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Abstract

Three high granularity Transition Radiation Detector (TRD) prototypes for high
counting rate environments, required by the CBM experiment at the future experimen-
tal facility FAIR, GSI-Darmstadt, were designed, built and tested. The present thesis is
focused on the study of the electron-pion discrimination and position resolution capabil-
ities of the these prototypes. Chapter 1 consists of an overview of the main theoretical
arguments that motivate the construction of CBM Experiment and the experimental
investigations which will be carried out using this experimental facility. Next chapter
continues with a detailed description of the CBM experimental arrangement and of the
current design of the CBM-TRD. The main physical phenomena underlying the detec-
tion and identification systems with a special focus on TRD are described in Chapter
3. In Chapter 4 construction details of the prototype architecture are presented for the
small chambers as well as for the real size TRD. The prototypes were tested with an
9 Fe radioactive source in the detector laboratory of the Hadron Physics Department of
IFIN-HH and with a mixed beam of pions and electrons at CERN Proton Synchrotron.
The experiments and the analysis methods which led to the obtained results concerning
electron-pion discrimination and position resolution are presented in Chapter 5. The

conclusions are summarized in Chapter 6.
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Chapter 1

Theoretical overview

The idea that matter is made of some elementary constituents dates back to the
5th century B.C., when Democritus, a Greek philosopher, suggested that matter con-
sists of unchangeable and indivisible entities, atoms (atomos (Greek) = indivisible) that
constantly move around. According to him these atoms were made from the same type
of material but had different shapes and sizes. However, it was not until the nineteenth

century that this idea was picked up again.

In the early nineteenth century John Dalton used the idea of atoms to establish
quantitative rules for chemical reactions. He proposed that all matter was composed of
small indivisible particles termed atoms and suggested that atoms of a given element
possess unique characteristics and weight. But even at that time, the atomic theory
was not yet established and some still believed matter to be continuous without any

substructure.

Only at the beginning of the twentieth century the atomic theory was firmly estab-
lished by Einsteins paper on Brownian motion and soon thereafter Rutherford, Geiger
and Marsden demonstrated by the scattering of a-particles off gold foil that the atom
contains a positively charged nucleus, where most of its mass is concentrated surrounded

by negative charge electrons.

In 1932, the neutron was discovered and no doubt was left that the nucleus con-
sists of neutrons and protons, the so-called nucleons. In addition to the electron, the
proton, and the neutron, the neutrino was postulated in 1930 in order to reconcile the
observations in f-decay with the conservation laws of energy, momentum, and angu-
lar momentum. Furthermore, in order to explain physical effects like nuclear decay
and binding energy, new forces were postulated: the weak and strong interactions were

introduced.
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In accelerator experiments carried out during the 50s and 60s of the twentieth
century, an abundance of strongly interacting particles and antiparticles, was discovered,

the hadrons.

Hadrons are a large family of non-fundamental particles that can be subdivided
into groups with similar properties. They were first only subdivided according to the
particle weight into baryons (barys (Greek) = heavy) and mesons (mesos (Greek) =
middle). The particles only interacting weakly or via the electromagnetic force were

called leptons (leptos (Greek) = thin).

In 1964 Gell-Mann and Zweig introduced the idea that the hadrons with all their
quantum numbers are built up from smaller entities, the quarks, with fractional charge
and baryon number, which became the quark model. Using this model, all hadrons as

well as their properties could be explained as combinations of two or three quarks.

1.1 Standard Model of Particle Physics

The Standard Model of particle physics is the theory of the elementary particles
and three of the four known fundamental interactions between them. According to this

model, the constituents of matter are six quarks and six leptons (see Table 1.1).

The three known fundamental forces described by the Standard Model are the weak
nuclear force, the strong nuclear force and the electromagnetic force. The fourth one
is gravitation and is not included in the Standard Model, however, for particle physics,
when it comes to the small scale of particles, the effect of gravity is weak and thus can
be neglected. It is postulated that gravitation is mediated by the exchange of a particle
similar to the other three forces (see Table 1.2). These exchanged particles are called
gauge bosons. Bosons are particles with integer spin and thus obey to Bose-Einstein

statistics.

According to present knowledge quarks and leptons are considered elementary par-
ticles with spin 1/2, they obey Fermi-Dirac statistics, and are therefore called fermions.
These fermions are considered as point-like particles and are grouped into three gener-

ations as shown in Table 1.1 adapted from Reference [1].

Each generation contains a charged lepton (the electron e~, the muon p, and the
tau 7), the corresponding neutrino, which only interacts weakly, as well as two kinds
of strongly interacting quarks. The associated antiparticles are identical in mass and
spin but with opposite charge-like quantum numbers, such as charge, baryon or lepton

number.
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Leptons Quarks
Symbol | Charge (e) Mass Symbol | Charge (e) Mass
e” -1 0.511MeV /c? u +2/3 (2.55) T 2MeV /c?)
Ve 0 <2eV/c? d -1/3 (5.04)7 5°MeV /c?)
o -1 105.7MeV /c? c +2/3 (1.27) 7057 GeV /c?)
0z 0 < 190eV/c? s -1/3 (101)3)MeV/c?)
T -1 1.777GeV /c? t +2/3 (172.042.2)GeV/c?)
i 0 < 182eV/c? b -1/3 (4.19) 75 18GeV/c?)

TABLE 1.1: The Standard Model: the constituents of matter and their properties.

The quarks, classified into six different types or flavors called up (u), down (d),
charm (c), strange (s), top (t), and bottom (b), and their anti-quarks allow the con-
struction of most of the known hadrons, with a baryon containing a combination of

three quarks (gqq) and a meson built up by a quark-anti-quark pair (¢q).

Quarks have a quantum number called color and come in three colors, which play
the role of the charge for the strong interaction among quarks. The notion of this
color charge was introduced to explain how quarks could coexist inside some hadrons in
otherwise identical quantum states without violating the Pauli exclusion principle. This
new quantum number is called color charge or color and each quark carries one of three

colors: blue, red, or green.

Force Relative strength | Gauge bosons Acts on
strong nuclear force 1 gluons quarks
electromagnetic force % photons all charged particles
weak nuclear force ~1077 W=, 70 quarks and leptons
gravitation ~107%9 gravitons all massive particles

TABLE 1.2: The Standard Model: fundamental forces. The strong nuclear force acts
on the colour charge of the quarks like the electromagnetic force acts on charge. The
gravitation is the only fundamental force that is not described by the Standard Model.

The quarks combine in such a fashion to make all baryons and mesons color neutral
objects. In the highest energy scattering events quarks were never observed to exist
outside of their parent hadrons. This indicated that the force between two quarks must
increase as the distance between them increases. The presence of a massless particle
to mediate the force between two quarks was introduced. This particle was referred to
as a gluon. The gluon is the analogue to the photon, a massless boson that mediates
the electromagnetic force between charged objects in Quantum Electrodynamics (QED).
Unlike the photon, which carries no electric charge, the gluon cannot be neutral with
respect to the color charge. Since they are coloured, gluons do not interact only with

quarks, but also among themselves. Their coloured nature leads to gluon self-interaction.
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Since color charge is a conserved quantity, and the emission or absorption of a gluon
leads to a color change, gluons can be considered as a combination of color and anticolor.
There are nine possible combinations of color-anticolor, which leads to the prediction
that there should exist nine gluons. However, the ninth combination is actually a linear

combination of all color-anticolor, and therefore colorless.

1.1.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory within the Standard Model that
describes the strong interactions between quarks and gluons. QCD was developed as
an extension of Quantum Electrodynamics (QED) via the imposition of a local SU(3)

symmetry in ’color’ space.

The most important difference between QCD and QED is that QCD is the non-

abelian gauge theory and as a consequence has gluon self-interaction.

A feature of QCD is the momentum transfer (Q)) dependence of the strong coupling

constant as(Q) which is expressed as:

127

(33 — 2ny) - In <A§92>

QCD

as(Q) ~ (1.1)

Here, ny is the number of active quark flavours with quark mass less than @ and

Agcp is the scale parameter of the strong interaction (Agcp =~ 200MeV).

At a large momentum transfer (Q > Agcp) and equivalently at a short distance,
as(Q) decreases logarithmically, and quarks and gluons behave almost freely. This is
called ’asymptotic freedom’. The feature of asymptotic freedom allows us to describe

the strong interaction at large Q? in term of perturbation theory.

In contrast, a,(Q) becomes large at small momentum transfer (Q ~ Agpc), at
long distance. Thus, the perturbative approach is not applicable. In this region, quarks
strongly attract each other and form color neutral state such as mesons and baryons.
This phenomenon is called as ” color confinement”. Because of this ” confinement” feature

of QCD, a single colored-quark has never been observed.

The effect of confinement can also be illustrated with the phenomenological potential

for the strong interaction:

Vs=—5— +kr (1.2)
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where the first term dominates at small distances r and is similar to the Coulomb
potential. The second term is dominant at large distances and is associated with the
confinement: the color field between a pair is restricted to a small tube or string because
of the gluon-gluon interaction. When trying to separate two quarks the stored energy
kr increases and it is energetically more favourable to form a new pair. The result is
that there are two shorter strings. Thus separating two quarks is not possible, only new,

color-neutral particles are produced.

1.1.2 Quark-Gluon Plasma

The environment of extremely high temperature and/or density can also reduce a.
The color confinement may be broken with increase of the temperature and/or density
of a many body system consisted of hadrons. This results in a phase transition from
the confined nuclear matter (hadronic ordered phase) to the deconfined state where the
hadrons start to lose their identity and a phase of weekly interacting quarks and gluons
can be reached. Such a deconfined state was called Quark-Gluon Plasma (QGP) [2].

The deconfined phase can occur at high temperatures like those in the relativistic
collision of two heavy nuclei or at high baryon densities like those that might be found

at the center of neutron stars.

The MIT bag model gives a phenomenological description of quarks in hadrons:
quarks are treated as massless inside a bag of finite temperature and as infinitely massive
outside the bag [3]. In this model confinement results from the balance between the bag
pressure, directed inward, and the stress arising from the kinetic energy of the quarks. If
this balance is distorted and the pressure of the quarks is larger than the bag pressure,

a new phase of matter containing deconfined quarks and gluons is formed.
To reach this new phase, two extreme scenarios can be considered:

1. a quark-gluon system in thermal equilibrium with a large temperature 7' > T., where
the kinetic energy of the quarks and the gluons with corresponding pressure P exceeds

the bag pressure;

2. asystem at T' = 0 with high baryon density ng or baryo-chemical potential up, where
the Pauli principle forces the quarks into states with increasing momentum as they get

closer, leading to a degenerative pressure that may exceed the bag pressure.

In other words, the two states of matter can be separated by the critical temper-
ature, T, which is predicted by many simple models (e.g. the bag model) and also by
lattice QCD calculations.
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o Y8
a) b) /c}\ \\

FIGURE 1.1: Model for quark confinement in a proton: a)The quarks of a proton are

free to move within the proton volume; b)If you try to pull one of the quarks out, the

energy required is on the order of 1 GeV per fermi, like stretching an elastic bag; ¢)The

energy required to produce a separation far exceeds the pair production energy of a

quark-antiquark pair, so instead of pulling out an isolated quark, you produce mesons
as the produced quark-antiquark pairs combine [3].

Fig.1.2, from reference [4], shows a conceptual drawing of the two states of the
matter consisting of quarks and gluons at higher temperature and confined hadronic

matter at lower temperature relative to the 7.

a) quark and gluon phase b) hadron phase
T > T(‘ 'I‘ < T(
0 /0)
. u. . @D |.\./,-' /;:Dmiaicfl
- C®

- T @O\e/
O = <
W O ~0 Q>
Lé% O = /O
gluon — . [ |

o ~® — [® =
O -y
4 baryon

FI1GURE 1.2: Conceptual drawing of matter that consist of quarks and gluons.
a) Matter is in T' > T,.. b) Matter is in T' < T,, quarks are confined in hadrons [4].

The different phases of QCD are illustrated in the phase diagram of strongly inter-
acting matter. The schematic phase diagram of QCD matter is shown in Fig.1.3 in the

plane of temperature 7" and baryo-chemical potential up.

Lattice QCD calculations at vanishing baryo-chemical potential and finite tempera-
ture predict confinement above energy densities of about 1 GeV/fm? [5]. Such conditions
may be created in central collisions between heavy nuclei already at bombarding ener-

gies of about 10 AGeV [6, 7]. Recent lattice QCD calculations at finite baryon chemical
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potential predict a critical endpoint of deconfinement phase transition at pp ~ 400MeV
and T ~ 160MeV [8, 9].

i}
@
[ii}
1z
3 Quark—gluon plasma
£
3 Critical o
= — = - point
z
%
2
=
2
2
2
Hadron gas
J
Atomic nudei

g

FIGURE 1.3: Schematic phase diagram of QCD [10]. The solid line indicates the first
order phase transition from hadronic matter to the quark-gluon plasma. The dashed
line at small baryon density represents a crossover transition.

Based on the fundamental property of asymptotic freedom, one expects at least

three different regions:
- the hadronic phase at low up and low T ;

- the deconfined matter at high T or moderate T and large baryonic chemical potential

(baryon density);
- the color-superconducting region at high up, low T'.

The current knowledge on the QCD phase diagram is illustrated in Fig.1.4. The
data points correspond to chemical freeze-out and result from a statistical analysis of

particle ratios measured in Pb+Pb and Au+Au collisions at SIS, AGS, SPS and RHIC
[11].

The solid curve along the freeze-out points represents a calculation with a constant
baryon density (baryons + antibaryons) of about pg = 0.75p¢ [12]. The phase boundary
between quark-gluon matter and hadronic matter together with the location of the
critical endpoint as shown in Fig.1.4 is predicted by lattice QCD calculations [8, 9].
These calculations indicate that for values of up larger than about 400 MeV the phase
transition is first order, whereas for up smaller than 400 MeV there is a smooth cross
over from the hadronic to the partonic phase (dotted line). The confirmation of the

critical endpoint is a real challenge of high-energy nucleus-nucleus collision experiments.

According to the calculations a beam energy of 10 AGeV is sufficient to cross the
phase boundary. For a beam energy of about 30 AGeV the trajectory is predicted to

pass the region of the critical endpoint of the deconfinement phase transition [13].
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n Plasma;

Temperature T

%\ " Quarkyonic
Hadronic Phase %\ Matter

® 3

\
Gas-Liguid ll

Nuclear "7 M0
Superfluid )

FIGURE 1.4: The phase diagram of strongly interacting matter plotted as a function
of temperature and baryon chemical potential. The critical endpoint at pg ~ 400M eV
is predicted by lattice QCD calculations [12].

Baryon Chemical Potential gs

Enormous experimental and theoretical efforts have been and are still devoted to the
search for the deconfined phase of strongly interacting matter, the quark-gluon-plasma
(QGP). Experimental findings at SPS energies at CERN, like enhanced production of
strangeness, anomalous suppression of charmonium, enhanced production of low-mass
dilepton pairs, and the fact that an analysis of particle multiplicities yields a chemical
freeze-out temperature of about 170 MeV which is very close to the critical temperature
are very much in agreement with the expectations based on theoretical models inspired
scenarios presented above. In which extend they are directly related to deconfined
quark-gluon matter produced at these energies will be confirmed by the new generation

of experiments at much higher energies going on at RHIC-Brookhaven and LHC-CERN.

The discovery of the critical endpoint of the deconfinement phase transition is the
main research goal of the low energy scan program at RHIC and the next generation
experiment CBM at FAIR and will be a direct indication for the existence of a new phase.
Theoretical investigations suggest that particle density fluctuations occur in the vicinity
of the critical endpoint, which might be observed experimentally as nonstatistical event-
by-event fluctuations of observables. This phenomenon was also seen in lattice QCD

calculations. The fluctuation signal should show up around a certain beam energy.



Chapter 2

The Compressed Baryonic Matter

Experiment

2.1 Experiment overview

The Compressed Baryonic Matter (CBM) experiment at FAIR (Facility for Antipro-
tons and Ion Research), GSI [14], will investigate nucleus-nucleus collisions from 2 to 35
AGeV and explore the Quantum Chromo-Dynamics (QCD) phase diagram, shown in
Fig.1.4, in the region of highest baryonic densities where the phase transition is expected
to be, according to the Lattice QCD (LQCD) calculations, of first order. Moreover, the
discovery of the critical endpoint-like region would be a breakthrough in high-energy

heavy-ion research since this observation would confirm the phase-transition line.

The goal of the CBM experiment is to look in particular for rare probes by taking
advantage of high intensity heavy-ion beams delivered by FAIR. CBM will be a multi-
purpose experiment with the ability to measure leptons, hadrons, and photons. The

CBM research area is complementary to the heavy-ion research program at RHIC and
LHC.

The nucleus-nucleus collisions research program of CBM will focus on the search
for [14]:
e in-medium modifications of hadrons in super-dense matter as signal for the onset
of chiral symmetry restoration;

e a deconfined phase at high baryon densities;

e the critical endpoint of the deconfinement phase transition.
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The program aims at a comprehensive study of relevant observables by system-
atically scanning experimental parameters like beam energy, system size and collision

centrality.

The observables include:

e open and hidden charm: charm quarks are produced in the early phase of the
collision and hence probe high-density baryonic or partonic matter. The sensitivity
of charm production to medium effects is enhanced due to the fact that the beam
energy is close to the threshold. Charmonium (J/¢ mesons) will be measured
via its decay into electron-positron (and muon) pairs, whereas D-mesons will be

identified by the invariant mass of their hadronic decay products.

e short-lived vector mesons decaying into electron-positron pairs: The ultimate goal
is the measurement of the in-medium spectral function of p(or w and ¢) mesons

in order to study effects of chiral symmetry restoration.

e strange and multi-strange particles: strangeness production plays an important
role as a possible signature for a deconfined phase of strongly interacting matter

produced in nucleus-nucleus collisions.

e event-by-event fluctuations of observables like particle ratios, charge ratios, mean
transverse momentum, etc.: the search for the critical endpoint of the deconfine-
ment phase transition requires large acceptance and good particle identification
capability over a wide range of momenta and polar angles with close to uniform

azimuthal coverage.

e photons: they offer the possibility to detect 7 and 7 mesons, and direct photons

emitted in the early and dense phase of the collisions.

The experimental task is to identify both hadrons and leptons and to detect rare
probes in a heavy ion environment. The apparatus has to measure yields and phase-
space distributions of hyperons, light vector mesons, charmonium and open charm (in-
cluding the identification of protons, pions and kaons) with a large acceptance. The
challenge is to select very rare probes in Au+Au (or U4U) collisions at reaction rates
of up to 107 events per second. The charged particle multiplicity is about 1000 per
central Au+Au event at 25 A-GeV. Such measurements require fast and radiation hard
detectors, large acceptance and large granularity, electron and hadron identification ,fast
and self-triggered read-out electronics, a high-speed data acquisition system, and online

event selection based on full track reconstruction.
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2.1.1 Detector layout

Two configurations of the CBM detector are envisaged: one is dedicated to the
identification of electrons, while the other one is specialized in detecting muons. The

current set-up for the two configurations is sketched in Fig.2.1.

Both designs have in common a low-mass silicon tracking system (STS), the core
of the CBM experiment, used for charged-particle tracking, high resolution main and
secondary vertex reconstruction and high-resolution momentum measurement with ra-
diation tolerant silicon microstrip and pixel detectors. Combined with an ultra-thin
micro-vertex detector (MVD) based on monolithic active pixel sensors, it will be in-
stalled in the gap of a dipole magnet in short distance downstream of the target, in

general a Au foil of 250 pum thickness corresponding to 1% nuclear interaction length.

FIGURE 2.1: Schematic view of the CBM experiment: electron configuration (left side)
and muon configuration (right side) [14].

In the electron configuration, the CBM experiment comprises a ring imaging Cherenkov
(RICH) detector downstream of the magnet to identify electron-positron pairs from vec-
tor mesons decays. Three stations of transition radiation detectors (TRDs) provide
charged particle tracking and identification of high energy electrons allowing to match
tracks reconstructed in the STS to the TOF measurement. Hadron identification will be
realized with a large-area time-of-flight detector (TOF) consisting of multi-gap resistive
plate chambers (RPC). An electromagnetic calorimeter (ECAL) will be used to detect
photons. The projectile spectator detector (PSD) is a calorimeter that determines the
centrality and the reaction plane of the collisions measuring essentially the products

emitted by the spectators.

In the muon configuration of the experiment, the RICH detector system will be
replaced by a compact active absorber system (MUCH) for the measurement of charmo-

nium via its decay into muon pairs. Both the MUCH and the RICH detectors will be
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movable in order to be used alternatively for muon or electron measurements, respec-

tively.

A particular feature of the experiment is its data acquisition and trigger concept, im-
posed by the physics programme with rare probes, e.g. charm production near threshold,
and the necessity for interaction rates between 0.1 and 10 MHz. It is based exclusively
on self-triggering front-end electronics that time-stamps the detector signals and ships

them to a fast computing farm for event building and high-level trigger generation.

2.2 Transition Radiation Subsystem

The Transition Radiation Subsystem will provide electron identification and track-
ing of all charged particles. It has to provide, in conjunction with the RICH detector
and the ECAL, sufficient electron identification capability for the measurements of char-
monium and of low-mass vector mesons. The required pion suppression is a factor of

about 100 and the position resolution has to be of the order of 200-300 pm.

In order to fulfil these requirements, in the context of the high rates and high
particle multiplicities, a careful optimization of the sub-detectors geometry is required.
The current design is shown in Fig.2.2: the detector is divided in three stations (summing
up to a number of ten detector layers) positioned at distances of 4.5, 7.45 and 9 m from
the fixed target. The whole detector can be assembled using two different modules: the
inner region (polar angles between 50 and 200 mrad) of the eight first layers can be made
of 60 x 60 cm? sized modules, the outer part of the layers can be build by modules of
100 x 100 cm? size (Fig.2.3), adding to 708 detector modules covering an area of 585 m?,
about 737.408 read-out channels.

The total thickness of the detector in terms of radiation length has to be kept as low
as possible to minimize multiple scattering and conversions. To ensure the speed and
also to minimize possible space charge effects expected at high rates, the active volume

of each module has to have a thickness of about 1 cm.

Because of the high rate environment expected in the CBM experiment (interaction
rates up to 10 MHz), an architecture specific for a fast readout detector has to be used.
On the other hand, CBM being a fixed target experiment, the track density at low polar
angels is quite high, therefore the size of the pads is chosen in a way that the expected
hit rate per channel does not exceed 10 3 Hz per channel. In the current geometry the
pad size increases in radial direction from module to module from 1 cm? to 12 cm? (see

Fig.2.3).
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FIGURE 2.2: The geometry of the TRD subsystem consisting of 10 layers divided in
3 stations, developed in CbmRoot (CBM Simulation and Analysis Framework) [15].

For the radiator there are two possibilities: regular and irregular radiator (more
details are presented in Chap.3.3.1). The regular radiator, composed of foils and gaps of
equal size, would be the best choice as far as it provides the highest transition radiation
yield, however, due to a complicated construction procedure the costs are rather high.
The irregular radiator, composed of fibers, not stretched foils and /or foams has a reduced
transition radiation yield compared to a regular radiator of the same material budget,
but has the advantage to be easier manufactured and therefore much lower cost. The
final choice of the radiator type will be established after the completion of prototypes

tests using all type of radiators.

The gas mixture of the readout detectors will to be based on Xe, to maximize the

absorption of transition radiation produced by the radiator.

To optimize the whole desing of the TRD subdetector, a detailed study of the
tracking performance in combination with all the CBM subdetectors was started and is

still ongoing.
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FicUre 2.3: Distribution of hit rate per pad for the first layer of each detector sta-
tion [16].



Chapter 3

Detector Principle

Most particle detectors are based on the processes produced by particles and elec-
tromagnetic radiation in the matter they traverse. In the transition radiation detector

two processes contribute to the signal that is used for particle identification:

1. charged particles deposit energy in the gaseous volume of the transition radiation

detector - process described by the Bethe-Bloch formula;

2. charged particles produce, under certain conditions, transition radiation in the radi-
ator material, the generated photons are absorbed in the detector gas, contributing to

the signal.

When travelling through detector material, charged particles lose energy mainly
by colliding with atomic electrons of the material (excitation and ionization) and by
the emission of bremsstrahlung, i.e. ”braking radiation” or ”deceleration radiation”,
when they scatter atomic nuclei. In addition, hadrons can lose energy through hadronic

interactions like inelastic nuclear collisions, or nuclear excitations.

Depending on their energy, photons can interact with atomic electrons of the detec-
tor material (Compton scattering or the photoelectric effect), or, if a minimum energy

(>1.022 MeV) is reached, they convert into e*e™ (pairproduction).

3.1 Interaction of charged particles with matter

3.1.1 Energy loss of charged particles. The Bethe-Bloch formula

Charged particles deposit energy in a material caused by collisions with the atoms

in the traversed material. This energy loss per unit of path length is described by the

15
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Bethe-Bloch formula and is measured in keV/pm [17]:

4.2 2322
_dE _ 4mNez ; 2mec™ " g2 6(8) (3.1)
dz mec? 32 I 2

where NN is the number density of electrons in the matter, e is the elementary charge,

me represents the rest mass of the electron, and c is the speed of light in the vacuum.

. . . . . ) . 1 .
The velocity of the traversing particle is given by 8 = ¢, and v = T is the Lorentz

factor, z represents the electric charge of the particle, the mean excitation energy of the
atoms of the traversed matter is described by I (i.e. the energy required to ionize the

atom), and 0 is a correction factor for density effects.

The logarithmic term in the Bethe-Bloch equation varies slowly with velocity (and

therefore with energy), so it is approximately correct, for very thin layers to write:

3= (1) o2

where AFE is the average energy loss due to ionization and excitation in a layer of
the medium with thickness Az. The exact energy loss fluctuates around this average
value. The energy fluctuations follow a Landau distribution for medium x values. The
distribution is roughly, but never perfect, Gaussian for a very thick medium, where the

energy loss exceeds half of the original particle energy.

The above Bethe-Bloch formula describes correctly only the energy loss by ionization
for muons and heavier particles. Since the mass of electrons and positrons is the same
as the mass of the collision partner a correction has to be implemented. It can be shown
that with this correction the mean of the deposited energy for electrons and heavier

particles is the same for large values of ~ [17].

Relativistic particles lose energy not only due to ionization but also through the
emission of bremsstrahlung, an electromagnetic radiation produced by the deceleration
of charged particles (especially electrons) passing through matter in the vicinity of the

strong electric fields of atomic nuclei. The energy loss results in the emission of photons.

Fig.3.1 describes the production of bremsstrahlung and of characteristic X-rays:
events 1, 2, and 3 depict incident electrons interacting in the vicinity of the target
nucleus, resulting in bremsstrahlung production caused by the deceleration and change
of momentum, with the emission of a continuous energy spectrum of photons while
event 4 demonstrates characteristic radiation emission, where an incident electron with
energy greater than the K-shell binding energy collides with and ejects the inner electron

creating an unstable vacancy.
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FIGURE 3.1: Bremsstrahlung production and of characteristic X-rays: the events 1, 2,

and 3 depict incident electrons interacting in the vicinity of the target nucleus, resulting

in bremsstrahlung production follow by the emission of a continuous energy spectrum

of photons; event 4 demonstrates characteristic radiation emission, when an incident

electron with energy greater than the K-shell binding energy collides with and ejects
the inner electron creating an unstable vacancy [18].

The energy loss due to bremsstrahlung for high energies is given by:

dE  4aN4Z222 2 2 183
_ 82 CE-ln | —= .
dx A <4W60m02> " <Z1/3> (3:3)

where « is the fine-structure constant of the electromagnetic interaction, N4 is the
Avogadro number, Z is the atomic number of the traversed material, and A is its mass
number. gg is the electric constant, while z, m, and E are the charge, the mass, and
the energy of the decelerated particle. The energy loss caused by bremsstrahlung is

proportional to E = m?.

It was demonstrated that this effect dominates above the
critical energy FEepiy ~ 550MeV/Z, the energy where the losses due to ionization and

bremsstrahlung for electrons are the same [19].

3.1.2 Cherenkov radiation

When highly radioactive objects are observed under water, such as in ”"swimming
pool” reactors and in the underwater temporary spent fuel storage areas at nuclear

reactors, they are seen to be bathed in an intense blue light called Cherenkov radiation.
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In this case, the Cherenkov radiation is caused by particles entering the water at speeds
greater than the speed of light in the water. As the particles slow down to the local
speed of light, they produce a cone of light roughly analogous to the bow wave of a boat
which is moving through water at a speed greater than the wave speed on the surface

of the water.

vt

F1cUrE 3.2: Construction of the Cherenkov emission angle via elementary waves emit-
ted from each point of the trajectory adding up constructively along a line.

In general, Cherenkov radiation is emitted when charged particles pass through
matter with a velocity v exceeding the velocity of light in that medium. No particle
can exceed the speed of light in a vacuum, but in materials with an index of refraction
represented by n, the particle velocity v will be greater than the velocity of light if
v > ¢/n, that is, by particles for which § > 1/n. In this case a wave front will be formed

in the medium.

Cherenkov radiation is emitted at polar angle . with respect to the particle path:

cos(0.) = — (3.4)

for v > ¢/n and cos(6.) < 1if 5 > 1/n.
The mean number of photons produced by a particle with the charge ez at a given

wavelength \ is [20]:

d2N B 2rauz? B 1
drd\ )2 B2n2(\)
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One of the valuable applications of Cherenkov radiation is the detection and identifi-
cation of particles. Cherenkov counters utilize one or more of the properties of Cherenkov

radiation:
- the existence of a threshold for Cherenkov radiation;
- the dependence of € on the velocity v = Sc¢ of the particle;

- the dependence of the number of emitted photons on the velocity of the particle.

3.1.3 Transition radiation

Transition radiation is a radiation in the X-ray region produced by relativistic
charged particles when they cross the interface of two media of different dielectric con-

stants € [21].

The energy of the emitted transition radiation photon is approximately proportional

to the Lorentz factor, v = 11 = of the particle (v > 1000) and because of this, the
linear dependence on ~ of the transition radiation (TR) spectrum can be used to separate

charged particles with similar momentum but different mass, like electrons and pions.

For ultra-relativistic particles crossing a boundary, the emitted radiation intensity

W depends on the frequency and the emission angle of the photon and is given by [22]:

(3.6)

W 20.h0° 1 N 1 2
dwdf T 1/v2 402 +w?/w?  1/92 + 602 + w2 Jw?

with 6 as the emission angle of the transition radiation photon with respect to the
particle trajectory, a. is the fine-structure constant of the electromagnetic interaction,
w is the transition radiation photon frequency and w; and wo are the plasma frequencies
of the traversed media. The plasma frequency is the self-oscillation of an electrically
neutral medium, where the opposite electric charges are displaced. The charges perform
a spatial oscillation. The frequency of this oscillation is the plasma frequency of the

medium.

The differential energy spectrum is:

dW  ah [ [w}+ w3+ 2w?/y? 1/9% + w? /w?
= - 2T dn (LR g (3.7)
dw 7 wi — ws 1/72 4 w3 /w

The total radiation intensity emitted at a single interface:
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ah (Wi —ws)’

W= (3.8)

™ w1 + wo
The angular distribution of transition radiation is peaked forward with a sharp

maximum at 6 = 1/~ [23].

If a charged particle is traversing a thin film with a width L, the transition radiation

in the medium will be characterized by a wavelength X and an emission angle of ¢'.

If O is set as an observation point and A and B are the entrance and exit points,
then the optical path difference to O leads to a phase difference of 26 between waves
produced at the entrance and exit point. An interference pattern can be observed due
to the amplitudes A and —A with an optical path length difference equivalent to the
phase difference ¢ from the perspective of point O. The intensity I is given by [24]:

I = A4+ Ap|? ~ 4] A?sin®(0) (3.9)

which, if 6 — /2, has a maximum for constructive interference and a minimum for
destructive interference if, § — 0. For a phase difference at the entrance and exit point

of 180°, a sufficient optical path length difference [24]:

wL [fwp\2 o 1
o~ [(w) +0 +72} (3.10)

The double differential cross section for transition radiation is proportional to the

fine structure constant o and is given by [24]:

d*Nrr  « 1 5 1 w
~—|ln(l1+—=)- — ) — 1| withy = — 11
dwdQ)  ww [n< +y2> <y +2> }wz YT e (310

where w), is the plasma frequency of the radiator material. The photon spectrum falls

off rapidly for y > 1 or w larger than yw, being the characteristic frequency.

The total energy radiated from passing a single layer is found to depend on the
squared difference of the plasma frequencies w;, of the two materials; if the difference is

large (hwair = 0.7V and hwpoiypropyiene = 20eV') the relation is:

2
E =~ ga'thp (3.12)

where a = % with an average number of radiated photons of the order [23].
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(3.13)

Because the number of produced photons per interface crossing is very small, about

1%, several hundred interfaces are used in practical transition radiation detectors.

3.2 Interaction of photons with matter

Photons are electromagnetic radiation with zero mass, zero charge, and a velocity
that is always ¢, the speed of light. Because they are electrically neutral, they do not
steadily lose energy via Coulomb interaction with atomic electrons as charged particles

do. Instead they travel some considerable distance before undergoing an interaction.

Photon penetration in matter is governed statistically by the probability, per unit
travelled distance, that a photon interacts by one physical process (interaction type)
or another. This probability is called the linear attenuation coefficient, i, and has the
dimensions of inverse length (e.g. cm™!). The coefficient ;1 depends on photon energy
and on the material being traversed. The mass attenuation coefficient 1/p is obtained

1

by dividing p by the density p of the material. It is usually expressed in cm?g~!, and

represents the probability of an interaction per gcm ™2 of material traversed.

The intensity I of a photon beam in matter is given by: I = Ipe ** where I
represents the intensity without absorption and p (mass attenuation coefficient) is related

to the photon interaction cross section o; by:

Na g

3.2.1 Photoelectric effect

In the photoelectric absorption process, a photon undergoes an interaction with an
absorber atom in which the photon completely disappears. In its place, an energetic
electron is ejected from one of the bound shells of the atom. The interaction is with
the atom as a whole and cannot take place with free electrons since conservation laws
would be violated. For photons of sufficient energy, the most probable origin of the
photoelectron is the most tightly bound or K shell of the atom. The photoelectron

appears with an energy given by:
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E, =hv—E, (3.15)

where E} represents the binding energy of the photoelectron in its original shell. Thus

for photon energies of more than a few hundred keV, the photoelectron carries off the

majority of the original photon energy.

The interaction leaves an ionized absorber atom with a vacancy in one of its bound
shells. This vacancy is quickly filled through the capture of a free electron from the
medium and/or rearrangement of electrons from other shells of the atom. Therefore,
one or more characteristic X-ray photons may also be generated. The excited ion can

then return to its ground state mainly through two competing mechanisms: fluorescence

and Auger effect.

The process is enhanced for absorber materials of high atomic number Z. The
photoelectric interaction is most likely to occur if the energy of the incident photon is
just greater than the binding energy of the electron with which it interacts. As a result,
the plot of the attenuation coefficient as a function of the photon energy is a complicated
relationship, with sharp peaks at the binding energies of the various orbital shells and
with strong dependence on the atomic number of the atom. Fig.3.3 is a log-log plot of

the photoelectron interaction probability versus energy.
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FIGURE 3.3: Photoelectric mass attenuation coefficient, plotted as a function of photon
energy for water and for lead [25].
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The K and L orbital edges for lead are visible. Since the K and L binding energies

for water are so low, they are not visible in this plot.

3.2.2 Compton effect

The interaction between a photon with an electron is called Compton. Part of
the energy of the photon is transferred to the scattering electron, which recoils and is
ejected from its atom, and the rest of the energy is taken by the scattered, ”degraded”
photon. The result is a decrease in the photon energy (increase in wavelength), called

the Compton effect.

Scattered photon
Incident photon E=m'
E=hv 0
NSNS
D

Recoil electron

FIGURE 3.4: The Compton scattering of a photon.

In Compton scattering, the incoming photon is deflected through an angle § with
respect to its original direction. The photon transfers a portion of its energy to the
electron (assumed to be initially at rest), which is then known as a recoil electron, or a
Compton electron. Because all angles of scattering are possible, the energy transferred

to the electron can vary from zero to a large fraction of the gamma-ray energy.
After the scattering with a free electron, the wavelength of the photon is increased

by:

h

MeC

AN = (1 — coso) (3.16)
where ¢ is the angle by which the photon direction has changed due to the scattering.
The frequency and energy of the photon reduce according to the wave length, whereas
the energy of the electron increases by this amount. The maximum recoil energy of the

electron allowed by kinematics is given by:

2y
Tonaw = h 1
v <1 ¥ 27) (3:.17)

hv
mec?*

with v =
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3.2.3 Pair production

If an energetic photon enters matter and if it has an energy in excess of 1.02 MeV, it
may interact by a process called pair production. In this mechanism of energy transfer,
the photon, passing near the nucleus of an atom, is subjected to strong field effects from
the nucleus and may disappear as a photon and reappear as a positive and negative
electron pair without violating conservation of momentum. Since the momentum of the
initial photon must be absorbed by something, pair production cannot occur in empty
space out of a single photon; the nucleus (or another photon) is needed to conserve both

momentum and energy.

-

Nucleus Electron (g7)
o

" ]
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FIGURE 3.5: Pair production [26].

Pair production becomes more likely with increasing photon energy, and the prob-

ability increases with atomic number approximately as Z2.

3.3 Basic operation of a Transition Radiation Detector

The Transition Radiation Detector (TRD) is used to discriminate between electrons
and pions by a suppression factor of the order of 100 at an electron efficiency of 90%

and for tracking of charged particles.

The principle of a transition radiation detector is based on the process presented in
Chap.3.1.3. When a relativistic charged particle traverses the boundary of two media of

different electric constant, it produces transition radiation (TR).

A transition radiation detector consists of two different main parts: a radiator, in
which an electron creates the transition radiation, and a detection part consisting of a
multiwire proportional chamber (MWPC) filled with a mixture of Xe (or Ar) and COq

in which the energy loss of charged particles and the TR photons can be measured.

The multiwire proportional chamber subsumes a large area drift chamber with the

drift direction perpendicular to the wire planes, and a readout chamber.
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A particle traversing a TRD module enters the drift chamber together with the
produced transition radiation photon. Both the charged particle and associated photon
ionize the gas in the chamber and create electron clusters. The transition radiation
photon is absorbed shortly after entering the drift chamber due to the efficient TR-

photon absorption provided by the chosen gas mixture.

The charged particle constantly produces a track of electron clusters on its way
through the chamber. These electrons drift towards the amplification region where they
are accelerated and further collide with gas atoms, thus producing avalanches of electrons

around the anode wires; the operation principle can be followed in Fig.3.6.

The large cluster at the beginning of the drift chamber produced from the transition
radiation photon is produced with higher probability by electrons than by pions, at the
same moment, due to the large difference in their mass, and therefore used to identify
electrons from the large pion background. The average pulse shape versus the drift time
for electrons and pions is shown in Fig.3.7 [15], it can be seen that electrons and pions
have different pulse heights due to the different ionization energy loss. A characteristic

peak at larger drift times of the electrons is due to the absorbed transition radiation.

The produced electrons via energy loss due to ionization and transition radiation

absorption will induce signals on the cathode pads.

3.3.1 Radiator material

As it was mentioned already, the transition radiation is produced when a highly
relativistic charged particle (particles with v > 1000) passes from one medium into
another. As shown in Eq.3.8, the probability for the creation of a transition radiation
photon from a single interface is only of the order of the fine structure constant o =
1/137. A possibility to enhance the yield of radiated photons along a particle trajectory
is to increase the number of crossed boundaries by using several hundreds of consecutive

interfaces, a structure called radiator.

In principle there are three types of radiators: foil radiators, fiber radiators and
foam radiators. A systematic study of these materials was done for the TRD of the

ALICE experiment at LHC and the results can be found in [27].

These results showed that the most efficient radiators are the regular foil radiators.
The disadvantage of these types of radiators is that they are very heavy and expensive
because of the complex production procedure and has not yet been done for large areas
as it is needed for the CBM experiment. Using foil radiators would require to mount

hundreds of foils with uniform separation in strong metal frames.
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FIGURE 3.6: The TRD operation principle (projection in the plane perpendicular to

the wires). Electrons produced by ionization energy loss and by TR absorption drift

along the field lines toward the amplification region where they produce avalanches
around the anode wires; these avalanches induce a signal on the cathode pads [27].
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FI1GURE 3.7: Average pulse height versus drift time. The different pulse heights indi-

cate the different ionization energy loss of electrons (green rectangles) and pions (blue

triangles). The characteristic peak at larger drift times of the electron (red circles) is
due to the absorbed transition radiation [27].
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In the case of TRD for the ALICE experiment, the solution was to use irregular
radiators made of fibers. Such sandwich radiators, consisting of fiber mats sandwiched
by two layers of foam, are used in order to provide the optimal combination of transition
radiation efficiency, minimum weight and mechanical stability (a detailed description
can be found in [27]).

The fiber mats, consisting of polypropylene fibers of 17 pym , which are predomi-
nately layered in two dimensions, are comparable in performance to regular foil radiators
since the fiber thickness provides a well defined spatial separation between two consecu-
tive boundaries, and a large fraction of the boundaries are approximately perpendicular

to the particle flight direction.

The polymethacrylimide foam radiator, ROHACELL HF71, is a slightly less efficient
radiator because of the random orientation of the boundaries and variably sized spatial

gaps between them but offers very advantageous mechanical properties.

The TRD prototypes studied in this work were tested using a regular foil radiator,
labelled Reg2 which has 220 foils of 20 um thickness with a spacing of 250 pum, and

irregular radiators (fiber, foam, sandwich), the results are presented in Chap.5.3.

3.3.2 Multiwire proportional chambers

Multiwire Proportional Chambers (MWPCs) are high-granularity fast detectors
which allow track reconstruction of charged particles with good position resolution and

the determination of their energy loss in the sensitive chamber volume.
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FIGURE 3.8: Sketch of a MWPC [23].

A multiwire proportional chamber consists essentially of a set of thin, parallel, and
equally spaced anode wires, symmetrically sandwiched between two cathode planes (see

Fig.3.8). In principle, each wire acts as an independent proportional counter. When
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a negative potential is applied to the cathode planes, the anodes being grounded, an

electric field develops which is approximately given by:

oV, \/1 + tan? (72) - tanh? (7Z)
208 \/tan2 (™2) + tanh? (%2)

E(y,z) (3.18)

where, C' is the capacity per length unit, V, is the applied anode voltage, the anode wire

pitch s and r, the anode wire radius:

21 €0
T 1
In the region far away from the anode wires (20 times the wire-diameter), the field
lines are essentially parallel and the field density is almost constant. Close to the anode
wires, the field shows an 1/r dependence similar to a single wire cylindrical proportional

chamber. The wire radii, 20 pgm, are much smaller than the distance between the wires.

Far away from the anode wires, the electrons and ions liberated by an ionising
process in a constant field region, drift along the field lines toward the nearest anode wire
and opposing cathode. Near the high field region, the electrons are quickly accelerated
and produce an avalanche. The electron avalanche is rapidly collected by the wires, the
trailing positive ions move in opposite direction toward the cathode. In their motion,

the electrons induce image charges in all surrounding electrodes.

The cathode signal is read-out, and the coordinate of the induced charge can be
obtained by a subdivision of the cathode into readout pads perpendicular to the anode

wires.

In order to obtain the best possible position resolution in the cartesian coordinate
system of the cathode pad plane the induced charge distribution should be shared be-
tween two or three adjacent pads. The signal to noise ratio decreases if the charge signal
is shared by more than three pads. When the induced charge is measured only by one

pad the position resolution is given by the pad width W.

Additionally to the cluster position reconstruction performance, MWPCs feature
electron-pion separation by the additional TR photon signal generated by the electrons
with identical momenta due to their lower mass compared to the pion mass, as it was

mentioned above.
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3.3.3 Gas mixture

The filling gas for proportional counters has to meet different requirements: low
working voltage, high gain, proportional behaviour, and high rate capability. For a
minimum working voltage, noble gases are usually chosen due to the lowest electric field

intensities necessary for avalanche formation.

Excited noble gas atoms formed in the avalanche de-excite giving rise to high-energy
photons capable of ionizing the cathode and causing further avalanches. This process
can be minimized by the addition of a quencher such as COy. The quencher molecules
absorb the radiated photons and dissipate this energy through dissociation or elastic

collisions.

Because Ar is the most prevalent noble gas in the atmosphere it is the cheapest
solution for filling multiwire proportional chambers and therefore the most commonly
used in laboratory tests, but in order to maximize the absorption of transition radiation
produced by the radiator, the gas mixture used in real experiments is based on Xe,

because of its higher atomic number (Z = 54 in comparison to Z=18 for Ar) [23].

For the TRD prototypes which are studied in the present work the used gas mixture
was 80%Xe (or Ar) and 20%COs2.
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High granularity single sided
TRD prototypes

For the planned Compressed Baryonic Matter (CBM) experiment, the Bucharest
group has constructed and tested several CBM-TRD prototypes of which the last three,
two identical small prototypes (labelled through this work as TRD1 and TRD2) and a
real size prototype (TRD3), will be described in this thesis.

Like their predecessor [28], these three prototypes are designed to overcome the
limitations regarding the signal rooting topology which characterizes the double-sided
architecture [29] by implementing an architecture based on a multiwire proportional
chamber coupled with a drift zone. Unlike their predecessor, these prototypes are de-
signed to fulfil the high counting rate and high multiplicity requirements specific to the
regions of low polar angles in the CBM-TRD subsystem.

The chamber design concept is retained from the previous small prototype [28]:
a 2 x 4 mm amplification region and a 4 mm drift zone identical with the 4 x 3 mm
double-sided prototype [29], an anode wire pitch of 3 mm and a cathode wire pitch of
1.5 mm. The drift size was chosen such to minimize the drift time (< 250 ns for 80%Xe-
20%CO0O2 gas mixture, 2000 V anode voltage and 500 V drift voltage [30]), while keeping

the transition radiation conversion efficiency as large as possible.

4.1 2011 TRD small prototypes

Fig.4.1 shows the chamber’s configuration of the TRD small prototype architecture.
The multiwire chamber is closed on one side by the drift electrode made from a Rohacell

plate of 8 mm thickness coated on the inner side by an aluminized kapton foil of 20 ym

30
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thickness, and on the other side by the read-out electrode made from a 300 pum thickness
PCB. In the middle of the amplification region lies the anode wire plane, made from Au
coated W wires of 20 pym diameter; the amplification region is separated from the drift

region by the cathode wire plane made from 70 pm diameter Cu-Be alloy.

read-out
electrode

anode
plane

radiator and drift plane

cathode plane
FIGURE 4.1: Sketch of the chamber configuration for the 2011 TRD prototype [31].

The read-out electrode, sketched in Fig.4.2, has a structure of three rows with
64 triangular pads per row. The triangular shape of the read-out pad gives access to the
position information in both coordinates (more details in Chap.5.4) which defines the
read-out electrode plane. The area of a read-out cell is ~ 1em? (2.7 em height x 0.7 cm
width) and corresponds to the requirements of the innermost zone of the first TRD
station (as described in Chap.2.2). As it can be seen in Fig.4.2, the read-out electrode
was equipped with two types of connectors: a first type (right side of Fig.4.2) that can
be read-out by the 8 channel FASP front-end electronics [32] and a second type (left
side of Fig.4.2) that can be operated by a 32 channel SPADIC [33] front-end electronics.
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FIGURE 4.2: Sketch of the read-out electrode structure for the 2011 small size TRD
prototype [34].

Two identical chambers were tested with a mixed beam of electrons and pions at

CERN and the results of the measurements are presented in Chap.5.2.
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4.2 2012 TRD real size prototype

The last version [35] of the single-sided TRD prototype [28] is a real size CBM-TRD
prototype (539.8 x 557.8 mm?) that was build and tested last year, in 2012.

The only difference (as it can be observed in Table 4.1) between the small prototypes
and this one, with the exception of the size, is the structure of the drift electrode which
is made from a 9 mm thick honeycomb plate placed between two Rohacell plates of
3 mm thickness, each one coated on the outer side with an aluminized kapton foil of
20 pm thickness. One side of the gaseous chamber is closed by the drift electrode, the
other side is closed by the read out electrode made from a 300 pm thick PCB reinforced
by a 2 c¢m thick honeycomb plate sandwiched by two layers of 100 pm carbon fiber.

The bottom sketch in Fig.5.27 shows a sketch of the read-out electrode of the real
size TRD prototype and it’s dimensions. It has a structure of 9 columns and 20 triangular
pad rows with 144 triangular pads per row, each triangular pad of ~ 1 cm? area, is

readout individually.

FIGURE 4.3: The read-out electrode (left side - up), the signal transport topology (left
side - down) and the associated 16 channel FEE based on two FASP chips (right side).

Signals delivered by pads are routed in groups of 16 (left side - Fig.4.3) to the flat
cables and processed by FASP front-end electronics (right side - Fig.4.3).

This real size TRD prototype was tested, in the laboratory, with a 5.9 keV X-ray
9 Fe source and with a mixed beam of electrons and pions at CERN. The results of these

tests are presented in Chap.5.
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TABLE 4.1: Design details of TRD prototypes.
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Performance of TRD prototypes

5.1 55Fe source measurements

5.1.1 Data calibration and energy resolution

The real size TRD prototype was tested in detail in the detector laboratory of the
Hadron Physics Department of IFIN-HH using a collimated ®5Fe radioactive source,
®=1 mm. The *°Fe source emits X-ray of 5.9 keV and the photons were absorbed by
the detection gas mixture of Ar and COgy (80%-20%).

The source was carefully collimated onto the center of a rectangular pad as it can
be seen in Fig.5.2 where the charge on three adjacent pads is represented. The plotted
signals are corrected considering the electronics systematics from Fig.5.6, Fig.5.7 and
Fig.5.8. The detector was operated at a drift high voltage of 800 V and several values
for the anode high voltage: 1800 V, 1850 V, 1900 V, 1950 V, 2000 V and 2025 V.

During the measurements, the signals from 24 rectangular pads (hardware paired
triangular pads), 8 pads per row, were read-out. The signals were processed using a Fast
Analog Signal Processor v0.1 (FASP-0.1 [32]) also developed by the Bucharest group.
The ASIC chip was designed in AMS CMOS 0:35 pum technology. Its main characteristics
are a selectable shaping time of 20 ns or 40 ns and a 6.2 mV /fC conversion gain. For
a 25 pF input capacitance, the equivalent noise charge is less than 980 electrons for
40 ns shaping time and less than 1170 electrons for 20 ns shaping time. The power

consumption of the chip is about 11 mW /channel.

This version of FASP has 8 input channels and two types of outputs for each input
channel: a fast output with a semi-Gaussian shape and a peak-sensing output (called

"flat top”) (see Fig.5.1). During the tests the flat top output was used, the shaping time
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FIGURE 5.1: Fast output (yellow line) and flat top output (blue line) of the Fast
Analogue Signal Processor.

was set at 40 ns and the analogue signals were digitized by a 32 channel peak sensing

MESYTEC analogue to digital converter.

Pad 11

90 Amplitude [channels]

|
500 Amplitude [channels]

Pad 13

0 500 000 1500 2000 2500

Amplitude [ehannels]

FIGURE 5.2: Calibrated charge on three adjacent pads. It is clear that the 5°Fe source

was collimated on pad 12 (the forth pad on the second row), pads 11 and 13 have almost

the same charge, thus the positioning of the source on the center of a rectangular pad
was achieved. The detector was operated at HV, = 2025 V and HV; =800 V.

Fig.5.6, Fig.5.7 and Fig.5.8 present the electronics systematics taken into consider-
ation for data calibration. This systematic study is done for each motherboard and it
refers at at the following characteristics:

e clectronic pedestal

e gain per channel



Chapter 5. Performance of TRD prototypes

36

e signal thresholds

Electronic pedestal

Measurements without a detector response are conducted, the acquisition trigger is

provided by a generator. The acquired information (see Fig.5.3) is thus the electronics

pedestal. Each pedestal is fitted with a Gaussian function and the obtained mean values

are retained as pedestal positions (Fig.5.6) and further considered in data calibration.

o Pad 0 CcHOY
'E‘mm E Entries 34047
© oo E- RMS 1404
10000 | o /ndf 10/9
8000 - Constant | 562¢+04
6000 E— Mean 4514
4000 E— Sigma 1403
a0 |-
@ = A : e T
Amplitude [channels ]
Pad 2
H E CHOO2
E:::: E Entries 54947
E RMS 1314
10000 = o Andf 162979
8000 ;— Constant | 448e+04
6000 — Mean 64.96
3000 Sigma 1504
2000 f—
oy 20 0 60 B0 1
Amplitude [channels]
Pad 4
2 E CHOO4
gwﬂnﬂ E Entries 54947
12000 == RMS 1441
10000 - X /ndf 2681410
8000 f— Canstant 1. 52]e+04
8000 E— Mean 3304
000 Sigma 1441
2000
o 0 e G E‘o T
Dhptituce [ctamnel
Pad 6
s F CHOOG
glwnu ;7 Entries 54947
12000 RMS 1452
10000 E— 1 /ndf 622279
8000 ; Constant 1.5 e+04
6000 E— Mean 44.93
1000 f— Sigma 1451
2000
oy 20 40 60

80 1
Amplitude [channels]

. Pad 1 CHool
Sraoon |- Entries 54947
12000 RMS 1.484
10000 x> /ndf 3129748
8000 — Constant | 4780+04
6000 Mean 63.82
4000 — Sigma 1.483
2000 ;
ok . L
20 a0 &0 80 00
Amplitude [channels]
Pad 3
£ E CHOO3
Si4n00 i
g E Entries 34947
e RMS 1432
10000 - xindf 1884 /10
8000 = Constant |.534e+04
B000 ;— Mean 5348
4000 Sigma 1428
2000 —
o E L L L
20 a0 60 80 00
Amplitude [channels]
Pad 5
5 CHOOS
Z14000 "
512‘]0“ E Entries 54947

E RMS 1498
10000 — 2

E % /ndf 827879
000 — Constant | 464e+04
8000 Mean 36.67
apno - Sigma 1497
2000

ol = .
0 20 A0 &0 a0
Amplitude [channels]
Pad 7
k] E CHOO7
Zra000 - —
5]200.1 E Entries 54947
E RMS 1457
10000 -

E w0 ndf 2832710
8000~ Constant | 507e+04
seon = Mean 2252
4000 — Sigma 1454
2000 = |

g E] [ 63 ‘ j

B0 00
Amplitude [channels]

FIGURE 5.3: A pedestal run for 8 pads. The obtained spectra for each pad is fitted
with a Gaussian function and the mean of the fit represents the position of the pedestal
which is considered in the calibration algorithm.

Gain per channel

Next step is the gain correction for each channel. This time a charge is injected on

each pad from a pulser. The position of the converted signal in ADC channels obtained

at five different values for the injected signal plotted as a function of the corresponding

voltage values of the injected signal is represented in Fig.5.4 for eight pads. The gain

characteristic for each pad is plotted in Fig.5.7.
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FIGURE 5.4: Gain characteristic for 8 pads.
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F1GURE 5.5: A threshold run for one of the motherboards. The detector’s surface was
uniformly illuminated with the °°Fe source. The signal is represented in black, the noise
is in grey.
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Signal threshold

After the pedestal and gain corrections have been implemented, the detector’s sur-
face is uniformly illuminated with the X-ray source. The spectra on eight pads are
presented in Fig.5.5 where the red line denotes the value of the threshold, the region
represented in grey before this value is considered to correspond to the noise and the
region, plotted in black, after this threshold value is considered to correspond to the the
real signal. Fig.5.8 shows the threshold systematics for all 24 pads that were read-out

during these experiments.
Energy resolution and cluster size

After the characterization of each motherboard the data from the measurements
with the X-ray ®°°Fe source is corrected and the energy resolution of the detector can be

determined.

Typical energy spectra obtained in *Fe source tests and the energy resolution,in
sigma, are shown in Fig.5.9 for different values of the applied anode voltage. An energy
resolution of 8.196+0.011%, was obtained for the applied voltage of HV, = 2025V and
HV; =800V.
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FIGURE 5.9: Energy resolution as a function of applied anode high voltage.

As explained in Chap.5.4.2 the signal can be shared between two or three adjacent
pads. One way of increasing the degree of charge sharing is to rise de applied anode
voltage as can be seen in Fig.5.10. The top plot shows the number of pads per cluster
for all six values of the applied anode voltages. At low values for the anode voltage,

1800 V and 1850 V, there is no charge sharing between three adjacent pads. The
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percentage of 3-pad clusters (Fig.5.10 - bottom plot) rises with increasing anode voltage,
at HV, = 2025 V a value of ~91% of events fire 3-pad clusters.
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FIGURE 5.10: Cluster size as a function of anode voltage (top plot); the percentage of
3-pad clusters and 2-pad clusters as a function of applied anode voltage (bottom plot).
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F1GURE 5.11: Deposited charge as a function of reconstructed position and as a func-
tion of cluster size. The detector was operated at an anode voltage of 2025 V (left-side

plots) and 1950 V (right-side plots).
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Fig.5.11 shows a representation of the deposited energy in the detector, Egep, as
a function of the reconstructed collimator position, x,.., for two values of the applied
high anode voltages: 1950 V (right side plots) and 2025 V (left side plots). For each
case, the top pictures show the reconstructed position irrespective of the number of
pads per cluster, while the next three pictures show how the cluster size influences the
position reconstruction: 3-pad clusters lead to a position reconstruction in the center of

the rectangular pad, while the 2-pad clusters are reconstructed on the edges of the pad.

5.1.2 Absorption measurements

Another set of tests were conducted in order to quantitatively characterize the
absorption of different support structures of the drift electrode (detector’s entrance).
For this, 5 samples of different structures were tested using the collimated ?°Fe source
and the real size TRD prototype which was flushed with a gas mixture of Ar(80%) and
CO2(20%), and operated at HV,, = 1900V and HV; = 600V . The signals were collected

directly from the anode.

Thicknes timm. CELL 6, 4mm, p=4tkgim" | Thicknes firam, CELL & dmm, p=32kghmn*
[

" Withess

FIGURE 5.12: Tested samples.

The first three samples from Fig.5.12, labelled S, S2 and S3 have a sandwich like
structure, composed from a honeycomb plate placed between two Rohacell plates, each
one coated on the outer side with an aluminized Kapton foil (the structure is presented

in Fig.5.12 and the characteristics of each sample are described in Table 5.1).
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Characteristic S1 So S3 S4 Witness
Rohacell thickness [mm] 2x3 | 2x3 | 2x3 - 8
Honeycomb thickness [mm)] 9 6 6 9 -
¢honeycombcell 9.6 6.4 6.4 9.6 -
Honeycomb density [kg/m?] 48 48 32 48 -
Al Kapton thickness [pum] | 2x20|2x20|2x20 - 20
Absorption [%] 56.23 | 56.75 | 55.03 | 48.12 58.20

TABLE 5.1: Sample characteristics.

The forth sample, Sy also has a sandwich structure: a honeycomb plate covered on

both sides with an aluminized carbon foil of ~ 300 pym.

The last sample, labelled Witness is a Rohacell plate of 8 mm thickness, coated

only on one side with an aluminized Kapton foil (see Fig.5.12).

The results show (see Table 5.1) that the main absorber is, as expected, the Rohacell

plate, the honeycomb contribution being negligible, irrespective of the sample.

The absorption for sample S4, aliminized carbon foil and honeycomb plate, is of
48% compared to the witness, the 9 mm thick Rohacell plate, with an absorption of
58%. Also, sample Sy has a transmission ~ 25% better than the witness sample, and

~ 10% better than the samples with a honeycomb structure.

5.2 In-beam tests at PS CERN

The transition radiation prototypes were tested with a mixed beam of electrons and
pions made available at T9 beam line by CERN Proton Synchrotron during two beam
time periods. The 5.13 and 5.14 pictures show the experimental set-up for the two beam
tests conducted in 2011 and 2012.

A common CBM beam test setup consists of a Cherenkov detector and a lead-glass
calorimeter between which a RICH prototype, a number of transition radiation detector

prototypes from different research groups and the TOF RPC prototypes are aligned.

The tests consisted in operating the prototypes with variating parameters like the
particle momenta (from 2 GeV/c up to 8 GeV/c), the applied anode and drift voltages
and the type of radiator placed in front of the TRD prototypes. All operating conditions
are presented for both beam periods in Table 5.2.

The signals provided by the read-out channels were processed by the new front-end
electronics (FEE) the ASIC chip Fast Analog Signal Processor V0.1 (FASP-0.1 [32]).
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TABLE 5.2: Beam and detector operation conditions for both beam time periods.
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The shaping time set for the peak sense output signal of FASP was of 40 ns and the
analogue signals were digitized by a 32 channel MESYTEC converter.

Bucharest Miinster Frankfurt Dubna
{e= o R R =y =y =

TRD prototypes TOF RPC prototypes

F1GURE 5.13: Experimental set-up @ CERN in 2011: The RICH prototype is followed

by 12 different TRD prototypes from 4 laboratories: 2 from Bucharest, 4 from Muenster,

4 from Frankfurt and 2 from Dubna and by two RPC prototypes between which two

scintillators were placed. In addition to the mentioned subsystems the set-up consisted
of a fiber hodoscope and two beam trigger scintillators.

=1 Cherenkov 1 1 Cherenkov 2

H R:[C ! Ph-glass beam N

TRD prototypes TOF RPC prototypes

FI1GURE 5.14: Experimental set-up @ CERN in 2012: As in the previous experiment,

after the RICH prototype, and between the Cherenkov detector and lead-glass calorime-

ter, the TRD and TOF RPC prototypes were aligned, this time, the three Bucharest

TRD prototypes were placed between the ones from Muenster and Frankfurt. Plastic
scintillators provided the beam trigger.

5.3 Electron-pion identification

One of the functions of the transition radiation subsystem within the CBM experi-
ment will be to identify highly energetic electrons and positrons (with a Lorentz factor

+ >1000) with a pion rejection factor of 1% at an electron efficiency of 90%.

Identification of charged particles like electrons and pions is done by measuring

the lost energy due to ionization processes and, in addition for electrons, the transition
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FIGURE 5.15: Close-up view of the experimental arrangement from CERN in 2012.

radiation. As was already presented in Chap.3.1.3, transition radiation (TR) is emitted
when a charged particle crosses the boundary between two media with different dielectric
constants [22]. More than one TR photons, typically soft X-rays, are produced if the
Lorentz factor v of the charged particle is larger than about 1000. This Lorentz factor
corresponds to electron momentum of about 0.5 GeV/c and pion momentum of about
140 GeV/c. Therefore detecting transition radiation can be used to identify electrons

effectively in the momentum region from 0.5 GeV/c up to 140 GeV/c.

Samples of electrons and pions are selected using coincident cuts, as it can be seen

in Fig.5.16, on signals delivered by a Cherenkov detector and a lead-glass calorimeter.

Fig.5.17 shows the distributions of the integrated charge (the sum on three adjacent
readout pads Q;, Qi—1, Qi+1) of the total energy deposit in the 2011 TRD prototype.
In Fig.5.17 electrons (blue) and pions (red) samples, with particle momenta from 2 to 8
GeV/c, were identified using the Cherenkov and the Pb-glass detectors. The prototype
was operated at HV, = 2000V and HV; = 800V, in front of the detector entrance a
regular foil radiator (Reg2) was placed and trough the chamber a gas mixture of Xe and
COy was flushed.

Due to the dE/dx relativistic rise, the separation between the pions and the electrons

based only on dE/dz would be reduced as function of momentum. That is why the TR
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FIGURE 5.16: Cherenkov-Pb-glass correlation and the cuts used to identify pions and
electrons plotted for particle momenta of 4 GeV/c.
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FIGURE 5.17: Pulse height distribution for electrons (blue) and pions (red) at different
particle momenta obtained with the 2011 TRD prototype.
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produced by electrons in this momentum range in the radiators placed in front of the

detector’s entrance is mandatory.

The comparison of the energy deposit distributions with radiator and without radia-
tor are shown in Fig.5.18. Both energy deposit distributions, with and without radiator,
are almost the same for pions. On the other hand, the distributions with and without
radiator are greatly different for electrons. Pions of some GeV are minimum ionizing
particles in contrast to electrons, which are already in the Fermi plateau. Therefore, the
average electron signal in this momentum region is larger than the pion signal, irrespec-
tive of the detector. Since the transition radiation photon is absorbed in the TRD in case
of electron events, the mean value and the most probable value of the distributions with
radiator are larger than those without radiator. The real size prototype was operated
at HV, = 2000V and HV; = 800V. A regular foil radiator was placed in front of the

detector’s entrance and trough the chamber a gas mixture of Xe and CO2 was flushed.

vy w -
F £
= = 11—
Sk a) 5105 b)
2]
107 105
10°H 107k
10 L | | | | | | oeldl i Lo Lo Lo Lo Lo by

0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Amplitude[Channels] Amplitude[Channels]

FIGURE 5.18: Comparison of the energy deposit distributions for electrons (blue) and
pions (red) without radiator (a) and with radiator (b) obtained with the real size TRD
prototype for particle momenta of 3GeV/c.

5.3.1 Pion efficiency and pion rejection factor

Pion efficiency, €., or the pion misidentification probability is used for the evaluation
of the electron identification capability of transition radiation prototypes. The pion
efficiency is the ratio of pion events in the region bordered by a certain electron efficiency
(usually €.=90%) to the total pion events. The inverse value of the misidentified pions

is defined to be the pion rejection factor, given by é
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5.3.1.1 The Likelihood method

The normalized charge-deposit distributions of electrons and pions obtained with
one detector layer (see Fig.5.19) can be interpreted as probability distributions and used
in Monte Carlo simulations in order to determine de pion-rejection factor for the TRD

prototypes as a function of the number of detector layers.

g
S — pions
C.J g‘_m(-ik‘_"-ﬂ\ —electrons
P(Ele)H
i Hf
F(Elm) -
107
10
||||||||||||||||||||||||||||||||||
1] 1000 2000 3000 4000 5000 BO00 7000
Amplitude[ Channels]

FIGURE 5.19: Normalized pulse height distributions for electrons(blue) and pions(red)
and the probability to deposit an energy E for an electron P(F|e) or a pion P, (FE,|r)
in a single detector layer.

Electrons and pions have a probability P(E) to deposit the energy E in the de-
tector. Assuming that the measurements are independent, one can extrapolate the

pion-rejection factor to n detector layers (in this paper n=10 layers).

For electrons and pions the deposited energies E¢ and E} are sampled according to
the measured charge-loss spectra in order to determine the probability that this energy
E, is deposited in detector layer n by an electron P,(E,|e) or a pion P, (E,|r). The
total probability for an electron to produce a tuple of energy losses £ = E1, Fs, E3, ..., E,

within n detector layers is:

10 10
P.(E) = [[ Pu(Enle) = [] P(Enle), (5.1)
n=1 n=1

with P = P™ because all n layers, assumed to be identical and independent, are inferred

from one (this is permitted since the geometry of all TRD layers will be the same).
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The total probability for pions can be calculated correspondingly:

10 10
Po(E) = [ Pa(Enlm) = T] P(Enlm) (5.2
n=1 n=1

With the values for the total probabilities the relative probability L. or the likeli-

hood to be an electron can be determined:

P.(E°)
P.(E€) + P (E*)’

Le = with 0<L.<1 (5.3)

The relative probability for a pion to be wrongly identified as an electron is:

Pe(E™)

L.=1-L,= ,
¢ P.J(E™) + P.(E™)

with 0< Ly <1 (5.4)

A large number of electron and pion events are obtained from the charge-deposit
distributions for the determination of the pion rejection factor, and the likelihood values

are filled into a spectrum as shown in Fig.5.20.

i
=]
T

pions

107 electrons

0 0.2 0.4 0.6 0.8 1
Likelihood

FIGURE 5.20: Likelihood distribution of electrons (blue) and pions (red). The electron
entries are integrated from the right until 90% of all electrons are included.

The likelihood distribution of electrons f€¢ is integrated until the integral includes

90% of the electrons with the highest likelihood values:

S (L)

0.9 -
fo fe(Le)

, (5.5)
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The pion efficiency is the fraction of pions included by the integration limits for

90% of the electrons: .
o)
T = 1
fo fW(Le)

(5.6)

In Fig.5.21 the resulting pion efficiency, with 7 detector layers, is shown as a function
of particle momenta. As expected the performance decreases with increasing particle
energy due to the relativistic rise of pions, the separation between the pions and electrons

is reduced as a function of momentum.

—_ —O— pion efficiency with 7 TRD layers
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FIGURE 5.21: Pion misidentification probability as a function of particle momentum

obtained with 7 TRD layers. The small prototype, TRD1, was operated with Reg2 and

the chamber was flushed with a gas mixture of Xe-COq (80%-20%), the applied high
voltages were HV, = 2000V and HV; = 800V'.

Fig.5.22 and Fig.5.23 show a comparison between the performances obtained with
the small TRD prototype build and tested in 2011 as a number of detector layers with
different radiators. It is clear that the best performance, ~ 1% with 7 TRD layers, is
obtained with the regular foil radiator when the prototype was operated at HV, = 2000V
and HV; = 800V, for a particle momentum of 2 GeV/c.

The results from the 2012 beam time period are presented in Fig.5.24 and Fig.5.25.
A performance of ~ 1.25% with 6 TRD layers (Fig.5.24) was obtained when the detector
was operated with the regular foil radiator, Reg2, and without the Rohacell plate of 3 mm

thickness in front of the entrance window.

Fig.5.25 shows that there is almost no difference in pion efficiency irrespective to

the method used for signal read-out: from triangular pads (green triangles) or from
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FIGURE 5.22: Comparison between pion efficiency obtained without a radiator (empty
circles) and with two types of radiators made from 7 and 10 layers of fibers at a particle
mometa of 3GeV/c. The applied voltages were HV, = 2000V and HV; = 600V .
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F1cURrE 5.23: Extrapolated pion efficiency as a function of detector layers obtained

with a fiber radiator (10 stacks of fiber layers) and a regular foil radiator (Reg2) for

particle momenta of 2 GeV/c. The best performance, ~ 1% with 7 TRD layers, is

obtained with the regular foil radiator when the prototype was operated at HV, =
2000V and HV; = 800V
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FIGURE 5.24: Extrapolated pion efficiency as a function of detector layers obtained

with a fiber radiator (16 stacks of fiber layers) and a regular foil radiator (Reg2) for

particle momenta of 3 GeV/c with or without a Rohacell plate of 3 mm thickness in

front of the detector entrance. The best performance is of ~ 1.25% with 6 TRD layers.

The prototype was operated at HV, = 2000V and HV; = 800V, the chamber was

flushed with a gas mixture of Xe-COg (80%-20%) and the particle momentum was
3 GeV/e.

rectangular pads, obtained by pairing of triangular pads via a special connector (black

squares).

Note that the results from Fig.5.24 and Fig.5.25 are from measurements taken
during the 2012 beam time, when the aluminized kapton foil has been re-glued with
araldite only on the margins of the Rohacell plate and not on the entire plate surface [36]
like it was during the 2011 beam time period. The obtained electron-pion discrimination
performance of ~1.25% with 6 layers is consistent with the reported performance of the

single-sided TRD prototype build and tested in 2010 [28].

For the real size TRD prototype, the performances in particle discrimination are
plotted in Fig.5.26 as a function of the number of detector layers. Of the three radiators
(regular foil radiator, fiber radiator and foam radiator) the best performance, ~ 1% with
6 TRD layers, is obtained with the regular foil radiator. The prototype was operated at
HV, = 2000V and HV; = 800V, for particles with momenta of 3 GeV/c.

Fig.5.27 demonstrates that the electron/pion identification performance is not de-
pendent on the position across the detectors surface, proving that the deformation of the

drift electrode due to the slight overpressure of the circulated gas mixture is negligible.
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F1GURE 5.25: Pion efficiency obtained for 10 consecutive detector layers. It is shown

that there is almost no difference in discrimination performance with the method used

for signal read-out: from triangular pads (green triangles) or from rectangular pads
(black squares).
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FiGURE 5.26: Comparison between pion efficiency obtained without any radiator
(empty symbols) and with three types of radiators: regular foil radiator (red), fiber
radiator (green) and foam radiator (blue)



Chapter 5. Performance of TRD prototypes

o6

100
— —@— Central position (column 5)
§ —@— Intermediate position (column 3)
z —@— Marginal position (column 1)
é
@ 10 4
a
g
=t
E
g
o
0.1 T T T T T T T
0 1 2 3 4 5 6 7 8
Number of TRD layers
< (7.3+0.2)x72-0.2=539.8 mm S
T AN
o B M A A AT A A AT TR o A
A 'ﬁ_‘ e e T A
I A S T N
IR R e | e [ | [
il Hall Mttt sl HE
i DR RN DRt K | K -t
il (i AL Mt N ) g
L i e A S
i LI S S
i s E s s S S B
WA 00 R s S s R O
il S
Dty A W SN O O AR
M O o A o A S R
1 LA o A A A S N

FIGURE 5.27: Extrapolated pion efficiency (upper plot) as a function of position of the
illuminated area across the detector’s surface (bottom sketch of the read-out electrode

structure [34]).

5.4 Position Resolution

A charged particle crossing the detector, like electrons, pions and other hadrons,

creates a signal via gas ionization as it is described in Chap.3.1.3. In particle tracking,

a "hit” represents the induced signal distribution on adjacent read-out pads on the

cathode pad plane. With this information and using the Pad Response Function (PRF),

the position of the center of a hit can be reconstructed with a resolution better than

1/4/12 times the pad width W.
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5.4.1 The Mathieson parametrisation

Electron avalanches are accelerated in direction of the anode wires and induce an
electric charge on the read-out pads. The induced charge distribution depends on the
geometric parameters of the chamber and can be used for position information. It’s
distribution across the pads can be described by an empirical formula proposed by

Mathieson. This is a single parameter formula written as [37]:

1 — tanh?(K2%)

p(z/h) = Qa - K17 R (Kot (5.7)
KyVK3 (5.8)

K= 2VAs
! dtan—1/ K3

Ko= 2 (1 - \/;?3) (5.9)

where the x-axis is either parallel or perpendicular to the anode wire direction, the value

Q. is the net anode charge, and h is the anode-cathode separation.
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FIGURE 5.28: Values of K3 as a function of chamber parameters h/s and r,/s.
The parameter K3 (see Fig. 5.28) is given for different chamber geometries in

Reference [37] as a function of chamber parameters like: the radius of the anode wires

rq, the gap between the anode wires s, and the anode-cathode separation h.
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The full width at half maximum (FWHM) of the distribution can be written as:

Atanh= (2 + K3)~1/2

P = T (1 _ 0.5K§/2>

(5.10)

5.4.2 Pad Response Function and position reconstruction algorithm

The created avalanches induce a signal on several adjacent pads, effect known as
”charge sharing”, and provides the possibility of position reconstruction with a finer
resolution than the width of a pad. In most cases a signal is distributed among two or

three adjacent pads, which are called ”2-pad clusters” and ”3-pad clusters”, respectively.

The degree of charge sharing is measured by the pad response function defined as
the ratio of that part of the signal which is induced on a single pad Q,qq to the total
induced signal Q.+ as a function of the distance between the center of the hit and the

center of the pad in x-direction.

In the following ¢ is the pad with maximum charge and the displacement d denotes

the distance between the centre of the hit and the center of the pad 1.

If the total signal is approximated to be induced on three adjacent pads and if a

Gaussian shape of the PRF is assumed, the PRF can be parametrized as follows [37]:

Qpad Qz |: d2 :|
PRF(d) = = =A-exp|—— 5.11

(@) Qiot Qi1+ Qi + Qina 202 (5.11)
where A is the amplitude of the Gaussian function and o is its variance. Q;, Q;—1, Qi+1
are the charges on the pad with maximum charge ¢ as well as on the neighbouring pads

on the left and on the right side, respectively.

Fig.5.29 shows the measured PRF for a small TRD prototype (left) and for the real
size prototype (right).

The induced signal on the three adjacent pads caused by a hit having its center at

the displacement d is given by:

‘ _(W+d)2] _ Qi1

Averp [ 202 Qi1+ Qi+ Qi (5:12)
d? o Qpad . Qz

A-exp [_%‘2} Qo Qim1+ Qi+ Qiga (5.13)
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FIGURE 5.29: Pad Response Function for a small prototype (left) and for the real size

prototype (right) fitted with a Gaussian function (black line). The obtained values for

sigma are: 0.459+43.412e-03 pad widths for the small prototype and 0.469+5.265e-03
pad widths for the real size TRD.

(W - d)Q] Qis1 (5.14)

A exp |- _
rp [ 202 Qi—1+ Qi +Qiy1

where W is the pad width. The information about the displacement d can be obtained
using the signal distribution ( Q;—1, @i, Qi+1) without prior knowledge of the variance o.
If Eq.5.13 is divided by Eq.5.12 and Eq.5.14 by Eq.5.13, it follows:

Q; [2dW + W2
il (5.15)
Q; [2dW — W2

Qfl = cap | 55— (5.16)

Two further ratios can be calculated by building the product and the ratio of
Eqgs.5.15 and Eqg5.16:

gzj = exp [2;“2/‘/] (5.17)
2 w2
Qz‘—f?'lQiH - [02} (5.18)

10"
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By insertion of Eq.5.17 in Eq.5.18 and solving for d an expression independent of o

for d is found:

_w m(85)

d= . \%-1)]
2 In ( Q7 )
Qi—1-Qit1

In the case of 2-pad clusters, the charge is shared only between two adjacent pads,

(5.19)

the displacement and thus the position can be determined by using Eq.5.20 (in the case
of signals on pad i and i 1) and Eq.5.21 (in the case of signals on pad i and i + 1).

B o? Q; w
_o? Qi+1 w

In most cases, the signal is shared on three adjacent pads and the best results are
obtained by combining Eqgs.5.20 and Eq.5.21 in a weighted average with weights Q?—1
and Q?H [21], resulting:

IS SR PR s Qi w s [0° Qi+1 w
‘= T+t Qi { o {W.ln <Qz‘—1> _2} i [W'ln< Qi ) +2]}
(5.22)

where o is the width of the Gaussian fitted to the experimental pad response function
and W is the pad width.

Being aware of the displacement the cluster position can be reconstructed in both
coordinates, = and y, using a simple algorithm which uses two methods of pairing two

adjacent triangular pads, method presented in Fig.5.30 :

5 —_—

Li
A

L.a) Lb)

FIGURE 5.30: Position reconstruction algorithm: 1. on rectangular pads; 2. on diago-
nal pads; 3. cluster position in both coordinates.
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1.a) each two adjacent triangular pads are paired in order to obtain a rectangular pad,;

the rectangular pad with maximum charge is found (see Fig.5.31 - left);
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FIGURE 5.31: Beam profile for TRD1: the position of the pad with maximum charge
for the rectangular pairing of triangular pads (left) and for the diagonal pairing of
triangular pads (right).

1.b) the horizontal displacement dj between the cluster position and the center of the

rectangular pad is calculated in order to obtain the x; coordinate;
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FIGURE 5.32: Reconstructed position across the rectangular pads, x; coordinate, for
TRD1 (left) and for TRD2 (right).

2.a) each two adjacent triangular pads are paired in order to obtain a diagonal pad; the

diagonal pad with maximum charge is found (see Fig.5.31 - right);
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2.b) the diagonal displacement dyg between the cluster position and the center of the

diagonal pad is calculated in order to obtain the z, coordinate;

X, [mm] x, [mm]
! /
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FIGURE 5.33: Reconstructed position across the diagonal pads, x, coordinate, for
TRD1 (left) and for TRD2 (right).

3. the intersection of both displacements gives the reconstructed position of the cluster

in the y coordinate.
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FIGURE 5.34: Reconstructed position along the pads, y coordinate, for TRD1 (left)
and for TRD2 (right). The peaks correspond to the wire positions which are shifted.

The border pads (0 and 7 for the rectangular pad system; 0 and 6 for the diagonal
pad system) have to be excluded to be the pad with maximum charge @; during the
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FIGURE 5.35: Position resolutions across the pads obtained for the rectangular pad
system (top) and for the diagonal pad system (middle), and along the pads (bottom).
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position reconstruction analysis in order to have the signal on three neighbouring pads.

The = coordinate (see Fig.5.32 and Fig.5.33) for both TRD1 and TRD2 can be
determined knowing the displacement d between the cluster position and the center of

the rectangular/diagonal pad:

w=dt (it g) W (5.23)

where ¢ is the pad with maximum charge and W is the pad width.
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FIGURE 5.36: Systematic errors in position reconstruction.

The peaks within the spectra located in the pad center are due to the algorithm
systematics [38]. The used algorithm for position reconstruction is a well known method
involving linear relations between charge fractions and the coordinate. It is known
however that the difference 0x(Zysim) = Trsim — Tsim, where T, is a simulated hit
position across the pads and x4, is the reconstructed position of the simulated event
using this method, exhibits a periodic structure along the pad with zero mean only at

the middle point and at the end-points of the pad (see Fig.5.36).

The position resolution across the pads (see Fig.5.35) is the standard deviation
obtained by fitting the difference between the reconstructed hit positions in TRD1 and
TRD2 (Ax = xrrp1 — rrp2). Assuming equal contribution of both chambers the
obtained position resolution is o, /v/2 = 0.073 4 0.0006 pad widths (o,, ~ 360 um)
and oy, /v/2 = 0.071 + 0.0006 pad widths (0x, =~ 351 m).

Due to the special geometry of the read-out electrode it is possible to obtain the

hit position along the pads for each detector layer using Eq.5.24. Fig.5.34 shows, for
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FIGure 5.37: Hit position reconstructed in both coordinates (x, y).

both TRD prototypes, the reconstructed hit positions along the pads. The peaks in the
distributions are caused by high field gradients near to the anode wires. The displace-
ment between the peaks is caused by the position of the wires which are not accurately

symmetric to the pad rows.

r)—x1\/tg*(a) +1
sin(a)

y=x5 -tg(a) + (5.24)

where oo = arctg(W/H), H is the pad height.

The reconstructed hit position in both coordinates (x, y) in one detector layer is
represented in Fig.5.37. In this representation, the influence of the anode wires and of
the method systematics can be seen clearly as sinusoidal structures along and across the
pads. The triangle pattern is due to the pairing of triangular pads in rectangular and

diagonal pads and because of the y(x |, x /) dependency.

By fitting with a Gaussian function the distribution from Fig.5.35 obtained in a sim-
ilar way as for the resolution across the pads an average value for the position resolution
of the hit of o,,/v/2 = 2.009 & 0.0009 mm is obtained (o, ~1.420 mm).



Chapter 6
Conclusions/Summary

The focus of this thesis was the development of a Transition Radiation Detector
(TRD) designed to meet the requirements of the TRD subdetector of the future CBM
experiment at FAIR. Within the CBM experiment, the TRD subsystem will provide
electron identification and together with a Silicon Tracking System (STS) will allow
tracking of charged particles. In conjunction with the Ring Imaging Cherenkov (RICH)
detector and a time-of-flight (TOF) measurement, it will provide sufficient electron iden-
tification for the measurements of charmonium and low-mass vector mesons. The most
important and challenging aspect of the TRD design is that the detector has to cope
with very high interaction rates of up to 10” Hz and large particle multiplicities. These
conditions lead to counting rates of up to 100 kHz/cm? in the central part of the TRD

(at small polar angles).

Three prototypes, two small chambers and one of similar size as the final design
of the TRD chambers to be used at small polar angles, were designed, built and tested
within the group of Prof. M. Petrovici from Hadron Physics Department National
Institute for Physics and Nuclear Engineering Bucharest, Romania. The chambers are
based on a single-sided architecture retained from a previous small prototype [28] but

have a read-out electrode characterized by a much smaller pad size (1 cm? pad area).

The position resolution and electron-pion-separation performance of the TRD pro-
totypes were investigated during beam tests at CERN and in ®°Fe X-ray source mea-
surements performed in the laboratory of the Hadron Physics Department (real size
prototype). Also, during the X-ray source tests a special attention was given to the
characterization and calibration of the electronic channels obtaining finally an energy

resolution of ~ 8.196% for 5.9 keV X ray line of 5°Fe.

66
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Using data from in-beam measurements, the electron identification capability of
the TRD prototypes was estimated by determining the pion efficiency, €., using the
Likelihood method. The pulse-height distributions of electrons and pions were used as
probability distributions in Monte Carlo simulations in order to obtain the pion rejection
factor of the prototypes as a function of number of TRD layers: the pion efficiency was
determined for one TRD layer and then subsequently extrapolated to a larger number of
layers. The pion efficiency of ~ 1% at an electron efficiency of 90%, was achieved for six
layers of the prototypes. This performance was reached by using a regular foil radiator
and satisfies the requirement of the CBM-TRD. From the momentum dependence of
pion rejection, pion rejection capability decreases with increasing particle momentum.
This is because the energy loss of pions is larger with increasing momentum, while the

electron energy loss and TR yield is almost constant for all momenta.

The position resolution was determined using two identical small prototypes as-
suming equal contribution of both chambers. A position resolution across the pads (x
coordinate) of ~ 355.5 um and a position resolution along the pads (y coordinate) of

~ 1.4 mm was measured.

In summary, the obtained results demonstrate that a TRD detector with six layers
based on this type of architecture and regular radiator fulfils the required electron/-
pion discrimination performance of CBM experiment and can provide an efficient track-
ing with the desired resolution. In the future detailed investigations of the chamber
performance in high counting rate irradiation on the whole active area and multi-hit

environment similar to those expected in experiments at FAIR are foreseen.
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