
argument against the use of a single radiator design, that would be easier to
assemble, is the increased optical cross-talk between quadrants.
3.3.6. Further tests of oversized radiator
The overall detector performance improves with better detector coverage due to
increased statistics. While the photosensor has a fraction of inactive area related
to the 3 mm thick edges, the radiator could be enlarged to make a hermetic detector design. The left picture of Figure 3.17 shows the symbolic light propagation
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scheme in the scenario with an oversized radiator and indicates the problems
stemming from it. The two thick lines represent trajectories of charged particles,
one vertical and one at an inclination of 4°, which is the maximum expected particle inclination angle for the FT0 (see subsection 3.3.7 for details). The thinner
lines correspond the propagation paths of Cherenkov photons, at angle assumed
to be 50° (see subsection 3.3.4 for justification). The dashed lines are trajectories of reflected photons. The grey lines represent those trajectories that do not
contribute to signal generation because they failed to hit the photocathode. The
pink lines show regions where the contribution of Cherenkov light to the output signal (or lack of it) is significant because it is generated inside the entrance
window. While the amount of produced light per length of particle trajectory
inside of the window is similar to that of quartz radiator, there is one less optical
boundary layer, which results in much better light collection from the window,
than from externally attached radiator. The effect of boundary layer between
the quartz radiator and entrance window is not accounted for in Figure 3.17 for
clarity.
To clear up if the oversized radiator would improve performance of FT0 module
we have performed beam tests of such a prototype. The tests revealed that
the design with an oversized radiator has distorted amplitude spectrum shape
and worse time resolution. The reason is the worse light collection and lack of
considerable fraction of light generated inside the MCP-PMT entrance window
for the particles, which traverse the radiator volume above the insensitive MCPPMT area. The signal amplitudes from such particles are smaller than amplitudes
from particles crossing the central part of the radiator. This difference results in
a broadening of the global amplitude spectrum, worsening amplitude resolution
and timing and making it harder to separate the signal from the pedestal. The
black line in Figure 3.21 shows amplitude spectrum of detector module prototype
equipped with four oversized radiators (29.5 × 29.5 × 20 mm3 ). The red line is
the sum of three Gaussian functions fitted to the experimental data. The first
Gaussian corresponds to the main peak at 190 mV. The side peak at 126 mV
corresponds to the signal from the regions at the sides of radiator that is above
the insensitive area. Finally, the background peak at 29 mV originates mainly
from the cross-talk. The ratio of the number of events within the side peak and
the main peak ofR = 0.18 matches
the ratio of insensitive sensor area by the

56×3×4
total sensor area 59×59 = 0.19 .
While the separation between the side-peak and the background of 3.6σ is sufficient for reliable single-MIP operation, it is completely inadequate for the appli-
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Figure 3.21.: Amplitude and time spectra of the detector module with single enlarged radiator (59 × 59 × 20 mm3 ). The red line shows fit of the
sum of three Gaussian functions to the data (black line)
cation in FIT, which expects on average about 50 MIPs per pixel in the innermost
regions of the array during Pb−Pb operation. In such conditions, the multiplicity resolution would be worse by 34% for fully hermetic design, than for the
default one. This performance deterioration comes from the fact that the range
of amplitudes reconstructed as one-MIP is wider because it needs to include the
side-peak.
3.3.7. Angular response
Once assembled into an array the FT0 modules are directed towards the interaction point. The Figure 3.22 shows incident particle angles relative to the beam
direction for each detector module. The maximum spread of incident angles due
to the difference in the position of corners of any single module and variation of
the primary vertex by σz = 5 cm (σz – the average longitudinal spread of beam
profile) is also indicated after the ’±’ sign. On the C-side the detector modules
are tilted to reach average incident particle angle close to 0°. On the A-side
the modules are planar and the particle angles reach up to 3.7°. The deviation
of incident particle angle from the perpendicular direction of any module is also
within the acceptable range (< 4°) from the point of view of pulse shape affecting
the charge and multiplicity reconstruction.
Higher manufacturing cost of the concave frame for the array on the C-side was
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Figure 3.22.: Incident particle angle with respect to the beam direction for each
FT0 detector module. Left: FT0-A; right: FT0-C
justified based on analysis of the angular response of the detector module prototype. The Figure 3.23 shows clear degradation of amplitude, amplitude resolution
and time resolution when the sensor is rotated with respect to the trajectories of
incident particles. If FT0-C were flat the maximum incident particle angle would
reach 14.7°. This would lead to approximately 30–40% worse performance. On
the other hand, the 4° rotation has minimal effect on the amplitude resolution
(4%) and time resolution (5%), and manageable worsening of mean pulse amplitude by only 7%.
3.3.8. Response to the particles travelling in the opposite direction
The particles arriving from the direction different than the IP are considered
background and should not be registered. The Figure 3.24 shows the angular
response of the detector module prototype to particles arriving from the backward
direction. The signal amplitude in this case is only 2% of the default amplitude
presented in Figure 3.23 at 0°. No significant change is visible for the range of
tested backward angles (180°–165°).
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Figure 3.23.: Angular response of the detector module

Figure 3.24.: Angular response of the detector module for backward incident
angles
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Figure 3.25.: Relative pulse amplitude for different optical grease, as measured
at T10 beamline at PS at CERN
3.3.9. Optical grease
The radiators are optically coupled with the entire active surface of the entrance
window of the photosensor. The quality of this interface translates directly to
the amount of light transported from the radiators to the photosensor, which in
turn affects pulse amplitude, amplitude and time resolution.
The results of beam tests at PS of the performance of three optical greases,
applied to the FT0 detector module prototypes, are shown in Figure 3.25. Despite Bluesil Past 7 and Rhodrosil Paste 7 are generally recommended for ultraviolet applications, our beam tests (see subsection 3.3.1) revealed that the
Dow Corning® 200 silicone yields the best results. It is more transparent to UV
light in our region of interest or interfaces better with both glued quartz surfaces. Therefore, the Dow Corning® 200 silicone was selected. The same grease
is used on the top side of radiators to attach the prisms, that belong to the laser
calibration system (see subsection 3.3.17), and the black paper around them.
3.3.10. Contribution of the entrance window to signal amplitude
The contribution of the MCP-PMT entrance window, which also works as the
Cherenkov radiator, to the magnitude of the signal can be judged by comparing
the signal amplitude of detector module without radiators (Figure 3.26) and the
default detector module (Figure 3.23). Approximately 8% of the signal recorded
by the detector module comes from the entrance window of the MCP-PMT. It
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Figure 3.26.: Angular response of the detector module if no radiators are installed. The vertical error bars correspond to the width of amplitude
distribution (1σ)
matches the ratio of the thickness of the entrance window of 2 mm to the total
thickness of the radiator of 22 mm (sum of the thickness of window and radiator),
that is Rz = 9%.
While the direct comparison of these two ratios is not correct, it hints that the optical losses at the interface between the radiator and the window are rather small.
To properly compare them the following two assumptions must be made. Firstly,
the particle flux throughout all radiators has to be uniform. This condition is
met within reasonable accuracy. Secondly, the number of registered photons has
to increase linearly with the radiator thickness, which is not strictly true. While
the production of Cherenkov photons is linear, their transport is not. The longer
their travel distance the more likely they are to be absorbed. Additionally, this
effect is wavelength-dependent. It means that the contribution to the signal of
the deep-UV photons produced in the window, that is, close to the photocathode,
will be greater than for those photons originating in the radiators that need to
traverse far distances. To account for it the Rz should be calculated with an
effective window thickness instead. The determination of this effective thickness
would require a dedicated simulation which is not available.
3.3.11. Gain scan
Most of the T10 beam tests were performed with MCP-PMTs biased with the
voltage corresponding to the gain of 106 . The main reasons for operating MCP-
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PMTs at this gain are:
• At G = 106 a 1 MIP generates the mean amplitude of 150–600 mV. Such a
signal could be connected directly to the digitizer, as the majority of pulse
amplitudes fitted within the 10 − 80% of the working input range (0 − 1 V)
of the digitizer. The spread in mean amplitude response is due to two
factors. Firstly, the modified photosensor shows higher amplitude than the
off-the-shelf sensor. Secondly, there is a considerable spread in individual
characteristics of different specimen of the same sensor model.
• The noise conditions at the beamline and the ADC resolution of the digitizer
excluded precise test runs for signals lower than 50 mV.
While sufficient to compare different configurations of detector modules, such
conditions do not reflect the regime, in which the modules will ultimately operate.
The gain will be set to a value of 15×103 that corresponds to the mean amplitude
per MIP of 10 mV at the output of the photosensor. After 30 m long cable the
amplitude is expected to drop to about 7 mV at the input of readout electronics.
With such a setting the threshold can be set to 4 mV, which covers more than 3σ
of the single-MIP amplitude spread. At the same time, it is still separated from
the highest detected spikes of 3 mV in the background electronic noise, present
in the ALICE cavern (see subsection 3.3.15). In such a regime the 250-MIP
(see subsection 3.3.12 and Figure 3.30) signal may reach 2.5 − 3 V. If the gain
of 106 were used the value of added amplitudes could potentially reach 170 V,
which is two orders of magnitude more than the output limitations of the sensor.
This would limit the dynamic range and the lifetime of the sensor significantly.
To gauge the behaviour of the detector module at the lower gain, the bias voltage
scan was performed. Amplitude, amplitude resolution and time resolution as
functions of bias voltage are plotted in Figure 3.27. The highest bias voltage
corresponds to 106 gain, as declared by the manufacturer. As expected for any
photomultiplier tube, the amplitude (proportional to gain) drops exponentially
with decreasing voltage. The amplitude and time resolutions become worse with
lower bias voltage. Although, it is worth noting that at the lowest measured
amplitude of 7 mV the deficiencies of readout used at T10 start to dominate the
degradation of measured quantities.
On the contrary to the general-purpose digitizer used during the T10 beam tests,
the readout to be used in ALICE during Run 3 is designed to operate at full
foreseen dynamic range of output levels of the detector module [162].

3. The Fast Interaction Trigger (FIT)

78

Figure 3.27.: Bias voltage scan showing amplitude (left), amplitude resolution
(middle) and time resolution (right) as a function of bias voltage of
two specimen of modified PLANACONs®
3.3.12. Simulated occupancy and dynamic range of FT0 pixels
The FIT is expected to operate with all available collision systems. The 14 TeV
pp collisions are characterized by low average particle densities, reaching about
10 primary charged particles per unit of pseudorapidity, as shown in Figure 3.5.
This number rises in p−Pb and for lighter ions, reaching more than 1000 during
Pb−Pb collisions. The detector module and readout electronics of FT0 needs to
be optimized to cope with these operational conditions differing by more than
two orders of magnitude. In the pp system, the detector acceptance and singlepixel efficiency are the most important parameters to maximize trigger efficiency.
In Pb−Pb system the high particle multiplicities demand high dynamic range of
the detector modules.
To determine the required dynamic range of any single detector module and
to quantify its expected ageing (see subsection 3.3.13) a set of simulations was
performed. Two simulation frameworks exist for ALICE: the older AliRoot, that
is used up to Run 2, and the modern O2 that is being developed for Run 3 and
beyond. More details can be found in subsection 3.6.1. The simulation results
presented in this chapter are based on either one of these frameworks.
The average particle multiplicity per pixel in Pb−Pb is shown in Figure 3.28.
The colour-coded z-axis shows that a significant particle density gradient should
be expected in most central detector modules on the A-side. The most (least)
loaded pixels will see on average ∼ 50 (∼ 4) charged particles per event.
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The analogous information for pp collision system is shown in Figure 3.29. It is
clear that during pp operation only a few charged particles in total will pass the
FT0 detector per event, stressing the importance of maximizing the efficiency of
single modules and acceptance of the whole detector.
The numbers shown in Figure 3.28 and Figure 3.29 are underestimated, because:
• The background is not taken into account. Depending on the final vacuum quality of the LHC, the presence of background (beam-gas and QED)
could increase these numbers, especially for the most central modules and
if ALICE uses the lower setting of the magnetic field of B = 0.2 T.
• Not all material budget was implemented in the simulation framework. This
could account for up to 20% increase.
Information about the required dynamic range cannot be extracted from averages.
The extrema need to be considered. The Figure 3.30 shows the distribution of the
number of charged particles in one of the most loaded, inner pixels on the A-side
simulated with the most demanding, central Pb−Pb collisions. Two plots, one
for each magnetic field setting at ALICE, are shown. Up to 450 charged particles
can be expected in extreme cases. The weaker magnetic field setting of 0.2 T
allows more low-energy particles to reach the minimum radius of FT0, increasing
the multiplicity there.
3.3.13. Ageing of photosensors
It is understood that MCP-PMT photosensors age mainly due to ion backflow
from the anode side towards the photocathode [163–165]. The origin of ions is
desorption from the MCP surfaces or the ionization of the residual gas. They
drift with the electric field and ultimately they may collide and react with the
photocathode degrading the quantum efficiency [166]. Neutral molecules from
the residual gas, especially H2 O, O2 and CO2 , can also chemically react with
photocathode and damage it. Gain may also drop because of the damage to
MCP surfaces. The ion generation mechanism is strongest between the MCP and
the anode, where the number of electrons is the highest. Ageing is commonly
measured as a function of integrated anode charge (IAC) per unit area of the
photosensor. The IAC defines the total, integrated over time, charge that the
anode has received over the lifetime of the device.
The anode charge from a single collected MIP is:
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Figure 3.28.: Average number of charged particles per pixel in Pb−Pb at 5.02
TeV in FT0-A (left) and FT0-C (right) detector. Data simulated in
AliRoot framework using HIJING. The simulation did not include
the complete material budget

Figure 3.29.: Average number of charged particles per pixel in pp at 14 TeV.
Data simulated in O2 using PYTHIA8
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Figure 3.30.: Charged particle multiplicity of the most inner A-side pixel, simulated in AliRoot for Pb−Pb at 5.02 TeV in the centrality range
0−10%. Two settings of magnetic field in ALICE: 0.2 and 0.5 T are
shown

QMIP = e · G · Npe
As stated in subsection 3.3.11 the default gain will be set to G = 1.5·104 . A single
MIP is confirmed, both experimentally and in simulations, to generate Npe ∼ 250
photoelectrons in one quadrant using the final detector module configuration.
These assumptions yield QMIP = 0.6 pC.
To complete the calculation of IAC the following are also needed:
• Npart – the average number of charged particles per event per quadrant
(see subsection 3.3.12)
• Spixel = 2.65 · 2.65 = 7.0225 cm2 – the area of a single quadrant
• Nevents =  · R · t – the total number of events generated during Run 3 and
Run 4, calculated as a product of the stable beam availability for physics
(), collision rate (R) and running time (t)
The Table 3.5 shows the parameters needed to calculate the Nevents . The default
running scenario, that has been outlined in the ALICE Upgrade LOI [60], was
used as a base to fill t and R in Table 3.5. Since the time the LOI was published, the plan has been revised and the recent proposal extends the pp and
p−Pb physics programme, that requires an order of magnitude more statistics
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Table 3.5.: Expected ALICE runtimes (t), collision rates (R) and stable beam
availability (), used to calculate the total number of events to be collected in Run 3 and Run 4 (Nevents ) in different collision systems [60]
Parameter

Collision system

Unit

Pb−Pb
t

days

R

kHz



%

Nevents

1012

p−Pb
90

50

1380
100 (1000)

41
0.16

pp

0.32 (3.2)

50
6.0 (59.6)

in these collision systems. The values corresponding to the extended programme
are indicated in the brackets. The stable beam availability for physics has been
estimated based on the performance of the LHC in the last two years of Run 2. It
ranged between 48% and 51% for pp and reached 41% in the Pb−Pb run at the
end of 2018. Altogether, the calculated Nevents are overestimated approximately
by a factor of two and represent the upper limits, that try to take into account
the contribution from the background and from the fraction of material budget
missing in simulations.
The equation to calculate IAC takes the final form of:
IAC =

Npart · Nevents · QMIP
Spixel

(3.4)

The Npart is taken from Figure 3.28 for Pb−Pb and from Figure 3.29 for pp.
Because the p−Pb simulations were not available, it was assumed on average they
would produce sp−Pb = 8.4 times smaller multiplicities than Pb−Pb collisions.
The value of sp−Pb can be justified based on the following reasoning. During
a Pb−Pb collision two nuclei traverse each others volumes. The longer their
overlap the higher the average collision multiplicity is. If we substitute one of
the nuclei with a proton, the overlap will be shorter by approximately the ratio
of the radius of Pb nucleus (rPb ) to the radius of proton (rp ):
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Table 3.6.: The contribution to the total IAC presented in Figure 3.31 and Figure 3.32 of different collision systems in the two considered running
scenarios
Collision system

Running scenario
LOI

Extended

Pb−Pb

59%

13%

Pb−p

14%

30%

pp

27%

57%

sp−Pb =

rPb
1.2 fm · 2081/3
= 8.4
=
rp
0.85 fm

(3.5)

The Table 3.6 presents the contribution of each collision system to the total
IAC, averaged for all pixels. As the particle distribution differs between Pb−Pb
and pp collisions (it is flatter in Pb−Pb but more centrally-focused in pp), the
contribution of each collision system also slightly depends on the position of
a pixel. Regardless of the running scenario, the pp collisions have about 4%
higher contribution in the central pixels than the average and about 4% lower
contribution in the outermost pixels.
The total IAC summed for the whole duration of Run 3 and Run 4, including
the contribution from the three collision systems: Pb−Pb, p−Pb and pp are
shown in Figure 3.31 and Figure 3.32 for the LOI and for the extended running
scenario respectively. In the LOI scenario, the inner sensors on the A-side should
be expected to tolerate the IAC of up to 1.3 C/cm2 . The tolerance of 0.4 C/cm2
in the outer A-side sensors and all C-side sensors is sufficient. In the extended
scenario, some sensors may require replacement during LS3, as their expected
IAC reaches over 6 C/cm2 .
To verify how the performance of the PLANACON® photosensor degrades with
the accumulation of the IAC a dedicated ageing test was performed at MEPhI.
In our test half of the photosensor was uniformly illuminated with the LED light
over the period of several weeks and pulse amplitude of the sensor was checked
at regular intervals. The other half of the photosensor was covered with nontransparent black paper to block the light. The Figure 3.33 shows the results of
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Figure 3.31.: IAC in C/cm2 for FT0 pixels assuming LOI running scenario in
Run 3 and 4

Figure 3.32.: IAC C/cm2 for FT0 pixels assuming extended running scenario in
Run 3 and 4
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Figure 3.33.: Amplitude as a function of IAC, as a result of ageing test performed
at MEPhI [167]
the test. The black FT0 plot represents the amplitude of illuminated quadrant
(A1 ) relative to the amplitude of non-illuminated quadrant (A4 ). Additionally,
the laser light intensity was monitored by an independent PMT, Philips 56 AVP,
(Aref ), that is used as a reference for the red FT0 plot. The light reaching reference PMT was attenuated to ensure no significant ageing and deterioration of
its performance during the test. Our results show a steady decrease of amplitude
together with accumulation of IAC. Importantly, according to this new measurement we have seen no rapid change in this behaviour, as was reported for the
earlier generation of this sensor type by Britting et al. [168].
Such a steady deterioration of the sensor can easily be compensated by increasing
the bias voltage, allowing for the required 6 years of reliable operation for almost
all of the sensors. Only the 8 − 12 innermost sensors on the A-side may require
replacement after 3 years, during the LS3.
3.3.14. Assembly and batch tests of XP85002/FIT-Q
Testing of different sensors of the same or similar type (XP85002, XP85012) at
the CERN PS made us aware of the differences between specimens, that could
be crucial for the operation of FT0. An overview of the principles of operation of PMTs, that could be useful to understand this section, can be found in
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Hamamatsu and Photonis handbooks [169, 170]. The list of parameters, that are
important for the FT0 operation and are expected to vary between units are
listed below.
• Pulse shape
The fast-rising edge is required for good timing and the pulse should be
reasonably short to allow for high-rate operation without piling up of the
charge from the preceding pulses.
• Resistance of the MCP.
The stacks of MCPs used in PLANACONs® have the total resistance of
a few, up to about 50 MΩ. Too high resistance limits the maximum anode
current of the photosensor and consequently its ability to operate at high
particle multiplicity and high-rate conditions, such as in Pb−Pb collisions.
Too low resistance implies higher power consumption and heat dissipation
associated with it. Other parameters of the sensor, such as gain and anode
current, change with temperature as well. The lower the resistance the
longer time is needed for the sensor to stabilise thermally after switching it
on. The FT0 needs to be switched off during beam injection to the LHC due
to safety reasons. However, it needs to be fully operational, no more than
20 minutes later and well before the stable beam is declared, to perform
the functions of trigger and luminometer. This time is the factor limiting
how low MCP resistance can be accepted for the use in FT0. Finally, the
resistance range of 12−22 MΩ was deemed acceptable.
• Gain and amplitude vs. bias voltage in B-field (0, 0.2, 0.5 T)
This is the basic test confirming the correct functioning of the sensor. Adjusting of the bias voltage is the main method to compensate for the loss
of amplitude or efficiency, for example, due to ageing, radiation damage or
operation in a strong magnetic field.
• Average anode current (AAC) vs. light pulse rate and intensity
The MCP-PMT has a limited maximum output anode current. If the sensor
operates with high light intensity and high pulse repetition rate the average
anode current may reach the maximum leading to the decrease of gain. The
FT0 will operate at such conditions especially during Pb−Pb runs, where
the most loaded quadrants of A-side will see on average 50 MIPs at 50 kHz
repetition rate (see Figure 3.28).
• Quantum efficiency (QE)
While knowledge about exact dependence of QE vs. wavelength is not
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required for application in FT0, a qualitative verification of QE for each
quadrant in response to Cherenkov light spectrum is helpful to reject sensors
with possible serious defects of the photocathode.
• Uniformity of response between quadrants
Adjustment of the bias voltage is the only way to adjust the gain of the
sensor once it is installed in FT0. Because the four quadrants of a single
sensor are powered by a single bias voltage any change of bias voltage
affects amplitudes in all four readout channels. If there is a significant
non-uniformity between quadrants, greater than 50%, then the bias voltage
adjustment tuned to suit the lowest-amplitude channel will result in loss of
dynamic range of the channels with higher amplitudes.
• Dark count rate
The high dark count rate (& 100 kHz) could indicate problems with manufacturing and long term reliability. The dark counts are not expected to
be relevant for FT0 measurement, which operates at low default gain of
1.5 · 104 and relatively high detection threshold of ∼ 20 photoelectrons per
0.4 MIPs. A single dark count, corresponding to a single photoelectron,
is not sufficient to trigger the detector. If it happens at the time of a
real single-MIP detection it will only add an insignificant amount of charge
(∼ 2%).
• Afterpulses ratio
The afterpulses are a serious problem for a trigger detector. They may
cause false triggers following the real pulse after the time of the order of
microseconds, i.e., after tens of bunch crossings in case of LHC. The excessive rate of afterpulses is also believed to speed up ageing [164,168]. In FT0
the probability to see an afterpulse within 1 µs after an event consisting of
a single photoelectron should be less than 0.2% at sensors gain of 105 .
• Long-term stability and reliability of the sensor
During the tests at CERN PS, we have observed a tendency of some of the
new units to permanently change their properties after a sudden discharge
inside of the device. After such an event the bias current could start behaving erratically and lead to more discharges, tripping the high voltage power
supply and rendering the sensor inoperable due to instabilities. Some units
experienced a single discharge, that did not affect their long-term stability.
The flawed units needed to be identified and either rejected or sent to the
manufacturer for reconditioning.
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Figure 3.34.: Components for assembly of MCP-PMT arriving from the factory
Before the functional tests measuring these parameters and properties could commence the sensors required manual assembly. The top photograph in Figure 3.34
shows the elements used for assembly of a single sensor. The PCB (a) is used to
connect the decoupling capacitors from the MCP electrode to the ground. The
ground plane is at the top of the PCB to maximize its distance from the anode pads and minimize the anode-ground capacitance. The PCB (b) joins the
64 anodes into 4 groups connected to MMCX connectors with small form factor
and suitable for high-frequency signals. Both PCBs, (a) and (b), are installed to
the inner structure of the MCP-PMT at the factory. The bottom photographs
in Figure 3.34 show how the elements are stacked during the assembly. The grey
(c) sheet is flex EM suppressor, the PCB (d) is the high-voltage divider board
(HVDB), (e) is a plastic mould for the compound protecting high voltage terminals, (f) is a coaxial signal cable with MMCX 712-3368 plug on the MCP-PMT
end and with SMA 1-1478916-0 connector on the readout side, (g) is a standard
high-voltage cable qualified for up to 3 kV, that needs to be fixed and soldered
to the HVDB and with HV LEMO FFR.05.403.LLAE141 connector on the other
end. The assembly steps required after sensor delivery included:
• Testing the resistivity of 68 resistors and solder joints in PCB (b)
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• Connecting 4 solder jumpers (one per quadrant)
– The PCB (b) is designed with solder jumpers to allow testing by the manufacturer

• Cutting the flex EM suppressor sheet into an appropriate shape (c)
• Preparation of HVDB (d)
– Testing of the on-board resistors and circuit continuity
– Fixing and soldering of the red high-voltage cable (g) to the HVDB (d)
– Soldering and fixing HV plug on the other end of the high-voltage cable (g)

• Final assembly of the sensor
– Insertion of the EM suppressor sheet (c) on the backside of the MCP-PMT
– Placing of the HVDB (d) on the backside of the MCP-PMT and soldering
the ground pins
– Glueing the plastic mould (e) for high-voltage compound to the HVDB (d)
– Soldering the input HV cable and the three MCP input bias voltage cables
to the HVDB (d)

After the sensor passed all the tests the high-voltage compound was degassed
and poured into the mould to protect high-voltage terminals from humidity and
dust, thus preventing a possible increase of leakage currents or sparking. The
photograph of a fully assembled sensor and scheme of the high-voltage divider
circuitry is shown in Figure 3.35. In the photograph, the high-voltage terminals
are properly protected as the high-voltage compound has solidified. The labelled
terminals are: UIN – negative input high voltage, Ucath – bias voltage for the
cathode, UMCPin – bias voltage supplied to the input of the MCP stack, UMCPout
– bias voltage supplied to the output of the MCP stack. The anode is not shown
as it is at ground level. The highest potential difference is applied between the
MCP stack, which is required to multiply electrons. The other elements are
biased to a lesser extent, mainly to provide force to drift electrons.
After assembly, the sensors are placed in the 3D-printed housings and into the
custom-built light-tight box, where they can be functionally tested and characterized using laser and cosmic muons. The scheme of the setup is shown in Figure 3.36. The violet lines and yellow curves represent optical signals and optical
fibres respectively. The red and blue lines correspond to the output signal cable
and the high-voltage cable respectively. They are only drawn for the reference
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Figure 3.35.: Left: The back-side of fully assembled and tested PLANACON®
XP85002/FIT-Q. Right: Circuitry of the high-voltage divider board
(HVDB)
PMT in the central compartment for clarity. The 10 high voltage and 40 signal
cables from MCP-PMTs (not drawn) follow the same route as yellow optical fibres. The reference PMT is used to normalize long-term instabilities of the laser.
Since it is illuminated directly by the optical fibre head the attenuation required
on this line is much larger than the attenuation for light delivered to MCP-PMTs,
because they receive uniformly-dispersed light, reflected from the white paper attached to the top of the side compartments. The two adjustable mechanical
attenuators are controlled by the RS-232 protocol using PC. The high voltage is
provided by the three 4-channel high-voltage power supplies, CAEN N1470. The
voltage, current and status of each channel are monitored and recorded by the PC
running CAEN Gecko control software. The data from the signal of MCP-PMTs
is collected either by the oscilloscope or by the digitizer, depending on the type of
the measurement. The oscilloscope is more precise, especially at low amplitudes,
and it has an adjustable scale extending its dynamic range. However, it only has
four channels. The digitizer is less precise but it is more reliable for longer tests
and it can work with up to 16 channels simultaneously.
The following measurements are taken for each MCP-PMT:
• Gain scan and measurement of single photoelectron spectra (SPE)
The gain scan is needed to verify that the MCP-PMT behaves as expected,
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Figure 3.36.: The scheme of experimental setup to test up to 10 MCP-PMTs
especially at the bias voltage corresponding to the default gain of 1.5 · 104
and to the gain of 106 , at which some of the following tests are done. Firstly,
a measurement of the pulse charge as a function of the supply voltage is
taken at the constant light intensity. At the highest voltage, the light
intensity is reduced to a level, at which only ∼ 10% of triggers generate the
signal at the MCP-PMT output. This way the ∼ 90% of triggered events
with a signal are caused by single photoelectrons. The mean charge of single
photoelectron from the SPE spectrum (QSPE ) is used to translate the pulse
charge obtained during the gain scan at the highest voltage (QUmax ) to
the number of photoelectrons following the formula: Npe = QUmax /QSPE .
Consequently, the gain can be calculated. All the other measured charges
(Qi ) can also be converted to gain Gi , assuming that the response of the
MCP-PMT is linear, following Equation 3.6.
Gi =

The factor

Aref
i
Aref
Umax

Qi
50e · Npe ·

Aref
i
Aref
Umax

(3.6)

is meant to normalize the instabilities of the laser using

independent measurements of pulse amplitude in the reference PMT. The
factor 50 represents the input impedance of the oscilloscope and it is used
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to convert the charge Qi in Webers [Wb] to Coulombs. The e is the singleelectron charge.
The automatic analysis software has been developed for this step. The
test results from single MCP-PMT are shown in Figure 3.37. The SPE
spectrum of one quadrant is shown in the top plot. The black asterisks
represent the experimental data and the red curve is the result of the best
fit of the sum of two Gaussian functions and an exponential function. The
first Gaussian is fitted to the pedestal. The exponential function is needed
to broaden the tail of the pedestal peak. The second Gaussian is fitted
to the single photoelectron peak. The excess of data at the tail represents
the two-photoelectron contribution, which is negligible. The mean charge
(QSPE ) is calculated as the difference between the mean of SPE peak and
the mean of pedestal peak.
The gain as a function of bias voltage is presented in the bottom plots
of Figure 3.37. The left plot shows the full measured range of bias voltages.
The data points are fitted with two functions: exponential for lower voltage
and with the third-order polynomial for higher voltage. The fit is just to
guide the eye. Because the data is plotted in logarithmic scale the differences between quadrants, represented by different colours, are not obvious.
The right figure is plotted in linear scale and it focuses on the region of the
default gain of 1.5 · 104 , marked by the grey dashed line. Here the differences between quadrants in gain for the fixed voltage are clear, reaching up
to 15%. The MCP-PMT #2152 behaves typically. The largest spread of
gain between quadrants reaches 70% for the worst unit (#2153).
• MCP resistance as a function of time after powering up
The resistance of the MCP-PMT changes with time as it heats up. Many
other operational parameters, including gain and current consumption,
change with resistance. It is important to verify that in terms of gain
all sensors used in FT0 have relatively short time constant of less than
20−30 minutes. Out of the majority of all the delivered sensors (62), time
constant varies between 3.3 and 27 minutes. The example of the plot of
MCP resistance and amplitude as a function of time is shown in the Figure 3.38. The MCP-PMT was powered up at the time = 0 and the light
intensity was constant. The formulae used to fit the curves to the data and
extract the time constants, separately for resistance and amplitude, are also
shown. The two time constants are different because the amplitude depends
non-linearly on the gain, which in turn depends on the voltage supplied to
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Figure 3.37.: SPE spectrum (top) and gain scan (bottom) results for the MCPPMT #2152
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Figure 3.38.: MCP resistance and pulse amplitude as a function of time after the
MCP-PMT #2125 has been powered up (at t = 0)
MCP. The MCP voltage depends on the high-voltage divider board shown
in Figure 3.35 and on the resistance of the MCP stack (between UMCPin
and UMCPout ).
• Anode current saturation limit
With high incident light intensity or high pulse repetition rate, as expected
in FT0, the output of MCP-PMT saturates. In such conditions, the gain
decreases and linearity can no longer be guaranteed. When a large number
of secondary electrons is released from the channel walls the electric field
inside the channel becomes distorted and diminished, leading to suppression
of further electron multiplication. The missing charge is replenished by
the strip current flowing through the channel walls to the regions with
a depleted number of electrons. However, this process takes a substantial
amount of time because of the high resistance of the MCP. During this time
the gain is decreased. A similar mechanism of weakening and distorting of
the electric field by the large number of secondary electrons is also relevant
for the region between the output of MCP and the anode.
The preliminary measurements of anode current as a function of repetition
rate in the absence of magnetic field were performed immediately upon
delivery to verify that every MCP-PMT unit is within the specifications
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Figure 3.39.: Saturation frequency limit of a sample of 62 photosensors
requested from the manufacturer. The gain of the photosensors was set to
1.5·104 and the light intensity corresponded to about 50 MIP. In this study,
the saturation limit has been defined as the frequency, at which the gain
changes by more than 33%. The Figure 3.39 shows the distribution of the
anode frequency saturation limit for a sample of 62 accepted MCP-PMTs.
An extended set of tests for several units was performed in the magnetic
field. The results of these tests were used to select the units with the
highest anode current saturation limit for the most loaded regions of FT0A. The further discussion on the behaviour of MCP-PMTs in magnetic field
is presented in subsection 3.3.16.
• Afterpulses and dark count rate
The ratio of afterpulses and the dark count rate were measured simultaneously at 106 gain. Each pulse of light delivered to the MCP-PMT was
equivalent to a single MIP. The pulse repetition rate was 100 Hz to avoid any
saturation effects and provide ample time for the sensor to relax between
pulses. The dark count rate was extracted from the part of waveforms, that
preceded the pulse. After the pulse, the acquisition window was open for
about 700 ns to register possible afterpulses. The left plot in Figure 3.40
shows the distribution of the dark count rate for a sample of 62 accepted
MCP-PMTs. One unit with very high dark count rate of 112 kHz can be
seen in the batch of accepted sensors. While such a high rate may seem
troubling, it is of little concern for the application in FT0. In FT0 single
MIP generates approximately 270 photoelectrons and the detection thresh-

3. The Fast Interaction Trigger (FIT)

96

Figure 3.40.: Distributions of the dark count rate (left) and the ratio of afterpulses
(right)
old is expected to be set at about 110 photoelectrons. On the other hand,
a dark count event corresponds to a single photoelectron. However, higher
dark count rates could affect the lifetime of the sensor.
The right plot shows the rate of afterpulses for the 66 accepted MCP-PMTs.
• Quantum efficiency uniformity for Cherenkov light spectrum
While the use of laser is convenient due to adjustable light intensity and
repetition rate, it does not reflect the real use-case of the sensor in FT0.
After installation the sensors will be illuminated by the Cherenkov light,
that has a continuous spectrum peaking at ultraviolet wavelengths, not by
the coherent 440 nm laser light. The main MCP-PMT parameter, that
changes as a function of wavelength, is quantum efficiency. The difference
between the response of the sensor when illuminated with the Cherenkov
light and with the laser light may reveal issues with quantum efficiency
or its uniformity in different quadrants. The estimation of the quantum
efficiency uniformity is only qualitative using the method described below.
To test the response of the sensor illuminated by the Cherenkov light,
the cosmogenic muons can be used. MCP-PMTs are capable of detecting Cherenkov light generated by a muon passing through their 2-mm thick
entrance window. This simplifies the test as there is no need to install external Cherenkov radiators. The two MCP-PMT arrays of 5 units, shown
in Figure 3.36, are mounted on top of each other, with a vertical separation
of about 10 cm. The arrays are placed into one of the side compartments
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of the black box. The laser system is switched off during the muon measurement. The bias voltages are set so that all sensors operate at the gain
of 106 . The acquisition of a sufficient amount of data, corresponding to
about 150 clean vertical muon events per pixel, takes at least 14 hours.
The CAEN 742 digitizer is used to collect the waveforms from up to two
pairs of vertically located sensors in a single run.
The obtained waveforms were analysed and the pulse amplitudes were extracted. The purity of data is enhanced by implementing two conditions.
Firstly, a coincidence between the tested quadrant and the one, that is directly on top or bottom of it is required. Secondly, all other quadrants
should show no signal. An average example of the amplitude distributions
of four quadrants of MCP-PMT #2158 is shown in Figure 3.41. While
the number of counts is still relatively low after 16 hours of data taking,
the single-muon peaks are visible. They are fitted with Gaussian function
drawn as a blue curve and their mean values (µ) are printed also in blue
font. The shown uncertainty represents only the fitting error. The numbers of photoelectrons (Npe ), that correspond to the mean amplitudes are
also printed. This unit shows relatively good uniformity of amplitudes for
Cherenkov light between quadrants. Comparison with similar plots, but
using the laser light illuminating all quadrants uniformly instead of muons,
could indicate problems in quantum efficiency uniformity for Cherenkov
light.
• Long-term HV stress-test
Because the FT0-C will not be accessible until the LS3 any replacement
of a faulty sensor will be close to impossible. Therefore, the reliability
of the sensors is of the utmost importance, and so the long-term stability
test was performed for each unit. Because the probability for failure rises
with the bias voltage, all MCP-PMTs were biased to the highest voltage
recommended by the manufacturer, i.e., equivalent to 106 gain. The sensors
were kept biased in the total darkness for a period of at least three weeks.
During that time the bias voltage and current was monitored. In an event
of a serious discharge, the current limits of the power supply were set to
trigger an automatic shutdown of the high-voltage channel connected to
the failing sensor.
The three examples of sensors behaviour during the stress-test are shown
in Figure 3.42. The black line on the bottom shows a typical behaviour.
The current consumption is constant across the 2 days covered by the x-
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Figure 3.41.: Amplitude spectra of MCP-PMT #2158 [167] obtained using cosmogenic muons
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Figure 3.42.: Long-term current consumption of MCP-PMTs biased to the high
voltage equivalent to 106 gain
axis. The red plot in the middle shows a sensor that was stable during the
first 6 hours. Suddenly a set of discharges started happening. At about
23rd hour the sensor returned to a stable operation and remained that way
until the test was finished. The blue plot corresponds to a sensor, that was
sent to the warranty repairs.
According to the message from the manufacturer, this behaviour could be
explained by discharges in the gas trapped inside pores along the edge of the
MCP. Such a discharge could decrease the resistivity of the pore, changing
the properties of the sensor and increasing bias current consumption permanently. Alternatively, it could have no far-reaching consequences besides
the presence of spike in the bias current trend. In any case, the discharges
are expected to produce light, that could accelerate photocathode degradation and contaminate detector signal. So unstable sensors, such as shown
by the blue plot in Figure 3.42, cannot be accepted for application in FT0,
even if their properties remain unchanged.
3.3.15. Real-life tests at ALICE
A prototype of the FT0 module was operational at ALICE from May 2016 until
the end of 2018 (end of LHC Run 2 and beginning of the LS2). The module was
located just below the T0-A detector, within a few centimetres from the future
location of FT0-A.
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Figure 3.43.: Photograph of the prototype detector module within ALICE (black
box on the bottom with 4 blue signal cables extending from it towards the right side). The cylindrical aluminium structure above is
the protective cover of the T0 detector [63]
The prototype was read out by the central ALICE DAQ using special frontend electronics boards mimicking T0 timing channels. Due to technical reasons,
the amplitude information could not be collected in the same way. Instead, a
system similar to that used in the PS beam tests (see subsection 3.3.1), based
on the CAEN digitizer, was used. The digitizer was triggered by the 0TVX
signal. It was independent from the central ALICE DAQ and because of the
dead time of CAEN digitizer and high 0TVX rates no synchronization between
timing and amplitude is available. Additionally, the amplitude-reading system
was much slower than the real trigger rate, so only a small sample of events could
be recorded.
The main objective of these tests was to evaluate the stability of operation of
the module. It was also possible to evaluate the realistic background conditions,
the magnitude of electronic noise, interferences from other detectors and systems
and infrequent but stress-inducing L3 magnet state transitions between −0.5 and
0.5 T.
Additionally, we could search for any signs of ageing of the detector module
over the long-term operation in realistic conditions. The relative pulse amplitude
trend recorded by the prototype is shown in Figure 3.44. The changes in running
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Figure 3.44.: Long-term stability of the detector module prototype installed at
ALICE. The grey band marks the uncertainty of pulse amplitude,
while blue band represents the spread between 4 pixels
conditions at ALICE are not corrected for, so interpretation of this trend is not
straightforward. At about 1700 h there was a malfunction of the cooling of one of
the high-voltage crates. It was fixed only at about 3000 h. The conclusion can be
drawn that after 138 days of operation there is no visible amplitude degradation
within ±2%. The upper bound for IAC during this period is of the order of
40 mC/cm2 .
3.3.16. Sensitivity to magnetic field
Because the response of the photosensor to the magnetic field is anisotropic, both
in terms of gain and anode current saturation limit, it was important to measure it
for all sensors to verify their applicability in FT0 and to optimize their placement.
The Figure 3.22 shows, that on the C-side the outer sensors are tilted by up to
11.5°, so placing sensors least affected by the magnetic field direction there was
preferred. On the other hand, the central sensors on the A-side have to withstand
the highest particle flux (see subsection 3.3.12), translating into highest-intensity
illumination, so for these locations, it is most important to select sensors with
the highest anode current saturation limit.
The operation in the presence of a magnetic field of all photosensors purchased
for FT0 has been tested using laser pulses [171]. The quartz radiators were not
used, as the light propagation is independent of the magnetic field. We have
used a 20-ton MNP17 dipole magnet available at CERN EP-DT department. A
single MCP-PMT was locked inside a light-tight non-magnetic box. The box was
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Figure 3.45.: Scheme of inner structure of MCP-PMT and the rotation angle
naming convention
placed inside the magnet and rotated in two planes: along- and perpendicularto-the-chevron angle, marked in Figure 3.45. The operation of PLANACON®
XP85002/FIT-Q in the magnetic field of up to 0.5 T can be summarized as
follows:
• The gain of the sensor changes non-monotonically with increasing magnetic
field. To keep the gain constant with respect to the B = 0 T scenario,
independently from the magnetic field direction:
– At B = 0.2 T the bias voltage has to be decreased by 10–40 V
– At B = 0.5 T the bias voltage has to be increased 50–80 V
The maximum differences between individual sensors in the tested sample
of 62 units reach ±14V. This maximum spread is similar for both values of
magnetic flux density.
• After swapping of the sensor upside-down with respect to the constant
magnetic field the performance of the sensor does not change significantly,
i.e., the maximum variation of the amplitude is less than 4% regardless of
the magnetic field (in the range from 0 to 0.5 T) and bias voltage (from
1100 to 1800 V) setting.
• The response of the sensor to tilting differs depending on the rotation
plane. The naming convention of angles is presented in Figure 3.45. The
behaviour of two random specimen of the same sensor type is presented
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Figure 3.46.: Amplitude response of the PLANACON® photosensor in the uniform magnetic field as a function of both tilting angles [167]. The
angle naming convention is shown in Figure 3.45
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Figure 3.47.: Gain of the PLANACON® photosensor in different magnetic fields
recalculated as a function of interaction rate. The single-interaction
laser light intensity corresponds to the average multiplicity per
quadrant of 50 MIP
in Figure 3.46. Tilting in along-chevron angle can yield either symmetrical or slightly shifted response depending on the specimen. The response
does not depend on whether the PMT is oriented upwards or downwards.
However, such dependence is true if the sensor is tilted in the perpendicularto-chevron angle.
• Presence of magnetic field reduces the anode current saturation limit. In
practice, it means that gain starts to decrease once the limit on the average
particle multiplicity detected at high interaction rates is reached. An example of the MCP-PMT gain as a function of interaction rate if illuminated
with a light intensity corresponding to 50 MIPs is shown in Figure 3.47.
The three curves reflect different magnetic field settings.

3. The Fast Interaction Trigger (FIT)

105

Figure 3.48.: Scheme of the FT0 laser calibration system
3.3.17. Laser calibration system (LCS)
The amplitude response to single MIP is expected to be slightly different for
different detector modules. The time delay also may vary. It is caused by:
• intrinsic differences in photosensor characteristics;
• small inaccuracies during assembly, i.e., non-perfect optical grease coupling
or misalignment of the radiators;
• slight differences in cable lengths.
To calibrate all sensors consistently, the laser calibration subsystem (LCS) is designed. The scheme of LCS is shown in Figure 3.48. It consists of the picosecond
laser driver PDL-800-B [172], laser head LDH-P-C-440M [173], remotely controlled variable fibre optic attenuator (OZOptics DD-100-11-440-50/125-M-353S3S-3-1-485:1-12-MC/ RS232-OM2), multi-stage optical splitters and reference
or monitoring MCP-PMT. The split laser pulses are delivered to the top faces of
quartz radiators by optical fibres attached to small prisms that are used to direct
the light towards the sensor. For details see the left scheme and the right photo
in Figure 3.49.
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The laser operates at 440 nm and it is capable of delivering short (¡90 ps) pulses
with pulse-to-pulse jitter less than 3 ps. All of the detector pixels are illuminated
simultaneously to ensure proper time calibration. The energy of the single laser
pulse, according to the datasheet, is adjustable in range from 250 to 625 pJ, that
corresponds to 55 · 106 − 138 · 106 photons. However, our measurement shows
that the maximum power output reaches only 75 · 106 Such power is sufficient for
a single laser pulse to reach the amount of light equivalent to that produced by
∼ 100 MIPs in each of over 200 detector pixels simultaneously. The light losses at
the connectors, splitters, along the optical fibres, etc. amount to approximately
10 dB and they are already taken into account.
To keep the time dispersion of light pulses at the smallest possible level, special
dispersion-compensated fibres should be used in the whole LCS. However, as
mentioned in Section 3.2 the FT0 detectors will operate in the harsh radiation
environment. Because the transparency of such fibres quickly degrades with
accumulated radiation dose, the radiation-hard fibres need to be used near the
detectors. Their ageing is monitored with the four quadrants (Q1–Q4) of the
MCP-PMT1 connected to a dedicated closed loop of fibre per side. The fibre for
monitoring of ageing is routed through the most central region of FT0, where the
expected radiation dose is the highest.
The amplitude calibration can be performed using the variable attenuator, that
can be remotely adjusted to limit the number of photons reaching the detector.
The possible instabilities of the laser output power are monitored by all of the
reference MCP-PMT1 quadrants, as indicated in Figure 3.48. To avoid light
losses, that would be inevitably introduced by any additional splitter, we use a
simpler solution. The fibre is routed in a loop close to the PMT entrance window
and the external insulation of this part of the fibre is removed. It allows for
small light leaks, that are proportional to the intensity of transported light, to be
registered by the PMT. Additionally, quadrants of the same PMT can be used to
monitor the four longer fibres. Such a simultaneous operation is possible because
the laser works in the pulsed mode, the lengths of pulses are very short and the
delay introduced by the light propagation in the four 80-metres long fibres is
sufficient to discriminate pulses from these two different sources.
All the 240 outputs of four 1:60 splitters should be characterized by minimum
pulse time and amplitude spread. Each basic building block (1:2 splitter) is designed to split the signal equally between two outputs, however, a spread between
individual units of up to 10% is expected. Such a spread, after 8 stages, could
result in a factor of 4 difference between the worst outputs. To reduce it, the
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Figure 3.49.: Left and middle: scheme of FT0 module; right: photograph of semiassembled module with 4 radiators [167]
splitting ratio and attenuation is measured for each 1:2 splitter after manufacturing. Then, they are arranged to form 1:128 splitter in such a way, that the
spread from preceding stage is compensated by the following stages.
A single 1:60 splitter consists of 6 stages (or 63 units) of 1:2 splitters. Because of
the high number of splitting stages in the system, it is important to keep the light
losses at each stage at a minimal level. This is achieved by splicing the outputs
of one stage to the inputs of the next stage instead of using detachable optical
connectors.
3.3.18. Final detector design
A FT0 detector module (Figure 3.49) consists of the MCP-PMT PLANACON®
XP85002/FIT-Q manufactured by Photonis and optimized by the INR team.
The sensor has four outputs, each collecting charge from 1/4th of the area of
the sensor (quadrant or pixel). The entrance window of the sensor is optically
coupled with four quartz radiators using the Dow Corning® 200 optical grease.
The position and area of each radiator matches the coverage of each output, so a
single radiator is the major source of photons for a single readout channel. The
final dimensions of the quartz radiator (26.5 × 26.5 × 20 mm3 ) used in the FT0
detector module, together with relatively wide Cherenkov photon emission angle
means that reflections will take place. To reduce the number of absorbed photons
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Figure 3.50.: Half of the FT0-C integrated with the MFT support [63]
and improve signal amplitude the sides of each quartz radiator are metallized with
aluminium mirrors sprayed using ion-beam. The area of the side of radiator facing
IP, that is not connected to the prisms of the laser calibration system, is covered
with black paper coupled to the quartz by the optical grease. This is to make
the detector insensitive to the photons, that propagate in the opposite direction,
by increasing the probability of their absorption. It helps to improve the time
resolution by eliminating delayed, back-reflected photons. It also reduces the
sensitivity to the beam-gas background. The beam-gas reactions are likely to
produce showers of particles not originating from the IP, as they happen with
similar probability everywhere along the beam pipe, so they likely hit one arm
of FT0 from backwards, in which case they are not detected there.
The modules on the C-side are arranged around the beam pipe and tilted towards the IP to minimize the incident particle angle and avoid signal quality
deterioration. The C-side aluminium frame is presented in the left photograph
of Figure 3.51. The right photograph shows half of the semi-assembled FT0-C
detector. The Figure 3.50 shows the FT0-C integrated with the MFT.
The A-side is further away from the IP, so the incident particle angles are acceptable even if the detector modules are arranged in a planar fashion.
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Figure 3.51.: Left: the aluminium frame of the FT0-C. Right: semi-assembled
half-array of FT0-C [63]. On the uncovered bottom part the PCB
backplanes of 7 MCP-PMTs are visible
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3.4. The FV0
Before the LS2 ALICE was equipped with V0 detector [64, 149, 174], which consisted of two scintillator arrays. The one on the C-side was 90 cm away, just
in front of the Hadron Absorber of the Muon Spectrometer, and the other one
was 3.3 m from the IP on the C-side. Each V0 array was composed of BC404
scintillator cells, that were arranged in 4 rings and 8 sectors (45°each), summing
up to 32 readout channels.
The V0 functioned as:
• MB and centrality trigger detector
• Beam-gas background rate monitor
• The detector reconstructing centrality and event plane in Pb−Pb collisions
• Luminometer with up to 10% precision [154].
The time resolution of each readout channel reached about 450 ns (350 ns) for
V0-A (V0-C) [174]. The distribution of the sum of amplitudes from both V0
arms was fitted with the Glauber model [114] and successfully used to calculate
centrality in Pb−Pb [175], p−Pb and Xe–Xe collisions. The V0 centrality resolution was the best among the ALICE detectors, reaching below 0.5% for the most
central Pb−Pb collisions and about 2% for peripheral collisions belonging to 80%
centrality class. The event plane resolution strongly depends on centrality with a
maximum of 74% (64%) at the centrality of 25% for V0-C (V0-A). See Figure 9
and 10 in the V0 performance paper [174] for more details.
While the performance of the V0 was impressive, the detector also faced some
problems, especially with the stability of operation. At the end of 2012, the amplitudes dropped by 10–40% depending on the channel. Several possible sources
of slow performance deterioration of V0 were investigated, including ageing of
scintillator due to received radiation dose. Finally, it was attributed to the photocathodes of the V0 PMTs ageing at a quicker rate than expected [174]. The
system was recovered by increasing the PMT gain by increasing its bias voltage.
Another performance issue was related to the limited dynamic range of V0 channels. It resulted in the need to adjust the PMT gain depending on the collision
system. In pp, it was considered the most important to see single-MIPs in every cell to maximize efficiency. In Pb−Pb the priority was given to high-quality
reconstruction of the most central events. They are characterized by the high-
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Table 3.7.: Comparison between V0 and FV0
Property

V0

FV0

Single-MIP time resolution [ps]

—

∼ 200

350–450

—

All-events time resolution [174] [ps]

∼ 10%

Amplitude resolution for a single MIP
Ageing problem

Yes

Eliminated

Afterpulses

Yes

Reduced

Front-end & readout electronics
suitable for Run 3

No

Yes

2 (A and C)

1 (A only)

5275

16243

3153

0

32

48

Number of arrays


Active area in A-side [174] cm2


Active area in C-side [174] cm2
Number of channels per side

est particle multiplicities, that would saturate the detector readout if the PMT
gain was set in Pb−Pb the same way as in pp. Therefore, the gain was lowered in Pb−Pb, sacrificing single-MIP detection efficiency, and consequently, the
reconstruction quality of the peripheral collisions.
3.4.1. Motivation for an upgrade
For Run 3 and 4 V0 is being replaced by FV0. The comparison between the
two systems is presented in Table 3.7. The FV0 is disadvantaged compared to
V0 in terms of the number of arrays, as only the A-side could be fitted within
the ALICE after LS2. This is partly compensated by the larger area of FV0-A.
However, a single array cannot employ effective MB trigger selection or luminosity
monitoring, that are based on the coincidence between the sides. Instead, it can
be treated as an auxiliary detector, that significantly increases the active area of
FT0-A, with an additional benefit of the possibility to monitor the background
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level.
The change in LHC running conditions after LS2 required performance improvement of FV0 compared to V0 in the following areas:
• The length of the pulse needed to be reduced down to . 25 ns, otherwise
the signal tail could result in the pile-up of reconstructed charge in the next
bunch crossing
• The rate of afterpulses had to be reduced to avoid false readings and pile-up
• Time resolution needed to be improved to make it closer to FT0 so that
data from both detectors could be combined and used together
• The new front-end and readout electronics needed to be designed for the
detector to be operational in the continuous readout mode
• The ageing problem needed to be solved
All of these points have been addressed during the FV0 R&D process. The
result is that thanks to the significantly extended acceptance, even a single array
of FV0 can reconstruct collision multiplicity well. This is useful for centrality
trigger generation, and centrality and event plane reconstruction. The FV0 is
located at forward pseudorapidity of 2.18 < η < 5.04, so it measures quantities,
which are unbiased with respect to central-rapidity detectors. While ideally, the
detector should not be sensitive to the background, it is a hard requirement to
achieve by a scintillation detector. Since the FV0 is sensitive to various types
of background, it participates in the online and offline estimation of background
conditions.
3.4.2. General design
The FV0 is an assembly of 40 optically insulated scintillator cells arranged in
8 sectors and 5 rings with progressing radii. Due to limited space between the
IP and the hadron absorber of the Muon Spectrometer the FV0 is located only
on the A-side, directly in front of the FT0-A. The front face of its active volume
is foreseen to be at z = 3160 mm from the IP. All sectors have an opening
angle of 45°. The ring radii are listed in Table 3.3. The sketch of FV0 is shown
in Figure 3.52. The FV0 employs a novel light collection system [176] described
in detail in subsection 3.4.5. The light collected from each cell of the outermost
ring (r5) is split to two PMTs – the red-dashed lines indicate the approximate

3. The Fast Interaction Trigger (FIT)

113

Figure 3.52.: The sketch of FV0 with visible division into 40 scintillator cells
borders between cell regions read out by a single PMT. To emphasize the scale,
the envelope of the FT0-A detector is marked with the blue dashed rectangle.
A charged particle traversing a volume of 4 cm thick plastic scintillator deposits
approximately 8 MeV of energy in the form of excitation of the scintillator material. It deexcites emitting photons isotropically. The timescale of this process
depends on the scintillator type and it is characterized by an exponential decay
with a time constant of a few ns to a few hundred ns. The photons propagate
through the plastic, they may reflect from any of the white-painted faces and
finally reach the clear optical fibres attached perpendicularly to the top face of
the plastic scintillator. Some photons continue to propagate along the fibres and
arrive at the PMT, either through a 3-mm plastic plate preventing direct contact
of fibers with the entrance window (rings 1–3) or through a tapered light guide
(rings 4–5). At the PMT they are converted to electrons and amplified. The
macroscopic electric charge is extracted at the anode of the PMT by the readout.
The schematic cross section of the FV0 detector is shown in Figure 3.53.

3. The Fast Interaction Trigger (FIT)

114

Figure 3.53.: The schematic cross section of the side of FV0 with emphasis on
the light collection system
3.4.3. Detector R&D
Various FV0 prototypes have been tested in the National Autonomous University
of Mexico (UNAM) with cosmic muons and at the T10 beamline at CERN PS
with a particle beam. The tests at CERN were performed in parallel with FT0, so
the experimental setup and trigger selection methods were similar, as described
in subsection 3.3.1. The following elements of the detector were tested and their
performance verified in terms of time resolution or pulse amplitude [176]:
• Scintillator type
Amplitude using EJ-204 is superior by nearly a factor of 2 compared to EJ232. In principle, Bicron’s product, BC-404, performs similarly to EJ-204,
however its price is 2.5 times higher. EJ-228 was also tested, but the results
were inconclusive, so considering the 4 times higher price than EJ-204 it
was rejected.
• Scintillator coating
White paint, compared to coating with Tyvek foil and black paper, yields
better time resolution by 16% and 61% respectively.
• Different types and brands of clear optical fibres
Bicron, Kuraray and Asahi fibres were tested. Kuraray fibres yielded about
9% better time resolution, but they are over 4 times more expensive than
Asahi fibres. The prototype with white-painted Bicron fibres show 35%
worse time resolution than that with Asahi fibres. The Bicron fibres are
even more expensive than Kuraray fibres. Finally, Asahi fibres were selected
for FV0.
• Photosensors
We intended to use either the PLANACON® XP85012 MCP-PMT by Pho-
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Figure 3.54.: Scheme of experimental setup of the FV0 beam test at T10 at CERN
PS. Two fast Cherenkov detectors (T0C, T0D) served as a trigger
determining the interaction time and defining beam profile. The
FV0 prototype was placed on the movable table allowing for surface
scan
tonis, or a Fine-Mesh PMT, so we have tested both options. The advantage of using the same MCP-PMT as in the FT0 would be the possibility
to connect both detectors to identical readout electronics. Also, the pool
of spare photosensors could be shared between the two detectors, reducing the required number of spares. Although FM PMTs, that were used
by the V0, aged relatively quickly, the newest generation of Hamamatsu
R5924-70 photosensors was expected to perform much better in terms of
ageing. In addition, our tests included two silicon photomultipliers (SiPMs)
6 × 6 mm2 : Sensl and Ketek, although they could not be considered a viable
option because of their unproven reliability, quick ageing and relatively high
noise levels. The same detector prototype was equipped with all of these
photosensors. The time resolution was similar in all cases. We have chosen
the FM-PMT because the tests revealed that it was superior to MCP-PMT
in terms of dynamic range. Also, it was a 3 times less expensive option.
The final beam test of the 1/8th of FV0, i.e., the one-sector prototype, was tested
at the T10 beamline in 2018. The scheme of the experimental setup is shown
in Figure 3.54. The coincidence between two Cherenkov detectors (T0C, T0D)
was used as a trigger and the FV0 prototype was mounted on the movable table
allowing for the uniformity scan. The photographs of FV0 prototype are shown
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Figure 3.55.: Photographs of single-sector FV0 prototype installed at T10 beamline at CERN’s East Hall. The prototype is highlighted with white
envelope

Figure 3.56.: Amplitude distribution of the FV0 prototype [177]
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in Figure 3.55.
The amplitude distribution of the innermost cell (ring 1) of the FV0 prototype
is shown in Figure 3.56. The position of the prototype was adjusted so that the
beam particles selected by the trigger condition illuminated the central region of
the cell. The black curve shows the result of the measurement and the dotted
red lines correspond to the fitted function, which is a sum of:
• Gaussian function representing pedestal (mean value of 2.7 and σ = 1)
• Landau function representing the single-MIP peak (mean of 97.6 and σ = 7.3)
The single-MIP amplitude peak (µMIP ) is well separated from the pedestal. The
single-MIP amplitude resolution is approximately 7.5%. The trailing tail originates from Landau distribution and is expected to disappear for multiplicities
higher than 10 when the distribution becomes Gaussian.
The uniformity of the whole prototype was tested in terms of amplitude response
and detection efficiency. The tests show the single-MIP detection efficiency is
100%, independent from the hit position or cell number. The amplitude varies
slightly, especially close to cell edges, but always stays within ±10% of the reference amplitude. Because ring 5 is the largest one, it has the least dense fibre
pitch and it is read out by two photosensors its response is more critical and
complex than that of the other rings. The left plot in Figure 3.57 shows the
mean amplitude as a function of position separately for two photosensors of ring
5. It becomes clear that the ratio of two signals could be used for coarse position
determination. The right plot in Figure 3.57 presents the sum of amplitudes
from both photosensors for three scanned lines. The detector responds uniformly
within 10%.
3.4.4. Plastic scintillator
Each cell of FV0 is machined from a block of EJ-204 plastic scintillator. The
characteristic properties of this scintillator are shown in Table 3.8. The EJ-204
emission spectrum is shown in Figure 3.58. The selected scintillator material
is characterized by reasonably high light yield. Thanks to it already the 4 cm
thickness of plastic provides the sufficient number of photons per MIP for reliable
multiplicity reconstruction and good time resolution. The emitted scintillation
light lays mainly within the visible range and corresponds to the violet-blue
light colour. It is much easier to handle than shorter wavelengths, with better
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Figure 3.57.: Amplitude uniformity of ring 5 of full-size single-sector FV0 prototype. The left figure shows the relative amplitudes of two photosensors used to read the cell as a function of beam position.
The right figure shows the uniformity of amplitude for x-direction
swipes at three different y-positions. The inset shows the position
of swipes [177]
transmission coefficients for most common materials, meaning lower light losses
during light collection and transport. Also, almost the whole emission spectrum
matches the plateau of high quantum efficiency of the selected photosensor, shown
in Figure 3.63.
3.4.5. Light collection system
The scintillator cells are optically connected with photosensors via clear optical
fibres. To hold a large number of fibres and reliably couple them with a scintillator
cell an auxiliary 1 cm thick non-scintillating plastic is used. Fibres were inserted
and glued into the holes drilled in the plastic. Then the plastic surface and fibre
stubs extending from its other side were polished together to obtain a uniform
layer. Each scintillator cell was attached to one such plastic-fibres assembly. The
loose ends of fibres were bundled, glued together and polished similarly to make
a suitable interface with the PMT window. Lengths of all fibres in a bundle from
a single cell are equal to minimize the time dispersion of signals and worsening
of the time and amplitude resolution.
Depending on the ring the area of the cell changes significantly, while that of the
photosensor remains constant. To compensate cells of different rings use different
fibre pitch. Moreover, two largest rings use the tapered light guides at the PMT
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Table 3.8.: Properties of EJ-204 (FV0) and BC-420 (FDD) plastic scintillators,
as published by the manufacturers [178, 179]
Property

Unit

EJ-204

BC-420

%

68

64

photons
1 MeV e−

10400

10000

Wavelength of maximum emission

nm

408

391

Light attenuation length

cm

160

110

Rise time / decay time

ns

0.7 / 1.8

0.5 / 1.5

Pulse width (FWHM)

ns

2.2

1.3

g
cm3

1.023

1.032

1.58

1.58

Light output relative to anthracene
Scintillation efficiency

Density
Refractive index

Figure 3.58.: Emission spectrum of the EJ-204 scintillator, as published by the
manufacturer [178]
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Table 3.9.: Features of the light collection system for cells of different FV0
rings [177]
Ring
number

Pitch of
fibres [mm]

Presence of
light guide

Number of bundles
or photosensors

1
2
3
4
5

3
4
5
5
6.8

no
no
no
yes
yes

1
1
1
1
2

Table 3.10.: Properties of Asahi fibre selected for FV0
Property
Core material
Clad material
Core refractive index
Core diameter
Fibre diameter
Attenuation

Unit

Value

mm
mm
dB/km

Poly(methyl methacrylate)
Fluorinated polymer
1.49
0.97 ± 0.06
1.00 ± 0.06
≤ 190

entrance and two PMTs per cell are used for ring 5. The individual features of
each ring are summarized in Table 3.9 and presented in Figure 3.59. The optical
fibres are not shown for clarity. The colour-coding of pitch grid for ring 4 and
ring 5 corresponds to that at the light guides. The 6 large circles represent the
PMTs.
Asahi fibres were selected, based on their good performance (see subsection 3.4.3)
and very affordable price. The properties of the chosen fibre type are listed in Table 3.10. We have selected the fibre type with large core diameter to maximize the
light collection efficiency and ensure a sufficient number of photons emitted by
the scintillator can enter the fibre and reach the photosensors. The disadvantage
of this choice is the fragility of the thin layer of cladding that is easy to damage
mechanically. A small damage could result in light leakage meaning reduction
of pulse amplitude and possible cross-talk between fibre bundles connected to
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Figure 3.59.: Top view of a single sector of the FV0 with emphasis on the fibre
pitch, PMT placement, presence and size of tapered light guides.
The fibres are not shown for clarity
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Figure 3.60.: Photograph of the semi-assembled FV0 focusing on the PMTs [63]
different readout channels. Thinner fibres would have been more flexible, but
they would require denser pitch, making the detector construction and assembly
excessively laborious.
The first disadvantage is mitigated by ensuring careful handling of fibres and
wrapping the bundles with an additional layer of optical insulation using a black
foil (see Figure 3.60). The scale of the second one appears insignificant when
compared to other sources of signal time dispersion, especially the nature of the
scintillation process, in which the emission of photons is time-distributed.
Moreover, any thickening of the layer of cladding would translate either to thicker
fibres or to the reduction of the diameter of the core. The former means the
fibres would be more rigid and have a larger bending radius, that would make
the detector thicker than allowed by spatial constraints within ALICE. The latter
would imply the need for denser fibre pitch and increased total number of fibres,
and as a result more expensive and more complicated detector assembly.
The refractive index of the fibre core matches that of the scintillator within 6%.
The Dow Corning® optical silicone is used to smooth the refractive index at the
boundary and reduce light losses due to reflections.
The photograph showing the inner structure of half FV0 is shown in Figure 3.61
and Figure 3.62. The 4-cm white-painted scintillator layer is visible in the bottom.
On top of it, there is a 1-cm layer of grey plastic holder and fibres extending from
it and guiding the light outwards, towards the photosensors. The red plastic
pieces on top are covers for the connectors.
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Figure 3.62.: Two halves of the semi-assembled FV0 detector [63]
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Figure 3.63.: Characterstic plots of the Hamamatsu fine-mesh PMT R5924-70:
quantum efficiency as a function of wavelength (left), gain against
bias voltage (middle), gain response of the photosensor in the magnetic field (right). The figure is based on [180]. The left and middle
plots also apply to R7761-70 used by the FDD
3.4.6. Photosensor
The photosensors form a ring beyond the outer edge of ring 5 of scintillator cells.
There is no space for the PMTs in the inner, depressed region of the FV0, because
it should be thin enough to reserve a place for FT0-A and as light as possible to
reduce secondary particle production. The outer location of PMTs is beneficial
also because the further from the beam axis, the lower the radiation levels are
during the LHC operation. The risk of radiation damage of PMTs is lower there.
The same argument is valid for the fibres, which are routed from the scintillator
cells outwards to reduce their radiation-related ageing and their material budget
contributing to secondary particle production.
The FV0 opted to use the 2-inch model of Fine-Mesh PMT R5924-70 made by
Hamamatsu. A fine mesh PMT is especially suitable to operate in a magnetic
field. According to the manufacturer’s specifications [180] the average gain drops
to 41% of the nominal gain of 107 if the PMT operates within a magnetic field of
0.5 T. Compared to other types of PMTs this is a very good result. It is worth
noting that the default gain in FV0 will be only 5 · 104 . At this gain the effect of
the magnetic field will be more significant, reaching an estimated factor of 5 − 10.
This is still fully compatible with FV0 needs.
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Figure 3.64.: Scheme of the possible FV0 laser calibration system
This particular model has also a relatively high average anode current allowing
for wider dynamic range. This is especially important for large-area FV0, which
expects to detect up to 700 MIPs in most loaded cells in central Pb−Pb collision. At the lower end of the dynamic range, it has to be capable of single-MIP
detection. Such conditions are prevalent in pp runs. The characteristics of the
R5921-70 are summarized in Figure 3.63.
Of no least importance is the fact that this type of photosensor has an optimal
ratio of price per active area, while it remains on par with more expensive options
in terms of performance figures important for FV0.
3.4.7. Laser calibration system
The FV0 will use similar laser calibration system to FT0, described in subsection 3.3.17. In the FV0 there are two possible paths for the laser pulses: (i)
through a set of calibration fibres, that are directed to illuminate the central
part of each scintillator cell; (ii) through the second set of calibration fibres, that
illuminates the entrance window of each PMT directly. The black wires visible
within the white fibre bundles on the right side of Figure 3.62 are laser calibration fibres. To select which calibration path is used, an additional optical switch
(Sercalo SW1x2-ALU-50n-FCPC) is installed compared to the baseline design of
FT0. The scheme of the system is presented in Figure 3.64.
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Figure 3.65.: The scheme of FDD-C. The outline of the FDD-A is shown with
the dashed line. The only difference is the larger opening for the
beam pipe

3.5. The Forward Diffractive Detector (FDD)
In 2019 the ALICE collaboration decided to add the Forward Diffractive Detector
(FDD) as the third component of FIT. The physics goals of FDD are similar
to those of Run 2 AD. The FDD will study diffractive events, especially their
cross sections [140, 141]. This goal is accomplished by using the FDD to tag
photon-induced or diffractive processes by monitoring the absence of activity
in the forward direction. Enlarging the pseudorapidity coverage of ALICE is
crucial for that. The implementation of FDD will allow us to study diffraction
at higher collision energies of 14 TeV, available only after the LS2. It will extend
our understanding of diffraction and the initial state of protons and lead ions
as a function of energy. Moreover, the FDD will participate in the multiplicity
and centrality estimation, complementing the other FIT detectors and the ZeroDegree Calorimeter (ZDC). Its contribution is important especially on the Cside, where FV0 is missing. It will also serve as auxiliary luminometer and beam
quality monitor by tagging the beam-gas interactions.
3.5.1. General detector layout
The FDD has two arrays, each consisting of two layers of plastic scintillator,
divided into 4 radial sectors. The FDD arrays are located at very high rapidity
regions (Figure 3.6, Table 3.3), at the distances of 17 and 19.5 meters from the
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IP for the A- and C-side respectively. In total the FDD will have 16 active cells,
each read by individual readout channel capable of measuring charge and time.
As shown in Figure 3.65, the 8 scintillator cells arranged in 2 layers are connected
through wavelength shifting bars (green blocks) and optical fibres (light blue
bundles) to photosensors (brown tubes). In the figure the detector is shown as
rotated by 90°; in reality, the set of 4 photosensors will be placed at the floor,
below the detector, and the other 4 will be hanged at the ceiling of the cavern.
The distance between the detector and sensors is not up to scale. On the A-side,
the PMTs will be placed below and above through 1 and 0.57 meter long fibres
respectively. On the C-side the detector array will be placed inside the LHC
tunnel, however, the sensors will be located inside ALICE cavern. Therefore, 3
meter long fibres will be used to transport the light from the scintillators inside
the tunnel to the PMTs placed in the cavern.
The FDD is the upgraded version of the AD detector used in ALICE before LS2.
The main changes are:
• improvement in readout speed, which will make the FDD compatible with
Run 3 conditions;
• upgrade to a faster plastic scintillator;
• upgrade to a faster state-of-art wavelength shifter; thanks to it the light
decay time decreased from 8.5 to 1 ns;
• improved detector case to avoid contamination from outside light.
Altogether, these improvements make FDD operable after LS2 by shortening the
length of light pulses to less than 25 ns, which is the shortest bunch spacing
foreseen for pp runs. Also, the time resolution is improved.
3.5.2. Plastic scintillator and light collection system
Because particle detection in the FDD relies on scintillation effect, its operation
is similar to that of FV0. Each arm of FDD uses two adjacent scintillator layers
compared to a single layer used by the FV0. The discrimination of single-MIP
signal for a single layer does not have to be as clear as in FV0, because a coincidence between layers can be required, thus reducing the background considerably.
Thanks to relaxing of the noise immunity requirement, the scintillator layers of
FDD can be thinner.
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Figure 3.66.: Emission spectrum of the BC-420 scintillator (black line), based
on figure published by the manufacturer [179]. Emission (red ) and
absorption (blue) spectrum of NOL-38 wavelength shifter are also
shown
A single MIP deposits approximately 5 MeV of energy while crossing the 2.5 cm
thickness of a single scintillator layer in the FDD. The scintillation photons propagate within the scintillator cell until some of them reach the wavelength shifting
(WLS) bars attached to two narrow sides of the cell. They may be absorbed
there, exciting molecules of the wavelength shifter, that shortly deexcite emitting
photons of longer wavelength. The wavelengths of some of the photons emitted
by the wavelength shifter overlap with its absorption spectra. Such photons can
be absorbed by the wavelength shifter itself and reemitted. This mechanism can
extend the tail of the signal by introducing late photons. The photons emitted by
the WLS bars propagate along them until they reach the entrance to the bundle
of optical fibres attached to end caps of the bars. The fibers are of Clear-PS type,
made by Kuraray [181]. They are non-scintillating and non-wavelength shifting.
The bundles of fibres from two WLS bars of a single cell transport light towards
a remote photosensor. The scheme of FDD-A, including all of its functional
elements is shown in Figure 3.65.
The FDD uses BC-420 plastic scintillator, the characteristics of which are listed
in Table 3.8. The BC-420 is slightly faster than the EJ-204, used by FV0, at
the expense of shorter attenuation length and shorter emission wavelengths. The
shorter attenuation length does not significantly affect the total number of photons reaching the bars because of the compact size of the FDD. On the other
hand, the emitted photons enter the near-ultraviolet regime, which increases the
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losses during light transport and detection in most common materials. To offset
this shortcoming WLS bars BC-499-90, that use the wavelength shifter NOL-38,
are introduced to convert close-UV light into blue light. The Figure 3.66 shows
the emission spectrum of the BC-420 scintillator and the absorption and emission
spectra of the NOL-38 wavelength shifter. The range of wavelengths absorbed
by NOL-38 completely covers the emission range of BC-420 scintillator. Thanks
to that the wavelength conversion efficiency is optimized.
Such a design is simpler than the light collection system of FV0, at the cost of
slightly worse time resolution and longer signal tail. In the FDD there are two
consecutive absorptions and emissions, one in the scintillator and the other one
in the WLS bar, each with a characteristic time constant, that smears the timing
signals. The timing properties of BC-420 scintillator are listed in Table 3.8, while
the decay time of the NOL-38 is relatively short, at 0.95 ns. On the other hand,
this design is compact enough to allow for more closeby detection layers. It is
also less expensive and less laborious to build.
3.5.3. Photosensor
The FDD uses Hamamatsu PMT assembly H8409-70, that incorporates FMPMT R7761-70. This PMT belongs to the same family of Fine-Mesh PMTs as
FV0’s R5924-70, but it has 1.5’ photocathode instead of 2’. The corresponding
active area of the photosensor is sufficient for the size of the fibre bundle, that, on
the other end, needs to cover only the small-area face of the wavelength-shifting
bar. The PMT selected for FDD is, therefore, less expensive than the FV0 model.
Other characteristics, presented in Figure 3.63, remain the same as for FV0 PMT.
The photosensors are at some distance from the active scintillator cells, as shown
in Figure 3.65. All dimensions in this figure are proportional, except the length
of optical fibres, which in reality are much longer, at 2.5 m on the C-side and
1 (0.57) m on the bottom (top) of A-side. This separation is needed due to the
following items.
• Very high radiation dose expected at high pseudorapidities, that would
deteriorate performance by accelerating ageing of the photosensor.
• High flux of charged particles, that would contribute to background signals
detected in the PMTs by hitting the sensors directly. The effect is mainly
caused by the secondary particles and it generates early component of the
signal. To mitigate the similar issue in Run 2 the AD detector installed
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shielding blocks in front of the photocathodes of the sensors on the A-side.
A similar approach is considered for FDD.
• Different location of the C-side detector and sensors required by safety
regulations. The FDD-C detector is located in the LHC tunnel, where it
is not allowed to place active components. The sensors had to be placed
in the ALICE cavern and the fibres had to be routed through a hole that
separates the cavern and the tunnel.
The plateau of highest quantum efficiency of the selected PMT matches well with
the emission spectrum of NOL-38 wavelength shifter, except perhaps the third,
smaller emission peak at wavelengths longer than 480 nm. At this wavelength,
the quantum efficiency already starts dropping below 20%, but the vast majority
of light is produced within the larger two peaks, so the losses compared to shorter
wavelengths are not significant.
3.5.4. Laser calibration system
The FDD is expected to apply similar laser calibration methods as the FV0
(subsection 3.4.7). One significant difference will be that FDD will use shorter
wavelengths of 405 nm, so the models of optical components will have to be
adjusted to cope with that, but the general scheme will remain similar. The finer
details of the system are not fixed at the time of writing of this manuscript.
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3.6. Detector performance
FIT is expected to perform at least as well as its predecessors. The following
performance simulations have been done to test if the proposed design fulfils the
requirements (see Section 3.1):
• Centrality resolution
• Event plane resolution
• QED background study
• Trigger efficiency
After an introduction to the used software tools, the following subsections focus
on the first three studies from this list.
3.6.1. Simulation environment
For the early upgrade performance studies the AliRoot environment, normally
used for data analysis and simulation in Run 1 and Run 2, was adapted to Run 3
conditions. The AliRoot is a software package developed by ALICE Collaboration, which is based on the ROOT [182] analysis package created and maintained
by CERN. The AliRoot [147, 148] includes the ALICE detector geometry description and interfaces with various particle collision generators (PYTHIA [144],
HIJING [183, 184], DPMJET [185], etc.) and GEANT3 [186] particle transport
code.
Ultimately for Run 3, the new O2 [187, 188] software package is being developed,
but its maturity was insufficient at the time most of these studies were performed.
Therefore, the results presented in this chapter were obtained using AliRoot
unless otherwise noted.
3.6.2. Centrality resolution
Centrality describes the geometry of a nuclear collision [175], which affects the
energy density within the collision region available for particle production. During a collision, an overlap region is formed bytwo colliding nuclei. Its shape and
→
−
size is determined by the impact parameter b and by the local fluctuations
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of positions of nucleons within nuclei. The other collision parameters include the
number of nucleons participating in a collision (Npart ) and the number of binary
collisions (Ncoll ). All of them are described by the Glauber model [114].
Accurate determination of centrality is important for two reasons. Firstly, the
dependence of various observables on centrality can be used to constrain theoretical models. Secondly, the centrality is a good estimator for the actual amount of
energy that was used for particle production and did not escape with the remaining momentum of colliding nuclei. This allows for comparison of experimental
results, between collision systems of different particle species and energies.
Centrality determination is often one of the main tasks of forward detectors in
a heavy-ion experiment. Usually, precise central-rapidity tracking detectors are
used to measure various observables as a function of centrality. To avoid self-bias
a different set of forward detectors looks at the different subset of the produced
particles to measure the centrality. Therefore, the resolution of centrality is the
key parameter describing the performance of a forward detector. Before the Run 3
ALICE used the charged particle multiplicity (Nch ) in different detectors (V0,
SPD, TPC) and energy deposited in the Zero Degree Calorimeter to reconstruct
centrality [175]. In Run 3 this will remain the same with the V0 being replaced
by FIT and SPD – by the new ITS.
Experimentally, centrality is reconstructed by collecting a sample of events and
ordering them by the observable, which correlates well with the centrality. The
chosen observable is assumed to change monotonically as a function of centrality.
All events are then grouped into centrality classes according to their order. In
this study the centrality resolution is defined as the width of the distribution of
differences between the true centrality and centrality measured by a detector.
Unfortunately, the true centrality can be measured neither in simulation nor in
experiment. It can only be estimated with some uncertainty. In the simulation
aiming to study the centrality resolution of the FIT the total number of primary
particles produced during the collision was used as the estimator for the true
centrality. The correlation graphs of the centralities calculated using three selected observables with reference centrality are shown in Figure 3.67. The left
plot of Figure 3.67 represents the realistic performance of the combination of
the FV0 and both FT0 arrays. For comparison, the middle plot in Figure 3.67
shows centrality calculated based on the number of primary particles vs. the
total number of particles. The total number of particles is a sum of primaries
and secondaries, so auto-correlation is expected in this plot. As the separation
to primaries and secondaries is only available in simulations, this plot represents
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Figure 3.67.: Correlation of centralities reconstructed using different observables

Figure 3.68.: Difference between centralities reconstructed using three different
observables
the best experimentally achievable performance, that could only be reached by
a hypothetical 4π detector, capable of detecting all particle species with 100%
efficiency. The right plot in Figure 3.67 presents the correlation between the centralities calculated based on the impact parameter and the number of primaries.
While the correlation is still clear, its resolution is worse. This is because the
impact parameter and the number of particles are independent observables, as
opposed to the cases shown in the other plots in this figure, where one observable
is a subset or derivative of the other. Additionally, the fluctuations in nucleons
positions and momenta influence the multiplicity, but information about them is
not carried by the single number of impact parameter.
The Figure 3.68 shows differences between centralities reconstructed using one
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Figure 3.69.: Difference between centralities reconstructed using various observables when grouped into 10% wide centrality classes. Each distribution is shifted so that its mean value matches the middle of the
corresponding centrality class

Figure 3.70.: Centrality resolution of the FIT components
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of three observables (number of particles detected by FIT, the total number of
particles and impact parameter) and the reference centrality. The layout of the
plots follows that of Figure 3.67. For centralities other than the extremes the
distribution of differences is Gaussian, but for the extreme centralities, the shape
becomes asymmetric because of the edge-effect. The difference of two values,
neither of which can exceed 100% or drop below 0% is less likely to be close
to these extremes. The asymmetry is clear also in Figure 3.69 which presents
the same data as Figure 3.68, but with events grouped into 10%-wide centrality
classes and the resolutions calculated for each class. The trend of resolution
deterioration with increasing centrality can be mainly attributed to the decreasing
number of produced particles and the statistical fluctuations.
The centrality resolution of different components of FIT is shown in Figure 3.70.
The FV0 performs better than each of the FT0 arrays. When data from FV0 and
FT0 are combined, there is a further performance improvement. The centralities
above 80% are not shown, because the beam-gas and QED backgrounds were
not simulated. In the experiment, these backgrounds contaminate the classes
of low-multiplicity events and they are hard to distinguish from very peripheral
hadronic events. The performance of V0A and V0C from Run 1 and 2 is also
shown for reference [175]. It is better by about 30%. This is because in Run 3
the C-side has reduced area compared to Run 2.
3.6.3. Event plane resolution
The event plane resolution is introduced in subsection 2.4.4 and defined in Equation 2.17. The FT0 focuses on clean online trigger, vertex position and luminosity
determination, so the timing and spatial constraints, availability of suitable sensor on the market and its size were the major factors defining its granularity.
For the FV0, the major factors that needed balancing were price per channel vs.
performance. The main FV0 performance figures are the centrality and event
plane resolution. As is shown in subsection 3.6.2, the granularity is irrelevant for
the estimation of centrality as long as the total number of detected particles is
correctly reconstructed by the FV0. Quite the opposite is the case for the event
plane resolution because its reconstruction requires information on the azimuth
angle of the detected particles. In reality the flow coefficients also weakly depend
on rapidity (see Figure 25 in [189]) and on pT [190–192]. However, in this study,
they are considered second-order effects and are not taken into account.
A set of toy Monte Carlo (ToyMC) simulations was performed to gauge how the
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event plane resolution changes with the number of sectors of FV0. The ToyMC
is divided into two stages: simulation and reconstruction. The simulation stage
uses two inputs:
• The plot showing charged particle density distribution as a function of
pseudorapidity [193, 194] is used to extract the total number of charged
particles passing through the pseudorapidity of FV0.
• Experimentally measured flow coefficients [192, 195] are used to simulate
the azimuth angle of each particle.
The pT , pseudorapidity and type of particle is not simulated. The reconstruction
stage transports the simulated particles through a detector with defined granularity and uses the reconstructed particle angles to calculate the flow vectors and
Rn (see subsection 2.4.4).
The effect of FV0 granularity on the event plane resolution is shown in Figure 3.71. The second harmonics (R2 ) and the subset of mid-central events
(30−40%) was selected for this study. The R2 for the ideal detector, i.e., fully
efficient and capable of perfect azimuth angle determination for each particle, is
shown with the red dashed line and equals to 0.945. Following the Equation 2.17,
the perfect R2 value would be 1. The maximum R2 = 0.945 corresponds to an
average difference of 9.5° between the simulated-true and reconstructed reaction
plane. The resolution of the reconstructed event plane is limited by the number of
detected particles, i.e., by the event multiplicity and by the detector acceptance
and efficiency.
For the FV0, the R2 saturates relatively quickly. Once the number of FV0
sectors reaches 8 the R2 is already within 1% of the maximum value. Therefore,
the baseline FV0 design consists of 8 sectors (the same as in V0 before LS2).
As v2 is generally larger than any other harmonics, especially for the midcentralities, the R2 is also maximized. This makes it most sensitive to any
changes. While the R2 can be considered a reasonable baseline for such a simplified approach, it is worth noting that the trend for higher harmonics (Rn≥3 )
is expected to saturate at higher number of sectors.
3.6.4. QED background study
The QED background has been described in subsection 2.5.6. In FIT the QED
background will affect both the purity of the MB trigger, especially for peripheral
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Figure 3.71.: Event plane resolution (R2 ) of FV0 as a function of the number of
sectors

Table 3.11.: Assumptions used to evaluate the effect of QED background in FT0
Parameter

Unit

Value

LHC revolution frequency

kHz

11.2455

Pb−Pb hadronic interaction rate

kHz

50

Number of bunch crossings per revolution

576

events, and the data rate associated with QED-only triggers. It was important
to verify how the detector would perform in high QED-background conditions,
especially considering ALICE will operate at two magnetic field values during
Run 3. The operation in the magnetic field reduces the visible QED cross section
with respect to Equation 2.19, because low-energy or low-pT electrons follow the
spiral trajectories along the beam pipe. Many of them get trapped within the
beam pipe until they exit the region of L3 magnet without interacting with our
detectors.
The rate of QED-only triggers can be reduced by increasing the amplitude threshold. At the time of this study, the simulation framework was not yet mature.
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The FV0 was not implemented and charge or amplitude reconstruction of FT0
was missing. Therefore, the number of Cherenkov photons reaching the photocathode of the photosensors was used as a proxy to amplitude. In the simulation,
the threshold was set on the sum of Cherenkov photons from all detectors. The
ADC noise was not simulated, so there is no need to subtract it for each channel.
While the application of the threshold helps in reducing the QED-only triggers,
it also lowers the efficiency for hadronic triggers, especially those corresponding
to peripheral collisions. The range of studied thresholds is sufficient to eliminate
QED-only triggers and, at the same time, it results in a negligible change in
hadronic trigger efficiency for centralities ¡ 80%. On the other hand, ultraperipheral events with centrality 90−100% are characterized by small particle multiplicity and for them, the trigger efficiency drops rapidly due to limited acceptance
and detector efficiency. Therefore, the peripheral class of Pb−Pb collisions with
the centrality of 80−90% was selected for this study.
Two sets of simulations were performed for each magnetic field setting. The first
one consisted of a combination of the hadronic and QED signals. The Hijing
generator was used to simulate the Pb−Pb collisions [183] and the QED event
generator [196] was applied on top of it. The obtained dataset represents the
hadronic interaction contaminated with the QED background. Approximately
1200 minimum-bias events were simulated for each magnetic field setting. The
second simulation set consisted of only the QED interactions. Around 500000
QED-only events were simulated for each magnetic field setting. The parameters,
used to calculate the event and trigger rates based on these two sets of simulations,
are shown in Table 3.11.
The simulated QED rates, detected by the FT0, are plotted for the two values of
magnetic flux densities expected in ALICE (0.2 T and 0.5 T), together with the
hadronic trigger efficiency, as a function of amplitude threshold in Figure 3.72.
The shown uncertainties are only statistical.
The uncertainty of rate is calculated
√
as for the Gaussian distribution, i.e., n and the uncertainty of efficiency (∆)
is calculated as for the binomial distribution:
s 

T
∆ = T 1 −
N

(3.7)

The T represents the number of detected triggers, N is the number of simulated
T
events, where the efficiency is calculated as  = N
.
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Figure 3.72.: Simulated trigger efficiency for peripheral hadronic events (centrality 80−90%) and rate of QED events as a function of threshold in
FT0-A and FT0-C in two magnetic fields foreseen for ALICE: 0.2 T
(left) and 0.5 T (right)
The plots show, that in the worse case of the lower magnetic field of 0.2 T it could
be possible to tune the thresholds to achieve ∼ 100% efficiency for centralities
80%-90% at the cost of QED trigger rates of the order of 300 kHz. This is only
6 times higher than the nominal Pb−Pb interaction rate and 3 times lower than
the pp interaction rate in the extended running scenario (see subsection 3.3.13).
Such a trigger rate is well within the capabilities of the readout, though some
efforts will have to be considered to suppress this background before the data is
permanently stored.

4. Summary and outlook
This thesis focused on the description of the R&D, design and functional tests of
subcomponents of the ALICE Fast Interaction Trigger, especially these related
to the FT0 subdetector. The scope ranged from single-component tests aimed
to determine the response of the photosensors and optical properties of applied
materials, through prototype assemblies, that proved the detector modules can
deliver relevant data, ending with the selection of simulations of the detector
performance.
Different tools and methods have been utilized for various tests. Whenever applicable the tabletop laboratory equipment was used as a substitute for the expensive and laborious beam tests. Nevertheless, the beam tests were performed after
every major design iteration to verify the effect of modifications. The characterization of photosensors was done with a simplified version of the laser calibration
system. This also helped to validate the idea behind this system. As for the
performance simulations, each simulation was done at different point in time and
so different framework versions were used. Usage of different framework versions
is not expected to affect the results as the frameworks are continually tested and
validated with every new version.
The results presented in this thesis show that the FIT design has been successfully
optimized to reach its technical and physics goals within the existing constraints
and expected operational regime. Additionally, the procedure for assembly, tests
and characterization of the most crucial FT0 detector component, i.e., the MCPPMT photosensor, is described. The individual characterization of all of the
sensors allowed us to reject the units of inferior quality. It helped to reduce the
risk of sensor failure after the installation of FIT.
The scope of the thesis does not provide exhaustive coverage of the subject of FIT.
The significant topics of readout electronics, detector control system and their
integration with ALICE central systems have been omitted. The FV0 and FDD
subdetectors are also presented in a limited scope. The description of the laser
calibration system is slightly simplified and it does not provide full information
on all of the challenges, that we have encountered.
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Nevertheless, this thesis can be considered a reasonable first step in understanding
the composition, principles of operation and the expected performance of the FIT
detector.
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