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Chapter 1

Introduction

The subject of this thesis is the drift velocity measurement of electrons in gases in a
homogeneous electric field.

Gaseous detectors are used in high energy physics experiments to identify and track
charged particles. The correct identification and tracking is only possible if the drift
velocity of electrons in the detector gas is known.

The Transition Radiation Detector of the ALICE experiment, one experiment at the
Large Hadron Collider (LHC) at CERN, is assembled in Münster and it is here that
first tests and calibration processes are made.

The external measurement of the electron drift velocity should improve the calibration
of the TRD. Furthermore, the drift velocity measurements should determine the gas
ratio of use by comparing the measured drift velocities with MAGBOLTZ simulations.

The measuring equipment for the drift velocity measurements was developed at the
University of Heidelberg in 2001, in S. Wende’s [Wen01] and I. Weimann’s [Wei01]
theses with the help of Rainer Schicker. Due to the fact that S. Wende could only see
the signal of one start counter, I. Weimann improved the measuring equipment with
the result of first drift velocity measurements. The drift velocity was measured with
the help of an oscilloscope. For an Ar/CO2 gas mixture the drift velocity could be
measured in a maximum electric field below 400 V/cm.

This thesis follows on from I. Weimann’s work with the aim of developing the data
acquisition system and to realise drift velocity measurements in a higher electric field
so that the drift velocity measurements are useful for the calibration process of the
TRD.

In Chapter 2 the theoretical background of the ALICE experiment, which is described
in Chapter 3 is given. Chapter 4 deals with the interaction processes of charged particles
and photons with matter and their detection. This chapter is followed by the description
of the Transition Radiation Detector (TRD) of the ALICE experiment in Chapter 5.
The theory of the drift velocity is explained in Chapter 6. In Chapter 7 the equipment of

1



2 CHAPTER 1. INTRODUCTION

the drift velocity measurement and first measurements are represented. The integration
of the drift velocity measurement in the assembly setup of the TRD is described in
Chapter 8. It illustrates that the setup for the drift velocity measurement will become
a fixed component in the gas system of the TRD in Münster.



Chapter 2

Theoretical Background

2.1 The Standard Model

Over the last century physicists tried to understand what the matter surrounding us
and ourselves is made of. The result of their theories and discoveries has brought a
remarkable insight into the fundamental structure of matter. The constituents of all
matter1 in the universe are twelve fundamental particles which interact by four funda-
mental forces.
Our best understanding of how these twelve elementary particles and three of the four
forces combined with the associated theories are related to each other is summarized in
the Standard Model (SM) of elementary particles. Within the SM the twelve particles
are divided into two groups of particles, the quarks and the leptons, which are indi-
visible and point-like particles. With a spin of 1

2 they belong to the fermions, whereas
particles with integer spin are called bosons.
Six different types of quarks, each type is called flavour, are known: up- (u), down- (d),
charm- (c), strange- (s), top- (t) and bottom- (b) quark. The quarks carry a fraction
of the elementary charge e, −1

3e or 2
3e. Additionally, in contrast to leptons, they carry

colour charge named red , blue or green. The family of leptons consists of the electron
(e), the muon (µ) and the tau (τ), all carrying an electric charge of −e, and the related
neutral neutrinos νe, νµ and ντ .
Every particle has an antiparticle which carries the same mass and the same spin as its
corresponding particle, but has the opposite additive quantum numbers like the charge,
baryon number and lepton number. The quarks and leptons are divided in three gen-
erations. The first generation is made of the lightest quarks and leptons, whereas the
heavier belong to the second and third generation.

Four fundamental interactions are known, the gravitation, the weak force, the strong

1By “matter” visible matter in the universe is meant in this context.

3
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Fermions Particle Generation Name Interaction Charge Mass [GeV]

leptons

e
1

electron em., weak e− 0.511

νe electron neutrino weak - < 3 · 10−6

µ
2

muon em., weak e− 105.66

νµ muon neutrino weak - < 0.19

τ
3

tau em., weak e− 1777.0

νµ tau neutrino weak - < 18

quarks

u
1

up

em., weak,

strong

+ 2
3

0.003

d down − 1
3

0.006

c
2

charm + 2
3

1.2

s strange − 1
3

0.1

t
3

top + 2
3

178.0± 4.3

b bottom − 1
3

4.3

Table 2.1: The twelve elementary particles of the standard model [Loh05].

force and the electromagnetic force. Except for the gravitation, they result from the
local gauge invariance of the corresponding Lagrangian. As the equation of motion in
the classical mechanics is described by the Lagrange function, in the quantum mechan-
ics the Lagrange density function or short the Lagrangian is used. The demand on the
Lagrangian to be invariant under a local phase transformation, the introduction of a
gauge field and a coupling of this field to the considered particles is necessary, which
is realised by force carrier particles, which are named gauge bosons. Each force has
its own gauge boson(s) which can only couple to a particle if it carries a charge corre-
sponding to the applied interaction.

The electromagnetic force, described by Quantum Electrodynamics (QED), is mediated
by the photon γ and couples to all particles carrying an electric charge. Due to the fact
that the γ is massless and does not carry an electric charge, the range of this force is
infinite.
The W± and Z0, which are not massless, are the gauge bosons of the weak interaction.
The weak force applies to all fermions. W±-bosons mediate the transition between νe

and e, ντ and τ , νµ and µ. Furthermore, the W± transform the flavour of quarks,
e.g. they change a d quark into an u quark as it occurs in the β-decay. Due to their
high mass, mZ0 ≈ 91 GeV/c2 and mW± ≈ 80 GeV/c2, the range is the smallest of all
interactions.
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Gauge bosons Interaction Mass [GeV/c2] Spin Charge (e) Applies on

photon(γ)
electro-

0 1 0
electric-charged

magnetic particles

W±
weak

80,423 ± 0,039 1 ±1
fermions

Z0 91,1876 ± 0,0021 1 0

8 gluons
strong 0 1 0

quarks,

gluons(gi i = 1, ..., 8)

Table 2.2: The fundamental interactions of the SM and their properties [Loh05].

Following the successful unification of magnetism and electricity to the electromag-
netism by Maxwell, Salam and Weinberg introduced the unification of the electro-
magnetic and weak interaction to the electroweak interaction in 1967. In this theory
the γ and the Z0 are orthogonal to each other and are created by mixing the singlet
and the triplet states of the weak isospin. This mixing is expressed as a rotation by
the so-called Weinberg angle [PR09]. The interaction between quarks is mediated by
the gauge bosons of the strong nuclear force, named the gluons. This strong force is
described by Quantum Chromodynamics (QCD). Its name originates from the colour
charge of the quarks, which is the charge corresponding to the strong nuclear interac-
tion. The characteristics of QCD are described in more detail below.
Gravitation is not described by the standard model. Its predicted graviton as mediator,
which has not been found yet, should couple to all massive particles.
Until today no self-consistent unification of quantum mechanics and general relativity
exists.

2.2 Quantum Chromodynamics

In the world of hadronic matter, the quarks and gluons are confined inside hadrons. Sin-
gle quarks and gluons have never been observed experimentally. The hadrons are colour-
less particles which are subdivided into mesons, particles made of a quark-antiquark
pair q̄q, and baryons, particles made of three quarks qqq. Therefore, only mesons con-
sisting of quarks and antiquarks with a colour and the corresponding anti colour and
baryons with quarks of three different colour charges exist. The most prominent repre-
sentatives of the baryons are the neutron, with one up and two down quarks, and the
proton, with one down and two up quarks. As a component of a hadron the mass of a
quark is higher than the current quark mass given in Table 2.1. The mass of a quark
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which is confined in a hadron is the so-called constituent mass. The quarks interact
like leptons weakly and electromagnetically, but also are subject to the strong nuclear
force. Any effort to liberate a quark from a hadron results in the production of new
hadrons. This phenomenon is called confinement .
In high-energy proton-proton collisions the quarks of the different hadrons get very
close to each other and a high momentum transfer Q may occur. At these high mo-
mentum transfers the constituent quarks interact very weakly with each other and can
be assumed to move freely within a hadron. This phenomenon is called asymptotic
freedom.
The quantum field theory of the strong force, Quantum Chromodynamics (QCD), de-
scribes both effects.
QCD describes the interaction between quarks and the strong force carriers, gluons.
The quarks possess, compared to leptons, an additional quantum number, the colour
charge. This colour quantum number was first introduced to avoid the violation of the
Pauli principle by the ∆++ baryon composed of 3 u-quarks, ∆++ = |u ↑ u ↑ u ↑>. This
baryon provides a symmetric spin and flavour wave function and for the ground state
with the orbital quantum number l = 0 also symmetric spatial wave function. Therefore,
the total wave function would be symmetric, which is not possible for a fermion. With
the introduction of the colour quantum number, the quarks can be distinguished by
their colour quantum number. This causes a total anti-symmetric wave function and
saves the Pauli principle. The gluons themselves carry colour charges, a colour and an
anti colour. Therefore, they are able to interact among each other, too. Due to this
self coupling of the gluons, the strong force between quarks increases with the distance.
This is the main reason for the confinement. The potential of the strong force between
two quarks as a function of their distance r can be described effectively by [WW07]

V (r) = −4
3
αs

r
+ kr (2.1)

with the strong coupling constant αs. The second term, kr, is a result of the self-
interaction of the gluons.
The QCD coupling constant αs is a running coupling constant which is related to the
scale of the momentum transfer Q by [PR09]

αs(Q2) =
12π

(33− 2nf ) · ln(Q2/Λ2)
. (2.2)

nf is the number of the participating quark flavours and Λ is a scale parameter which
can be determined to Λ ≈ 250 MeV/c [PR09]. At short distances between two quarks
or high momentum transfers, αs is small yielding to a weak force. For large distances
or small momentum transfers the strong coupling constant has large values, resulting
in a force responsible for the confinement.
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Figure 2.1: The energy dependence of the strong coupling constant αs [SL110].

The processes with a high momentum transfer are named hard processes and the pro-
cesses with a low momentum transfer are called soft processes. A successful tool de-
scribing hard processes theoretically is pertubative QCD (pQCD). Due to the large
value of αs in soft processes, the use of pertubative theories is not possible, because
higher order corrections can no longer be neglected. The lattice formalism describes a
framework to study the non-perturbative regime of QCD. It represents the QCD pro-
cesses on a discreet space-time lattice. These lattice calculations allow to describe the
QCD phenomena at very low momentum transfers and to investigate the properties of
confinement and chiral symmetry breaking, explained below.

2.3 The Quark Gluon Plasma

Under normal conditions, as mentioned above, quarks are confined inside hadrons. The
hadrons of which the nuclear matter is made of are protons and neutrons, each consisting
of three valence quarks, a sea of virtual quark-antiquark pairs and gluons, the partons.
The protons and neutrons have a radius of 0.87 fm and a mass of 938 MeV and 939 MeV
resulting in an energy density of 0.37 GeV/fm3. Considering the density of a nucleus
of 0.15 GeV/fm3 which is smaller than the density of a nucleon, the nucleons do not
overlap within a nucleus. But what will happen with the nuclear matter under extreme
conditions like high temperature and/or high pressure? In the centre of neutron stars
low temperature but a high pressure exists leading to an energy density several times
larger than in normal nuclear matter. Nuclear matter with high temperature and low
pressure existing shortly after the Big Bang provides this same large energy density.
Under such extreme conditions it is possible that quarks are no longer bound inside
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single hadrons but may move freely. This new medium, called quark-gluon plasma
(QGP), is a new state of matter. The degress of freedom of the QGP are determined by
the quantum numbers of the deconfined quarks. Due to the colour charge of the quarks
they are different from those in a dense hadronic matter. Hence, the transition from
hadronic matter to QGP is a phase transition comparable to the transition of liquid to
gas. At the phase transition the strong coupling constant αs is about ∼ 1. Therefore,
the use of pertubative methods to describe the phase transition is not possible and
lattice QCD calculations are needed. For an equal number of baryons and antibaryons,
i.e., for a vanishing baryochemical potential µB= 0, lattice QCD calculations predict the
temperature dependence of thermodynamic quantities. The temperature dependence
of the reduced energy density is used to describe the phase transition in this context
and is shown in Figure 2.2. The trivial T 4 dependence is taken out to emphasise the
deviation from the Stefan-Boltzmann limit.

Figure 2.2: Lattice quantum chromodynamic calculations for the energy density ε/T 4 as a
function of the temperature for a different number of quark flavours. The arrows
indicate the Stefan-Boltzmann limit [Kar02].

The evident sudden rise in energy density for a critical temperature of Tc ≈ 175 MeV
signals a phase transition from a hadron gas into a plasma of quarks and gluons. The
increase in the number of degrees of freedom is reflected by the increase in energy
density of the system. The corresponding critical energy density is roughly five times
higher compared to the energy density in the centre of a heavy nuclei.
Furthermore, the energy density for an ideal gas, the Stefan Boltzmann limit is illus-
trated in this figure for the corresponding degrees of freedom by the coloured arrows.
This limit is not reached for the shown temperatures. Therefore, the quark-gluon
plasma cannot be described as an ideal gas of quarks and gluons in this temperature
range [BMW09].
One possible method to describe hadronic matter in equilibrium is the statistical ap-
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proach. Once thermal equilibrium condition is fulfilled the system can be described with
just two variables, temperature and chemical potential. Therefore, the QCD phase di-
agram is shown as a function of the baryon chemical potential µB and the temperature
T in Figure 2.3. The normal nuclear matter in this context is represented by the dot
at very low temperature and finite baryon chemical potential. The curve separates the
hadronic matter from the expected quark-gluon plasma.

Figure 2.3: The QCD phase diagram of nuclear matter in terms of the temperature (T ) and
baryon chemical potential µB [KB04].

The critical temperature for a vanishing baryon chemical potential of lattice QCD
calculations is shown. For a vanishing baryon chemical potential the lattice results
correspond very well with experimental results [BMW09].

For a non-zero baryon chemical potential lattice calculations turn out to become diffi-
cult. The phase diagram for finite baryon chemical potential is determined via the bag
model2 [BMW09].

At low baryon chemical potential the dashed line indicates a smooth cross-over from
hadronic matter to the plasma of quarks and gluons. The solid line represents the
predicted first-order transition for higher baryon chemical potential. This implies a
critical end point in the intersection of the two lines. At this point a transition of
second order is expected [BMW09].

New insights in the regime of large baryon chemical potential are expected from the
‘Compressed Baryonic Matter‘ (CBM) experiment at the Facility for Antiproton and
Ion Research (FAIR) at GSI in Darmstadt. CBM should give, amongst other things,
an answer about the existence of the critical end point and its exact location [BMS07].

Moreover, at the critical temperature Tc not only the phase transition from the hadronic
matter to the quark-gluon plasma occurs, but also the chiral phase transition takes

2The bag model describes hadrons as a bag where partons are confined. For more details see [Won94].
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place [BMW09]. For the quarks confined in hadrons the chiral symmetry is broken.
Consider the idea of the bag model. At the surface of the bag, the momentum and
therefore the helicity of the quarks changes. This is only possible if outside of the
bag a QCD vacuum with a condensate of quark-antiquarks exists which allows the
exchange of helicity. Above the critical temperature Tc the chiral symmetry is expected
to be restored. It is important to mention that confined objects like hadrons, imply
a chiral symmetry breaking, but the deconfinement does not imply a chiral symmetry
restoration [KB04].

2.3.1 The QGP in Heavy Ion Collisions

To study the quark-gluon plasma it has to be created in the laboratory. This is only
possible by the collision of two heavy nuclei with highly relativistic energies, which
create a hot and dense medium. Therefore, since 1980 accelerator complexes have been
built for the search of the deconfined phase. The first heavy ion collisions are started at
the Alternating Gradient Synchrotron (AGS) at the Brookhaven National Laboratory
(BNL) and at the Super Proton Synchrotron (SPS) at CERN. To increase the energy
density and temperature of the collision and therefore the chance to create a QGP
heavier particles and higher collision energies are desired. In 2000, a new accelerator
complex, the Relativistic Heavy-Ion Collider (RHIC), started operating at the BNL.
It can collide heavy nuclei like gold at a relativistic centre of mass energy of up to
√
sNN = 200 GeV. This leads to a longer lifetime and a higher energy density of the

fireball compared to previous experiments.

With the start of the Large Hadron Collider (LHC) at CERN another step in colliding
energy was reached. The LHC will collide lead nuclei with an energy of

√
sNN = 5.54 TeV

and will exceed the RHIC energy 30 times [BMS07]. This large increase in energy should
allow a detailed study of the quark-gluon plasma.

In November 2010, the LHC started its first lead-lead collisions at an energy of
√
sNN = 2.76 TeV. This is already 14 times higher than the energy achieved by RHIC.

Figure 2.4 shows a simulated collision between two nuclei. In the early moment of the
collision hard scattering between the partons of the incoming hadrons occurs. These
scatterings with a large momentum transfer produce heavy quarks and the most ener-
getic partons that will later fragment into jets.

After the collision, a large amount of energy is deposited in a small region of space in a
short duration of time, called fireball. The created matter has a very high energy density
and temperature. The strong interaction of these particles leads to rapid thermal
equilibrium within a time of t < 1 fm/c after the collision. At this time, if the energy
density is high enough, a quark-gluon plasma will be formed. Due to the high pressure
gradient inside the fireball, the system expands quickly and cools down. In the case of a
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Figure 2.4: Schematic view of the collision of two Lorentz contracted nuclei [RS09].

produced quark-gluon plasma, after a certain time the temperature reaches the critical
temperature and a phase transition to a hadron gas occurs. During the transition a
mixed-phase state can exist, where both the quark-gluon plasma and the hadron matter
are present. Due to the decreasing temperature, at a certain temperature deconfinement
is no longer possible and all partons form hadrons again. This procedure is called
hadronisation and produces the most particles observed later in the detectors. In the
dense hadron gas the particles collide inelastically until the chemical freeze-out. At this
state of the hadronic system, the inelastic scattering ceases. Now the composition of the
particles is fixed, but the hadrons still interact elastically. The system expands further
until the temperature reaches the critical value for which also the elastic scattering
ceases. At this time, the so called thermal freeze-out , the momentum distribution of
the particles is fixed and they leave without further collisions. The space-time evolution
of a nucleus-nucleus collision is illustrated in Figure 2.5.

Figure 2.5: The space-time evolution after a nucleus-nucleus collision [KB04].

The unequivocal evidence for a created quark-gluon plasma is not a single unique signal.
The QGP is characterized by different signatures which each can also be explained with-
out a phase transition. But the simultaneous observation of these signatures makes a
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QGP the best explanation. The most prominent signatures are explained shortly below.

Jet quenching
In the initial collision the process of hard scattering between partons of the different
nuclei occurs, producing high pT particles. The produced partons fragment directly
into jets, emitted back-to-back in Φ in the centre of mass system of the colliding par-
tons. The high pT particles have to travers the hot and dense medium before their
hadronisation. On their way through the plasma of quarks and gluons they lose part
of their energy via induced bremsstrahlung and carry therefore information about the
conditions of the quark-gluon plasma. But it is also possible that the jet has not enough
energy to leave the plasma, destroying the back-to-back correlation of the jets. This
phenomenon is named jet quenching and is illustrated in Figure 2.6.

Figure 2.6: Sketch of jet quenching which may be occur in nucleus-nucleus collisions due to
the energy loss in the produced medium [KB04]

Quarkonia suppression and enhancement
Heavy quarkonia like J/Ψ (cc̄) and Υ (bb̄) are produced in the initial phase of nucleus-
nucleus collisions, in hard scattering processes, because of their high mass. Due to
the presence of quarks, antiquarks and gluons in the plasma, the colour charge of the
charm quark c will be screened from that of the c̄ quark. Therefore, the c quark and
the c̄ antiquark occur separated in the plasma. This effect is named Debye screening
following the electric charge screening in electrodynamics (QED). The cc̄ interaction
range depends on the Debye screening length λD which is inversely proportional to the
temperature. Therefore, at high temperatures the range for an attractive interaction
between c and c̄ becomes so small that no bound state of cc̄-pairs can be formed. In
the process of hadronisation the c and c̄ mostly hadronise by combining with the light
quarks and antiquarks and create open charm mesons like D0(cū), D̄0(c̄u), D+(cd̄),
D−(c̄d), D+

s (cs̄) and D−s (c̄s). Hence, the final yield of J/Ψ particles in the presence of
a quark-gluon plasma will be suppressed. This suppression is a signature of a created
quark-gluon plasma. But it has to be taken into account that the c-quark production
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rate depends on the collision energy. At the LHC the cross section for cc̄-pairs is ex-
pected to increase by a factor of 10 relatively to RHIC. It becomes possible that c and c̄
quarks from different pairs combine. Therefore, in contrast to SPS and RHIC, where a
suppression of J/Ψ particles has been observed, for the LHC energy an enhancement is
predicted, depending on the cross section. The production rate of bb̄ pairs is increased
at the LHC energy by a factor of 100 compared to RHIC. At RHIC a suppression of Υ
was measured for the first time [RS09].

Electromagnetic probes
Due to the fact that leptons and photons only interact through the electromagnetic
interaction and not through the strong force, they will leave the collision region without
further interactions. Therefore, these probes provide information about all phases of
the reaction. Photons have to be divided into direct and decay photons. The decay
photons are generated in the decay branch of the light vector mesons like π0. The
direct photons, on the contrary, are all photons not originating from hadronic decay.
They can be further separated into prompt and thermal photons. While the prompt
photons are created in early hard scattering, the thermal photons are emitted from
the thermalised QGP [KBW09]. The sources for thermal photons are both the QGP
and the following hot hadron gas. The spectrum of thermal photons calculated for a
reaction with a created QGP can be used as a reference for a reaction without a phase
transition to see if the thermal photon spectrum can be used as a signature for the
QGP. The determination of the temperature of the QGP by thermal photons is very
difficult because of the enormous background from decay photons and the change of
the temperature in different phases [Won94].
Another tool to investigate the thermal distribution of quarks and antiquarks in the
plasma are dileptons, created by quark-antiquark annihilation q+q̄ → l++l−. Dileptons
created by this process have to be distinguished from dipletons produced in Drell-Yan
processes, decay of charm quarks, hadron processes like π+ + π− → l+ + l− or decay of
hadron resonances. The decay of the light vector meson resonances ρ, ω and Φ, mainly
in the e+e− decay branch, might show a modification of mass and decay width which
is a signal for the restoration of the chiral symmetry.
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Chapter 3

The LHC and the ALICE Experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the latest particle accelerator of the European
Organization for Nuclear Research (CERN) near Geneva, Switzerland. The LHC is
situated between 50 m and 175 m below, in both France and Switzerland. It has a
circumference of about 26.7 kilometres, and is formed by the tunnel built for the Large
Electron Positron collider LEP existed previously. Within the LHC, two beams of
particles are accelerated in opposite directions nearly to the speed of light in separated
beam pipes. Inside the beam pipes an ultrahigh vacuum is necessary. Due to the existing
shape of the tunnel and to the desired beam energy of 7 TeV per proton beam, a strong
magnetic field is necessary to guide the particles. Superconducting electromagnets are
used to create this field of about 8 T. 1232 dipole magnets of 15 m length bend the beams
and 392 quadrupole magnets focus them. Furthermore, sixtupoles, octupoles, decapoles
etc. are used to optimize the trajectory of the particles resulting in a total number of
9593 magnets. The LHC dipoles become superconducting below a temperature of 10 K.
Therefore, they are precooled to 80 K by liquid nitrogen and are finally cooled down
to the operating temperature of 1.9 K with liquid helium. This is even lower than the
temperature in outer space1.
The particles of the LHC circulate around the collider in trains of bunches. Each proton
beam consists of 2808 bunches with each bunch containing about 1011 protons. The
crossing of two bunches will lead to a maximum of about 20 collisions. On average,
bunches will cross about 30 million times per second resulting in 600 million collisions
per second. The LHC has four interaction points where the beams cross and particles
can collide. With a speed near the speed of light, a proton will make 11245 circuits
every second [Lef09].
The LHC provides proton-proton (p-p) collisions with a centre of mass energy up to

1The temperature of the cosmic microwave background radiation is 2.726± 0.010 K [SPL00]
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Figure 3.1: Schematic overview of the CERN accelerator complex. The LHC, indicated in
blue, is the latest accelerator in this complex, in a chain of four pre-accelerators
[Lef09].

14 TeV and a luminosity of 1034 cm−2s−1 and will collide lead nuclei with an energy of
√
sNN = 5.54 TeV.

At these energies the LHC is expected to reveal a variety of new physical phenomena,
which will help to answer unresolved questions in particle physics that cannot yet be
explained by the standard model. The various physics topics are examined by the four
main experiments, ATLAS, ALICE, CMS, and LHCb [Lef09]. Their positions at the
four interaction points at the LHC are shown in Fig. 3.2 and are presented briefly
below.

The ATLAS (A Toroidal LHC ApparatuS) detector is, with a dimension of 46 m length,
25 m height, and 25 m width, not only the largest experiment at the LHC but also the
largest particle detector of this kind that has ever been built. The detector is located at
Point 1, close to the main CERN campus in Meyrin, and is designed for p-p collisions.
It has a cylindrical shape around the beam pipe consisting of inner detectors, electro-
magnetic and hadronic calorimeters, a muon spectrometer, and a magnet system. The
ATLAS detector can be seen as a general purpose detector because of the wide range
of physics covered by it. Its main task is to analyse the origin of the different particle
masses with the intent to discover the Higgs Boson. As an extension of the standard
model, ATLAS will also look for supersymmetric particles [Lef09].
The CMS (Compact Muon Solenoid), located at Point 5 in the LHC ring, is a general-
propose detector and its operation focuses on the same experimental program as the
ATLAS detector. Although the two detectors pursue the same goals, the CMS collab-
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Figure 3.2: Schematic overview of the LHC with the four main experiments [Lef09].

oration uses a different design to achieve their purposes [Lef09].
The ALICE (A Large Ion Collider Experiment) experiment is the only experiment at
the LHC which is dedicated to heavy ion physics. It will be described more deeply in
the next chapter.
Due to the large bb̄ production cross section at the LHC energies, the main purpose of
the LHCb (Large Hadron Collider beauty) is to study the CP violating asymmetries in
the decay of B-mesons (particles with b and anti-b quarks) which is beyond the reach
of current CP violating experiments like BaBar2 [BaB10].
Its aim is to gain further insight into the disbalance of matter and antimatter in the
universe. In contrast to the other detectors, the LHCb is designed as a single arm
forward detector. The stacked design was chosen due to the fact that bb̄ pairs produced
in the collision are emitted in a narrow cone around the beam pipe [LC10].
The TOTEM (TOTal and Elastic Measurement) experiment, integrated in the setup of
CMS at Point 5, is a small scale experiment. It is dedicated to the precise measurement
of the proton-proton cross section as well as to the study of the proton structure which
is still poorly understand [TOT11].
The Large Hadron Collider forward (LHCf) experiment is, like the TOTEM experiment,
a small experiment and is installed near the ATLAS detector at Point 1. LHCf is
designed to measure neutral particles (neutral pions and neutrons) emitted in forward

2The BaBar experiment is located at the SLAC National Accelerator Laboratory, near Stanford Uni-

versity, in California. For further information see [BaB10].
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direction in p-p collisions. These particles are used to simulate cosmic rays in laboratory
conditions, which will lead to a calibration of hadronic interaction models that are used
in very high energy cosmic-ray physics [LC08].

3.2 The ALICE Experiment

The ALICE experiment is a dedicated heavy ion experiment located at Point 2 in St.
Genis-Pouilly, France. It is designed to study the physics of strongly interacting mat-
ter at extreme energy densities by investigating the phase diagram of nuclear matter
and the quark-gluon plasma (QGP). Lead-lead (Pb-Pb) collisions with a centre of mass
energy of 5.5 TeV per nucleon pair will generate the preconditions. ALICE measures
a variety of physics observables necessary for the investigation of the existence of the
QGP in a large momentum range with an excellent particle identification. ALICE
therefore identifies pions, kaons, protons, electrons, muons, and photons. Due to the
high multiplicity in Pb-Pb collisions at the LHC, the ALICE detector provides a high
granularity which is limited in readout speed. An overview of the ALICE experiment
is shown in Fig. 3.3 and the individual detectors are described below.

Figure 3.3: Schematic view of the ALICE detector [Wul09], based on [ALI04].
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The ALICE Subdetectors

The innermost detector of the ALICE experiment is the Inner Tracking System (ITS).
The ITS consists of six cylindrical layers of silicon detectors. They are located at the
radii between 4 cm and 44 cm [ALI04]. The main tasks of the ITS are to localize the
primary vertex with a resolution better than 100 µm and to reconstruct the secondary
vertices from decays of hyperons, D, and B mesons. The ITS allows for the tracking
and identification of particles with momenta below 200 MeV/c [ALI08] and improves
the momentum and angular resolution of high pT particles which also traverse the next
neighbouring detector, the Time Projection Chamber (TPC). The two innermost layers
operate in a region where the track density could be as high as 80 tracks/cm2 [ALI04].
Due to this density the use of a detector of high precision and granularity is necessary.
Therefore, the first two layers are equipped with Silicon Pixel Detectors (SPD). The
following two layers, where the particle density will be about 7 cm−2, are Silicon Drift
Detectors (SDD). The outermost layers, which allow detection of particle at a density
below 1 particle per cm2 [ALI08], are Silicon Strip Detectors (SSD).
The next detector in radial direction is the Time Projection Chamber (TPC). It rep-
resents the main tracking detector of the ALICE central barrel with a good two track
separation. Combined with other detector components it provides charged particle mo-
mentum measurements and identification by measuring dE/dx. The detector design is
based on a large field cage with a central electrode and two opposite axial potential
dividers. This ensures a highly uniform electrostatic field created by high voltages of
up to 100 kV resulting in an electrostatic field of 400 V/cm [ALI08]. Due to the elec-
trostatic field the electrons drift through the gas volume over a distance up to 2.5 m to
the end caps on either side. This results in a drift time up to 90 µs [ALI08] and makes
the TPC the slowest detector in ALICE.
The TPC is surrounded by the Transition Radiation Detector (TRD). It covers the
space between 2.9 m and 3.7 m in a radial direction. The main aim of the TRD is to
separate electrons from pions. Furthermore, the TRD works as a tracking detector in
combination with the ITS and TPC. As the TRD is in focus of this thesis, this detector
and its functionality will be described in more detail in Chapter 5.
The last detector in the central barrel of ALICE with full azimuthal coverage is the
Time of Flight (TOF). The TOF identifies particles, especially pions, kaons, and pro-
tons, by measuring the time they need to traverse the distance between the interaction
point to the surface of the detector. Just like the other detectors it has a cylindrical
shape. Combined with the ITS and the TPC, the TOF will provide particle identifica-
tion in the intermediate momentum range, up to about 2.5 GeV/c for pions and kaons
and up to 4 GeV/c for protons with a good π/K and K/p separation [ALI08].
Enhancing the PID capability of the ALICE experiment, the High-Momentum Particle
Identification Detector (HMPID) is installed as a single-arm array at the top of the
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ALICE central barrel. It is fixed at the two o’clock position. The HMPID is dedicated
to identify hadrons with pT > 1 GeV [ALI08]. Its functionality is based on a Ring-
Imaging Cherenkov detector using a CsI photocathode. It allows to identify particles
with momenta larger than the momentum interval for which particle can be identified
through the measurement of energy loss (in ITS and TPC) and time-of-flight (TOF).
On the bottom of the ALICE set-up, in a distance of ∼ 5 m from the interaction point,
the Photon Spectrometer (PHOS) is positioned. The PHOS is an electromagnetic
calorimeter designed for the search of low pT direct photons which carry information
of thermal and dynamical properties of the initial phase of the collision. Furthermore,
PHOS allows the study of jet-quenching through the measurement of high pT-π0 and
γ-jet correlations [ALI04]. Reducing the amount of material in front of this detector,
three segments of the TOF and of the TRD located directly in front of the PHOS are
not installed.
Opposite to the PHOS detector in azimuthal direction is the Electromagnetic Calorime-
ter (EMCal), a large Pb-scintillator sampling calorimeter. Its construction started in
2008 in order to enhance ALICE’s capability for jet-quenching measurements. An
efficient and fast trigger (Level 0 and Level 1) for high energy jets, photons, and elec-
trons is provided by the EMCal [ALI08]. Therefore, combined with the other tracking
and particle identification detectors in ALICE, the most extensive measurements of jet
quenching at the LHC can be performed [ALI06].

The Forward Muon Spectrometer

The forward muon spectrometer, positioned in forward direction outside the L3 magnet,
is dedicated to measuring the decay of heavy quark resonances into µµ−pairs. Provid-
ing a mass resolution about 100 MeV/c2 at quarkonia masses of 10 GeV and better
than 70 MeV/c2 in the J/Ψ region, it allows separation of all states in the continuum
due to D and B meson decay [ALI04]. The spectrometer covers a pseudo-rapidity range
of −4 < η < −2.5 which is equal to a polar angle-range of 171◦−178◦. The elements of
the muon arm are a passive front absorber, a dipole magnet, a small angle absorber, 10
multiwire tracking chambers, a muon filter, and trigger chambers [ALI04]. The front
absorber is partly located inside the L3 magnet and is designed to stop the majority
of hadrons and photons emitted from the interaction vertex. Furthermore, within the
muon arm the beam pipe is surrounded by a dense absorber tube in order to shield the
spectrometer from background particle interaction and therefore protect the tracking
chambers. Four tracking chambers are placed in front, two inside, and again four behind
the large dipole magnet. The muon filter, a 1.2 m thick iron wall, following the last
tracking chamber is sufficient for the protection of the trigger chambers. Due to the fact
that muons do not participate in strong interactions and do not emit bremsstrahlung
at the energy to be investigated, muons with a momenta above pT > 4 GeV are able to
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pass the thick absorber [ALI04].
To get information about the initial collision-phase and to generate trigger signals, dif-
ferent forward detectors are designed. The Zero-Degree Calorimeter (ZDC) consists of
two sets of calorimeters at 116 m on either side of the interaction point. It is designed
for the measurement of the spectators (protons and neutrons) of the collision. Each
ZDC set consists of two different detectors, the ZN and the ZP. The ZN, which mea-
sures the spectator neutrons, is located between the beam pipes at 0◦ in relation to
the beam axis. The calorimeter for the proton spectators called ZP is placed next to
the outgoing beam pipe, because the protons are deflected by the magnetic field [ALI08].
The Photon Multiplicity Detector (PMD) and the Forward Multiplicity Detector
(FMD) are designed for multiplicity measurements. While the former measures the
photons emitted in forward direction, the latter provides information about the multi-
plicity of charged particles [ALI08]. The FMD, together with the T0 and V0 detectors,
are called the Forward Detectors (FWD). These detectors, amongst other things, are
also used as trigger detectors. The T0 provides the start time to the TOF detector
and an early wake-up to the TRD, prior to the L0-trigger. The V0 provides trigger
signals for the central barrel detectors. Furthermore, the FMD give information about
the vertex position for each interaction (T0) and the centrality of the collision (V0)
[ALI04].
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Chapter 4

Interaction of Radiation with Matter and

Radiation Detection

Charged particles and photons can only be detected through their interactions with
matter. Charged particles mainly interact with matter by ionisation or excitation pro-
cesses, which are interactions with the atomic electrons of the matter. Under certain
conditions charged particles can also produce photons. For relativistic charged par-
ticles, the emission of bremsstrahlung becomes relevant because of their interactions
with the atomic nuclei. A moving charged particle which traverses the boundary be-
tween two media with different dielectric constants produces transition radiation. The
identification of particles is based on the detection of these particles due to a certain
interaction with the detector material. Photons can interact with matter, depending on
their energy, via three different processes: Photoelectric effect, Compton scattering or
pair production. The main interactions of charged particles and photons with matter
are described in more detail below.

4.1 Interaction of Charged Particles with Matter

4.1.1 Bethe-Bloch Formula

Charged particles traversing through matter lose their energy mainly in interactions
with the electrons of this matter. These interactions lead to an excitation and an
ionisation of the atoms.
The energy loss by ionisation and excitation for particles heavier than the electron is
described by the Bethe-Bloch formula [Gru96]:
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Symbol Definition

ze charge of the incident particle

Z atomic number of the absorber

A atomic mass of the absorber

me electron mass

c speed of light

re classical electron radius: re = 1
4πε0
· e2

mec2

NA Avogadro number: 6.022 · 1023 mol−1

I mean excitation energy

β velocity in terms of speed of light: c
v

γ Lorentz factor: 1√
1−β2

δcorr Correction due to charge density screening

Table 4.1: Explanation of the symbols used in the Bethe-Bloch formula [Gru96].

The energy loss does not depend on the mass of the particle but only on its velocity.

For non-relativistic energies, the energy loss is dominated by the factor 1/β2. Therefore,
the energy loss decreases with an increase in momentum, because the particles have
less time to interact with the atoms of the matter. The stopping power reaches a
characteristic minimum of 1.5− 2 MeVcm2/g, normalised to the density of the medium
the particle passes through, for particles with βγ ∼ 3. Particles with momenta in
this region are known as minimum ionising particles (M.I.P.). Due to the logarithmic
dependence of the Bethe-Bloch formula on the Lorentz factor γ = E/mc2, the energy
loss increases again for velocities larger than βγ ∼ 3, named the relativistic rise. This
relativistic rise of the energy loss originates from the increase of the transverse electric
field of the particle proportional to γ. For relativistic particles in a gas mixture, dE

dx

goes up to 1.5 times its minimal value showing that the interaction of the particle with
atoms in a further distance of the particle track becomes relevant. Due to the fact that
for higher momenta the polarisation of the medium isolate the transverse electric field
of the incident particle, a density correction is added, which reduces the relativistic rise.

Since different particles with the same βγ have different momenta (due to their different
masses) the energy loss curves of different particles are shifted, if the energy loss is
plotted versus the momentum of the considered particle (see Figure 4.1). Therefore,
the measurement of the energy loss is an important tool used in tracking detectors to
identify particles with a higher mass than electrons and a relatively low energy.

The Bethe-Bloch formula only describes the energy loss of heavy particles due to ioni-
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Figure 4.1: Measured ionisation energy loss of electrons, muons, pions, kaons, protons and
deuterons in the PEP4/9-TPC[NM78].

sation and excitation.

The Bethe-Bloch formula is not valid for electrons and positrons. An incident electron
or positron has the same mass as the orbital electron they scatter on. Therefore the
assumption, made in the Bethe-Bloch formula that the bound electron rests, is not
correct any more. Furthermore, for an incident electron the collision with a bound
electron is a collision between indistinguishable, identical particles. Due to their low
masses, electrons with low velocities already lose a significant amount of their energy
by emitting bremsstrahlung1.

Energy Fluctuations

The energy loss described by the Bethe-Bloch formula represents the mean energy loss
per path length. Due to the statistical process of inelastic scattering, the exact energy
loss per distance unit fluctuates around this average value. Large single-collision en-
ergy transfers may occur with a possible production of δ-electrons. These electrons,
also named knock-on electrons, have a high kinetic energy which allows secondary ioni-
sation. For thin absorbers only a small number of interactions within the medium takes
place, each with a variable energy transfer. The energy transferred to δ-electrons may
only be partially deposited in thin absorbers. Therefore, the probability distribution of
the energy loss has a tail to high energy loss values. This can be described by the Lan-
dau distribution. An approximation of the Landau distribution is given by Reference
[Gru96]:

1Highly relativistic particles interact with the atomic nuclei. The energy loss is emitted via photons

and is called bremsstrahlung.
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L(λ) =
1√
2π

exp
[
− 1

2

(
λ+ e−λ

)]
, (4.2)

where λ is the (normalised) difference of the actual energy loss ∆E to the most probable
energy loss ∆EMP in an absorber with thickness x:

λ =
∆E −∆EMP

2πNAr2emec2z2Z
A ·

1
β2 %x

. (4.3)

With increasing absorber thickness, the distribution approaches, as it is predicted by
the central limit theorem, a Gaussian probability distribution. But an exact Gaussian
shape will never be reached, due to the generation of δ-electrons.

Energy Range of Charged Particles

The range of charged particles in matter can be calculated from

R =
∫ E

0

dE

dE/dx
. (4.4)

The range of α-particles with energies between 2.5 MeV ≤ Ekin ≤ 20 MeV in air under
normal conditions (15 ◦C, 760 Torr) can be described by

Rαair = 0.31 · E3/2
kin (4.5)

with Ekin the kinetic energy of the α-particles in MeV and Rαair given in cm.
To estimate the energy range Rα of α-particles in other materials, the following ap-
proximation can be made:

Rα = 3.2 · 10−4

√
A

%
·Rαair (4.6)

with % in g/cm3 and A the atomic weight, Rα is given in cm.
The energy loss of charged particles increases towards the end of their range. The
maximum of the deposite energy at the end of their range is named Bragg peak [Gru96].

4.1.2 Transition Radiation

Transition Radiation is the electromagnetic radiation emitted by a moving charged
particle, which traverses the boundary between two media with different dielectric con-
stants, ε1 and ε2. The emission of Transition Radiation in the optical region was
predicted by Ginzburg and Frank in 1946. The intensity of optical transition radiation
is low and the absorption in solids is high. Later, in 1957, Garibian showed that ultra-
relativistic particles produce Transition Radiation in the X-Ray energy region where
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the total energy of the radiation is proportional to the Lorenz factor of the incident
particle. In the first medium, far away from the boundary, the charged particle induces
a field which is defined by the motion of the particle and the characteristics of this
medium. When the particle is in the second medium, it induces a field defined by the
properties of this medium and the motion of the particle in this medium. Although the
motion of the particle is uniform, the fields in the two media are different due to the
different dielectric constants. When a charged particle crosses the boundary between
the two media, the fields have to reorganise themselves and compensate the change by
emitting transition radiation (TR).

The following expressions for the relativistic case have been found. The spectral de-
pendence of the TR intensity for relativistic particles at a single interface with the
frequency ω of the emitted radiation and the angle φ at which the radiation is emitted
can be expressed by [ESA00]

d2W

dωdφ
=

2αφ3h̄

π

( 1
γ−2 + φ2 + ω1/ω

· 1
γ−2 + φ2 + ω2/ω

)
(4.7)

with the Lorentz factor γ, the fine structure constant α, and the plasma frequencies ω1

and ω2 of the initial and final medium.

The photons are emitted in the forward direction within a small cone with respect to
the trajectory of the particle, with an opening angle that is inversely proportional to
the Lorentz factor, 〈φ〉 ∝ 1/γ. The integration over all frequencies and all angles yields
the total intensity of the emitted TR-radiation for a single interface [ESA00]:

W =
αh̄

π

(ω1 − ω2)2

ω1 + ω2
γ. (4.8)

The intensity of TR shows a linear dependence on the Lorentz factor γ, which makes the
transition radiation an attractive tool for identifying particles with the same momentum
but different masses (e.g., electrons and pions). To obtain the energy range of the
emitted TR photons, the differential energy spectrum dW/dω has to be calculated for
the material the particle passes through.

The probability of creating a TR photon for a single boundary is of the order of the fine
structure constant α = 1

137 and therefore very low. Hence, in detectors, which are based
on particle identification by TR, a large number of interfaces of thin radiator materials
like foils are used to enhance the TR photon production. It has to be considered that
with increasing material the absorption of the photons also increases. Therefore, a
radiator material with a low atomic number Z is needed. In contrast, for the detection
of the TR photons, the following detector component has to be composed of a material
with a high atomic number Z. This becomes obvious in the discussion of the interaction
of photons with matter, described in Section 4.2.
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Transition radiation detectors are ideal for particle identification in the highly-relativistic
energy regime where not only the identification by energy loss fails, but other detection
concepts become inefficient.

4.2 Interaction of Photons with Matter

The interactions of photons with matter differ from the interactions of charged parti-
cles with matter described above. While a charged particle loses its energy gradually
on its way through matter via electromagnetic interactions, photons interact with the
medium electromagnetically in one event. Depending on their energy, they are com-
pletely absorbed (photoelectric effect, pair production) or scattered through a relatively
large angle (Compton effect) and might be absorbed afterwards. A beam of photons is
attenuated and the intensity follows an exponential decay expressed by

I(x) = I0e
−µx (4.9)

with the path length x, the initial intensity I0, and the absorption coefficient µ which
depends on the energy of the photon and the material. The three main processes, which
dominate the interaction of photons with matter, are briefly described below.

4.2.1 Photoelectric Effect

Photons with an energy Eγ ≤ 100 keV but above the ionisation energy mainly interact
with matter via the photoelectric effect. An atomic electron absorbs the energy of the
photon completely and is therefore liberated from the bound state of the atom:

γ + atom→ atom+ + e−. (4.10)

Considering the picture of atomic shells, a photon can only be absorbed in an atomic
shell if its energy is higher or equal to the energy of the electrons in this shell. The
atomic nucleus is necessary to take the recoil momentum. Due to the proximity of the
innermost electron shell to the atomic nucleus, the cross section for the absorption of a
photon with energy Eγ in the innermost shell (K-shell) is particularly large ( ∼ 80% of
the total cross section ). The total photoelectric cross section for photon energies that
are not too high is proportional to Z5,

σp.e. ∼ Z5. (4.11)

4.2.2 Compton Effect

The Compton effect describes the interaction of a photon with a quasi-free atomic
electron. This is an electron with a small binding energy, localised in the outermost
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atomic shell. The photon scatters with this electron and transfers a fraction of its
momentum, which is high enough to liberate the electron of the bound state of the
atom.

γ + atom→ atom+ + e− + γ′ (4.12)

The Compton effect is the dominant process for photons with an energy above the
highest atomic energy level up to Eγ ≈ 1 MeV.

4.2.3 Pair Production

A photon with an energy above a certain threshold can produce an electron positron
pair in the Coulomb field of the nucleus. Due to the momentum conservation law,
the nucleus has to take the recoil momentum. Therefore, the threshold energy for the
production of an electron positron pair is defined by the rest mass of two electrons plus
this recoil energy, which is transferred to the nucleus:

Eγ ≥ 2mec
2 + 2

m2
e

mnucleus
c2 (4.13)

Due to high mass of the nucleus mnucleus compared to the electron mass me, the thresh-
old can be approximated by

Eγ ≥ 2mec
2 = 1.022 MeV. (4.14)

The cross section is proportional to Z2,

σpair ∼ Z2, (4.15)

and becomes independent of the energy for large photon energies.
The production of an electron-positron pair in the Coulomb field of an electron is
possible, too. Because the mass of the nucleus in Equation 4.13 has to be replaced by
the electron mass, an even higher photon energy for this process is needed, given by

Eγ ≥ 4mec
2. (4.16)

Therefore, this process is strongly suppressed compared to the pair production in the
Coulomb field of a nucleus.



30
CHAPTER 4. INTERACTION OF RADIATION WITH MATTER AND

RADIATION DETECTION

The photon total cross section as a function of the photon energy are illustrated in Fig-
ure 4.2. Depending on the photon energy the contributions of the different processes
are shown. The cross section for Rayleigh scattering is also shown, which describes the
scattering of the photon without ionisation or excitation of the atom. The following
descriptions are used:

σp.e. = atomic photoelectric effect (electron ejection, photon absorption)
σRayleigh = Rayleigh scattering
σCompton = Compton scattering
κnuc = pair production, nuclear field
κe = pair production electron field

Figure 4.2: Photon total cross section as a function of the photon energy in carbon [A+08].

4.3 Gaseous Ionisation Detectors

Gaseous particle detectors are a particular type of detector with a broad area of ap-
plications. Depending on their construction, gas detectors can be used, e.g., for the
activity determination of a radioactive source, as well as for particle identification and
track reconstruction. In the simplest case a gas detector consists of a volume filled with
a gas mixture in which a cathode and an anode plane in a certain distance from each
other are installed. If a charged particle traverses the gas volume of the detector, it can
ionise the gas atoms. The produced electron-ion pairs are separated from each other
by the external electric field. The electrons move to the anode plane and the ions to
the cathode plane. The number of electron-ion pairs depends on the characteristics of
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the gas mixture, the type of particle which traverses the detector and the energy of this
particle. If instead of an anode plane a very thin anode wire is used, a high electric
field near the surface of the anode wire can be reached. In this region, electrons gain
enough energy to produce new electron-ion pairs and an avalanche of electron-ion pairs
starts.
In 1968, G. Charpak developed the multiwire proportional chamber (MWPC), a con-
struction of a gaseous particle detector which is now widely used in high energy particle
physics as well as in biophysics and medicine. It consists of hundreds of independent
anode wires which are localised between two cathode planes. By recording on which an-
ode wire a pulse was created, the position of the ionising process can be reconstructed.
For this invention he was awarded with the Nobel prize in physics in 1992. In the early
works on MWPC it was recognised that the measurement of the time of the signal gives
a further information of the spatial coordinate of an ionising event. In 1969, the first
studies with drift chambers were done. In 1971 the first operating drift chamber system
was built by Walenta, Heintze and Schürlein. Three different operation modes of gas
detectors operating at different voltages but each with only one anode wire or plane are
described below. Thereafter, the MWPC and the drift chamber are described, which
in combination are used in modern detectors to determine the particles trajectory.

4.3.1 Ionisation Chamber

The ionisation chamber measures the ionisation loss of a charged particle or the energy
loss of a photon. The electrons and positive ions produced along the trajectory of the
particle are separated by an electric field. This field is generated in the simplest case
by a voltage U0 between a parallel anode and cathode plane with a distance d. If the
incident particle is totally absorbed in this chamber, the measured signal corresponds
to the total energy of the particle. Planar ionisation chambers with an electric field of

E(r) =
U0

d
(4.17)

as well as cylindrical ionisation chambers are used which consist of an anode wire in
the centre of a cylindrical cathode. The electric field in such a cylindrical chamber is
given by

E(r) =
U0

rln(ra/ri)
, (4.18)

where ra is the anode radius, ri is the radius of the counter and U0 is the applied voltage.
In ionisation chambers the electric field strength does not lead to a gas amplification.
Therefore, the voltage and the anode radius is chosen in a way that the number of
primary charge carriers that are produced is not increased. Ionisation chambers are
used in ionisation dosimeters in order to prevent radiation damage by monitoring an
individual’s radiation exposure. The cylindrical capacitor is charged to a voltage U0. As
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a result of the incident radiation, ionisation processes occur and the produced charges
drift to the electrodes and partially discharge the capacitor. This voltage reduction is
a measure for the radiation dose which is absorbed.

4.3.2 Proportional Counter

The operation mode of an ionisation chamber is no longer valid if the voltage is in-
creased or, on the assumption of a cylindrical geometry, the diameter of the anode wire
is decreased leading to a high electric field close to the anode wire. The electric field
has a maximum at the surface of the anode wire and rapidly decreases with 1/r towards
the cathode. Therefore, near the anode wire the electrons, which were created in pri-
mary ionisations, gain enough energy between two collisions to cause atomic ionisation
themselves, leading to an avalanche of electrons.
The energy gain between two collisions is given by [Kle05]:

∆Ekin = −e
∫ r2

r1

E(r)dr = eU0
ln(r2/r1)
ln(ra/ri)

(4.19)

where ra is the anode radius, ri the radius of the counter, r1 and r2 the radial distance
between two collisions. If this energy gain is larger than the ionisation energy of the
detector gas, an avalanche process occurs. The multiplication of electron-ion pairs in an
avalanche is described by the first Townsend coefficient α. It is the number of electron-
ion pairs produced per unit length by an electron during the avalanche process and
depends on the electric field as well as on the gas properties. A fundamental expression
is not available and α has to be measured for every gas mixture.
The number of particles N(x) at the position x produced by N0 primary electrons at
the position x = 0 is given by:

N(x) = N0eαx. (4.20)

α depends on the electric field and therefore on the position x. Considering this, N(x)
has to be expressed by:

N(x) = N0e
R ra
rk

α(x)dx
. (4.21)

The multiplication factor M is given by:

M =
N(x)
N0

= e
R ra
rk

α(x)
. (4.22)

The lower integration limit is fixed by the assumption that the avalanche begins at a
distance rk from the anode wire where the electric field exceeds a critical value needed
for charge multiplication. The upper limit is given by the radius ra of the anode wire.
The time development of the avalanche formation is depicted in Figure 4.3. A primary
electron drifts towards the anode wire. Due to the strong electric field very close to
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the anode wire, normally at a few wire radii, the electron is accelerated and gains
enough energy between two collisions to ionise further atoms. This is the beginning
of avalanche formation. Electrons and positive ions are created in the same place and
drift in opposite direction.

The space charge due to the positive ions reduces the electric field. At a critical value
the avalanche process stops. The cloud of electrons drifts towards the anode wires
and the positive ions in the other direction towards the cathode. A typical drop-shape
avalanche develops where all electrons are in front and the positive ions behind. Due
to lateral diffusion and the small radius of the anode wire, the anode wire is completely
surrounded by the avalanche. The electrons are quickly collected at the anode wire and
vanish while the positive ions drift towards the cathode with a velocity about thousand
times smaller than the velocity of electrons [Sau77].

+ + + + +

+

+
+
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+ +
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time

Figure 4.3: Time development of an avalanche process. The avalanche process is drop shaped
with the positive ions left behind the fast electrons. An ion tail is formed [Sau77].

The gas amplification in this kind of chambers is typically in the range of 104 up to 105.
The measured signal is proportional to the original deposited charge, therefore these
chambers are called proportional counters. With increasing voltage a regime of limited
proportionality occurs. Due to the low mobility of the positive ions, a space charge
builds up and reduces the electric field at the surface of the anode wire. Therefore, the
amplification is smaller than any subsequent increment and the range is named limited
proportionality.

4.3.3 Geiger Müller Counter

A further increase of the field strength leads to the production of numerous photons
in the avalanche process. These photons interact with the gas and produce further
electrons by the photoelectric effect. Photons are spread out perpendicular to the
electric field, too. Hence, these photons are able to produce photoelectrons in the
whole gas volume and in the walls of the counter. These photoelectrons can generate an
avalanche process too and lead to the production of avalanches away from the primary
avalanche. Therefore, the discharge propagates along the anode wire. Due to the
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avalanches produced by the photoelectrons the proportionality between the deposited
energy and the signal is no longer valid. This regime is called the Geiger mode and is a
region of saturated gain, where the same signal is detected independent of the original
ionising event. The amplification factor is 108 to 1010. A further increase of the electric
field leads to a discharge in the whole detector.

Figure 4.4: Gain-voltage characteristic for a counter, showing the different regions of
operation [Sau77].

4.3.4 Multiwire Proportional Chamber

A MultiWire Proportional Chamber (MWPC) is essentially a planar layer of propor-
tional counters without separating walls [Gru96]. It consists of a set of thin, parallel and
equally spaced anode wires, which are symmetrically sandwiched between two cathode
planes. The anode wires have a positive potential with respect to the cathode planes.
An electric field exists, which is different to that found in the pure cylindrical arrange-
ment. However, the avalanche process near to the anode wires proceeds in the same
way as in proportional counters and a negative signal on the anode wire, where the
avalanche process occurs, can be measured.

Multiwire proportional chambers are able to reconstruct the trajectory of a particle.
The mirror charge on the cathode plane, which is induced by the positive ions drifting
towards this plane, is read out. By dividing this plane into single read out pads (see
Figure 4.5), the x-coordinate along the anode wire where the avalanche process is cre-
ated can be determined. A separation in y-direction determines at which anode wire
the avalanche occurs. The y-determination of the particle track is limited by the gap
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between the anode wires.

x

yz

H

Figure 4.5: The structure of a mulitwire proportional chamber. The lower cathode plane is
divided into cathode pads, which are orientated orthogonal to the anode wires
[Ber09].

4.3.5 Drift Chamber

Drift chambers are based on the concept of measuring the time primary electrons need to
drift from the charged particle track (location of origin) to sensitive readout electrodes.
In the simplest case, a drift chamber consists of a homogeneous electric field and a
proportional chamber illustrated in Figure 4.6. The coordinate of the ionising event is
proportional to the drift time of the electrons. The start signal is given by an external
detector.

Figure 4.6: A single-cell drift chamber. The time reference is given by an external
scintillator counter [Sau77].

Modern drift chamber detectors use a MWPC instead of a single proportional counter
to read the signals out. This allows particle track reconstruction in three dimensions.
A common representative of a drift chamber detector is the time projection chamber
(TPC). One possible construction of a TPC is shown in Figure 4.7.
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Figure 4.7: The layout of a TPC. The endcaps are on positive potential compared to the
negative high voltage electrode in the centre of the cylindrical volume [NM78].

The TPC consists out of a large cylindrical volume which is filled with a certain gas
mixture. Both endcaps consist of a two dimensional cathode readout MWPC with
pad readout which provides a two dimensional image of the particle track. The third
dimension is obtained via the drift time measurement. As described in detail in Chapter
5, the ALICE TRD also provides a short drift region which allows to determine the
angle of the track. A detailed discussion of the physics of drift chambers is carried out
in Chapter 6.



Chapter 5

The Transition Radiation Detector

5.1 Physics

The study of the hot and dense medium requires the measurement of heavy quarkonia
such as J/Ψ and Υ, light vector mesons, the di-lepton continuum, open charm (D
mesons) and open beauty (B mesons), direct photons and jets. For these measurements
a correct electron identification within the large background of pions produced in a
heavy-ion collision in combination with a high pT triggering is indispensable.

Therefore, in 1999 the Transition Radiation Detector (TRD) was proposed to expand
the central barrel of the ALICE detector. The TRD reconstructs tracks of charged par-
ticles, measures their deposited energy and provides the ability to distinguish between
electrons and pions.

The main goal of the TRD is the identification of electrons with momenta larger than
1 GeV/c. For these momenta the energy loss measurement in the TPC is not sufficient
to provide an adequate electron/pion separation. The TRD is designed with the aim to
reach a pion efficiency below 1% at momenta above 3 GeV/c at an electron efficiency
of 90%.

Furthermore, the TRD serves as a fast trigger for high pT hadrons and electrons. This
trigger leads to an enhancement of the recorded Υ yields at mid-rapidity and J/Ψ at
high transverse momenta as well as the detection of jets with energies above 100 GeV.

The TRD is designed to deal with a charged particle multiplicity of up to
dNch/dη = 8000 which requires a high granularity and, therefore, the capability to
deal with large data volumes [ALI04]. The layout and the principle of operation of the
TRD is described in detail in the following sections.
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5.2 TRD Layout

The TRD, consisting of 18 supermodules (SM), is located between the TPC and
the TOF detector and covers, like other central barrel detectors, a pseudorapidity of∣∣η∣∣ ≤ 0.9 and an azimuthal coverage of 2π. Each supermodule with a length of 7.8 m is
made of 30 individual detector modules, called ReadOut Chambers (ROC), arranged
in five stacks (S0-S4) along the beam axis with six layers (L0-L5) in a radial direction
(Fig. 5.1). In order to reduce material in front of the PHOS detector (to minimise
radiation length), the corresponding stack is kept empty in three sectors. This leads to
a total number of 522 chambers [Ems10].

Figure 5.1: The TRD installed in the ALICE space frame. In red the composition of one SM
is visible [Ems10].

A chamber is made of an extended MWPC with a drift region. It is equipped with
a pad plane of copper strips with 12-16 rows in z-direction and 144 columns in φ-
direction. The readout of the pads is done by 96 - 128 Multi Chip Modules (MCM)
per chamber while each MCM reads out the signal induced on 18 pads. The MCMs
are arranged in 6-8 ReadOut Boards (ROB) and are controlled by the Detector Con-
trol System (DCS) board installed as the MCMs directly on the Readout Chambers
[ALI01]. The Readout Chambers and the Front End Electronics are described in more
detail below. Figure 5.2 shows the hierarchical structure of the TRD.
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Figure 5.2: Hierarchy of the TRD from the SM to the individual MCMs [Cuv03].

5.3 TRD Readout Chamber - Layout and Operation Principle

5.3.1 Readout Chamber Layout

The ROCs are divided into a radiator, a drift and amplification region and a pad plane.
In addition, front-end electronics are installed on the top of each ROC, which will be
discussed in Section 5.3.4. A cross section of a ROC can be seen in Figure 5.3. Including
the water cooling pipes a ROC has a total thickness of 125 mm.

Figure 5.3: Cross section of a TRD readout chamber. The distances are given in mm
[Ems10].
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Radiator
The radiator is located at the bottom of the ALICE ROC. The design of this radiator
is optimised by the best compromise of Transition Radiation (TR) photon produc-
tion, mechanical stability of the chamber and radiation thickness. The radiator has
to withstand a gas overpressure of 1 mbar existing in the chamber. Supporting the
front window of the ROC, which serves as a drift electrode the radiator has to pre-
vent the surface from exceeding the maximum permissible deviation. The thickness of
the radiator is limited to minimise interactions in the material like multiple scattering,
bremsstrahlung, conversion, or absorption, which could negatively affect the capability
of the TRD and the other detectors of ALICE situated behind the TRD. Concerning all
this, tests have shown that the best results come from a sandwich construction design.
A 32 mm thick layer of polypropylene fibres is sandwiched between two foam sheets of
Rohacell HF71, called window and bottom plate. The fibre layer is the main TR pro-
ducing material. The Rohacell HF71 foam material combines low density with a high
mechanical stability and additionally provides a reasonable good TR production. On
the inner side of the radiator the 25 µm thick foil forms the entrance window and the
drift electrode of the ROC and seals the gas tightness of the chamber. Any deviation of
the radiator regarding gas overpressure would lead to distortions in the drift field and
consequently non uniform drift times [ALI01].

Drift and Amplification Region
Each chamber is built out of a drift region and a multi wire proportional chamber. This
volume is filled with a gas mixture of 85% Xe and 15% CO2. The drift region starts
from the drift cathode at the top of the radiator and goes up to the cathode wire plane.
The drift cathode has a potential of −2.1 kV and the cathode wire plane is on ground
potential. This leads to a drift field of 700 V/cm. Possible distortions of the electric
field at the edges of the chamber are compensated by the integration of potential strips
of copper integrated in a voltage divider resistor chain at the inner wall of the chamber.
The amplification region starts at the end of the drift region and ends at the cathode
pad plane which is on ground potential, too. Centred between the cathode wire plane
and the pad plane an anode wire plane with a potential of 1.5 kV is located. The gap
of 3.5 mm between the anode wires and the pad plane has been optimized to achieve
optimal charge sharing between adjacent pads. The anode wires are placed with a
distance of 5 mm and the cathode wires, 2.5 mm from each other [ALI01]. Figure 5.4
shows the wire geometry of the amplification region in the ROC.



5.3. TRD READOUT CHAMBER - LAYOUT AND OPERATION PRINCIPLE 41

Figure 5.4: The wire geometry of the amplification region in the ROC. The anode wires are
located between the cathode wires and the pad plane which are both on ground
potential [ALI01].

5.3.2 Principle of Operation - Electron Identification

An incident charged particle crossing the ROC ionises the counting gas in the chamber.
Along its way through the chamber it leaves clusters of electrons behind (left side of
Figure 5.5). A highly relativistic particle (above a threshold of γ ≥ 1000) crossing
the radiator generates Transition Radiation (TR) in the keV range. The TR photons
produced propagate through the radiator to the gas volume. They are absorbed with
highest probability directly at the beginning of the drift region because the probability
decreases exponentially with the distance travelled through the gas volume. A high-Z
counting gas enhances the effect that the TR photons are absorbed in the early phase
after entering the drift region. On the right side of Figure 5.5 the mean free path of
photons as a function of the photon energy is shown. Xenon (Xe) fulfils this requirement
best and is therefore counting gas of choice.

All electrons produced by ionising processes or by the TR photons will drift with a
constant drift velocity along the homogeneous electric field towards the amplification
region.

Due to the high electric field in the amplification region the electrons get accelerated.
Now they provide enough energy to ionise the counting gas on their own. An avalanche
process of electrons results. Excited counting gas molecules are able to emit deexcita-
tion photons in every direction. Due to the low vibrational and rotational excitation
levels of the CO2 molecules, they are able to absorb these photons and prevent the
photons from inducing a further avalanche which would lead to an additional avalanche
or even to a gas discharge. Therefore, CO2 is called a quencher. The electrons or better
the ions produced in the avalanche process induce an electric signal on the cathode pads
which can be read out by the front end electronics. The right side of Figure 5.6 shows
the average pulse height versus time induced on the pads for an electron (with and
without TR) and a pion with a momentum of 2 GeV/c. For short drift times the shape
of the average pulse height shows a conspicuous peak. This peak arises from the initial
situation where electrons from both sides of the amplification region, produced by the
incident particle, move towards the anode wires. For pions and electrons without TR
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Figure 5.5: Left panel: Schematic cross-sectional view of the drift chamber setup used
in the TRD. Right panel: The absorption length of photons in dependence
of the photon energy for different noble gases is shown [ALI01].

this peak is followed by a plateau. This shows the electrons produced by the ionising
processes in the drift region. After a drift time of about 2.5 µs, the average pulse height
drops. The left side of Figure 5.6 illustrates the charge deposit in every time bin and
pad number of an electron crossing the ROC.
The first effect by which an incident electron can be distinguished from a pion (both
having the same momentum) is represented by the higher plateau for electrons. Elec-
trons have an increased average energy loss compared to pions in the momentum range
of a few GeV/c. Second, due to the lighter rest mass of electrons compared to pi-
ons, electrons with momenta of 2 GeV/c crossing the radiator exceed the threshold of
γ ≥ 1000 and produce Transition Radiation. The TR interacts with the gas atoms
mostly by photoelectric effect which leads to the production of about 100 secondary
electrons. This contributes to a superposition of electrons produced by ionising pro-
cesses and TR photons and allows to distinguish between the signal produced by an
electron or a pion. This effect is visible in the peak at the end of the drift time in
the red curve (electron with TR). Therefore, the particle identification (PID) is done
by analysing the shape of the signal. The left side of Figure 5.6 illustrates the charge
deposit in every time bin and pad number of an electron crossing the ROC.
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Figure 5.6: Left panel: Schematic cross-sectional view of a ROC in xy-direction. The charge
deposit of an electron crossing the ROC under an incident angle in every time
bin and pad number is shown [ALI01]. Right panel: The average pulse height of
the induced signal in every time bin over the time of 3 µs [And07].

5.3.3 Signal Creation on the Pad Plane - Track Reconstruction

The other main task of the TRD is charged particle tracking. Here, not the shape
of the signal over all time bins and all pads is of interest but the distribution of the
signal induced on adjacent pads of the pad plane in every single time bin has to be
investigated. The signal distribution over two or three pads in one time bin is called
hit . The pad plane consists, as described above, of 144 columns in azimuthal direction
and, depending on the size of the chamber, of 12 - 16 rows of pads in z-direction.
The pads are rectangular with a width (y) of 6.35 mm - 7.85 mm and a length (z) of
75.0 mm - 90.0 mm depending on layer and stack [Ems10]. The actual size of the pads
is constant within one readout chamber and can vary for different chambers. As the
chamber dimensions increase with higher layer number the size of the pads increases.
While each pad can be viewed as a pure capacitance of 15 pF - 30 pF [Ems10], the fast
electrons do not induce a measurable signal in contrast to the slower ions created by
the electrons in the amplification region. The ions created in the avalanche around the
anode wire drift away from the anode wire towards the cathode plane and wires. For
gas gains above 104 the avalanche can be assumed to be distributed isotropic around
the wire [ALI01].

The TRD as a tracking detector has to provide an x, y, and z determination of each
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ionisation process with good resolution. A precise knowledge of the drift velocity of the
ionisation electrons and the measured drift time allows a reconstruction of the position
in x-direction of the ionisation process caused by the primary particle in the gas volume
of the ROC.

Pad Response Function
A better resolution in y-direction than determined by the pad width can be reached
by analysing the charge distribution on two or three pads induced in a single time bin.
These are called two- or three-pad-clusters and are results of an optimal gap between
the wire planes. Mathieson has found an empirical function for the induced charge
distribution, which describes the average behaviour in symmetric MWPCs along the
anode wire, and is named Pad Response Function (PRF). It is defined as the ratio of the
charge induced on one pad to the total charge of the cluster as a function of the distance
of the centre of the hit to the centre of the single pad. In the following, y describes the
displacement of the centre of a hit to the centre of the central pad. Experimentally it
has been found that the PRF can be approximated by a Gaussian curve [BRR08].

PRF (y) =
Qpad

Qtot
=

Qi
Qi−1 +Qi +Qi+1

= Ae
y2

2σ2 . (5.1)

where Qpad or Qi is the charge induced on the considered pad i and Qtot is the total
charge induced on the pad plane. Qi−1 and Qi+1 represent the charges induced on the
neighbouring pads i − 1 and i + 1. A is a constant. The PRF of the TRD ROCs has
been measured by [Wul09] with cosmic ray data. There a y resolution between 389 µm
and 418 µm depending on the supermodule layer is found, which is highly improved
compared to the pad width. In Figure 5.7 the average pulse height of the measured
PRF, marked with dots, with a Gaussian fit is shown.
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Figure 5.7: The mean of each channel (dot) with a Gaussian fit (red) [Wul09].
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Time Response Function
The time response function of the detector created by the positive ions of the avalanche
process is influenced by several effects. Due to their high mass the positive ions have
a rather low drift velocity. They induce a signal on the pads with a fast rise in scale
of nanoseconds followed by a long tail which has a duration of several microseconds.
This tail is characteristic for ions, therefore named ion tail, and is caused by the long
drift time needed for moving from the anode wires to the pad plane. Due to this ion
tail a signal of one avalanche process is not only measured in one time bin but also on
several subsequent time bins on the same pad. This leads to a reconstructed angle in
the xz-plane which is smaller than the incident angle α of a particle crossing the ROC.
In addition to these effects which are results of the ROC design, the preamplifier/shaper
of the front-end electronics influences the shape of the signal, too. It transforms the
measured current into a voltage signal. Figure 5.8 shows a time response function after
pulse shaping of a signal generated by a point like primary electron cluster created by
a GARFIELD/MAGBOLTZ simulation. The long ion tail can be seen very well.
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Figure 5.8: Electronic response of a simulated 55Fe signal after pulse shaping in the PASA
(see next chapter)[ALI01].
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5.3.4 Front End Electronics

The Front End Electronics (FEE) of the TRD are mounted directly on the ROCs. This
reduces the time needed for collecting and processing data and allows the TRD to serve
as a trigger detector.The charge on the cathode pads is read out by MultiChip Modules
(MCMs) which further digitise and filter the data. One MCM consists of two chips,
the PreAmplifier/ShAper (PASA) and TRAcklet Processor Chip (TRAP). The PASA
is a pure analogue chip which preamplifies the current signal of one pad into a voltage
signal and shapes the signal. The TRAP contains the complete digital part of the MCM
where the signals of each pad are digitised and the data are stored and processed in
event buffers for a subsequent read out. During the drift time the Tracklet PreProces-
sor (TPP) prepares the necessary information for the Tracklet Processor (TP), both
components of the TRAP. At the end of the drift time the four CPUs of the TP are
called, which calculate a straight line fit through the measured ionisation points in the
drift region, known as a tracklet. All tracklets are shipped to the Global Tracking Unit
(GTU). The GTU combines the tracklets from one stack of individual layers to a track
and sends a trigger decision (L1 accept) to the Central Trigger Processor (TPC). In
case of a level L1 accept the GTU collects the data from the FEE and forwards it to
the DAQ [ALI01].
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Figure 5.9: Read out electronics for one channel of the TRD. The electronic but the GTU is
located directly on the readout chamber [ALI01].



Chapter 6

The Physics of Drift Chambers

The concept of drift chambers is based on electrons drifting with a constant macroscopic
drift velocity through the gas volume. The drift velocity is a result of two superim-
posing motions. On the one hand it consists of the motion in the direction determined
by the electric and magnetic field and on the other hand of the diffusion in the gas
due to scattering processes. In this chapter the characteristics of the drift velocity are
described. First, with the help of the macroscopic picture and then with the use of
the microscopic picture. Thereafter, the simulation program GARFIELD with its in-
terface to MAGBOLTZ is presented, which allows the simulation of the drift velocity
by considering the influences described in the macroscopic and microscopic picture.
These simulations are the basic to determine the drift gas by comparing the drift veloc-
ities measured experimentally (see Section 7.4 and Chapter 8) with the drift velocities
simulated with MAGBOLTZ.

6.1 The Macroscopic Picture

The drift of electrons in gases under the influence of external electric and magnetic
fields can be understood by the following equation of motion:

m
d~v

dt
= e ~E + (~v × ~B)− m

τ
· ~v. (6.1)

In this equation m indicates the mass and e the electric charge of the particle carrying
a velocity ~v. The quotient m

τ describes the force proportional to ~v caused by the
interaction with the gas. τ is the mean time between two collisions.

For a time t � τ a balance between the energy gain due to the acceleration in the
electric field and the energy loss due to the collisions with the gas molecules exists.
Therefore, the electrons travel with a constant macroscopic drift velocity ~vD through
the gas. Under this condition, d ~vD

dt = 0, Equation 6.1 transforms to

47
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1
τ
− e

m
[ ~vD × ~B] =

e

m
~E. (6.2)

With the expression Bx = m
e ωx this linear equation can be written in the form of a

matrix equation

M ~vD =
e

m
~E (6.3)

with the matrix M

M =


1
τ −ωz ωy

ωz
1
τ −ωx

−ωy ωx
1
τ

 (6.4)

The drift velocity can be expressed by

~vD =
e

m
M−1 ~E (6.5)

with the inverted matrix of M,

M−1 =


1 + ω2

xτ
2 ωzτ + ωxωyτ

2 −ωyτ + ωxωzτ
2

−ωzτ + ωxωyτ
2 1 + ω2

yτ
2 ωxτ + ωyωzτ

2

ωyτ + ωxωzτ
2 −ωxτ + ωyωzτ

2 1 + ω2
zτ

2

 · τ

1 + ω2τ2
, (6.6)

where ω =
√
ω2
x + ω2

y + ω2
z = ( em)B is the cyclotron frequency of the electron.

By using the unit vectors of the electric and magnetic fields, the drift velocity can also
be expressed in the following form which is equal to the matrix Equation 6.5:

~vD =
e

m
τ | ~E| τ

1 + ω2τ2

(
~̂E + ωτ [ ~̂E × ~̂B] + ω2τ2

(
~̂E · ~̂B

)
~̂B
)
. (6.7)

Therefore, the drift velocity in the presence of magnetic and electric fields consists of
the three expressions in the direction of the electric field, of the magnetic field and
perpendicular to the plane created by the electric and magnetic field.
For a vanishing magnetic field, ωτ = 0, the drift velocity is along the electric field and
has the simple form:

~vD =
e

m
τ ~E = µ~E. (6.8)
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The ratio of the electron charge over the electron mass multiplied by the mean time
between two collisions τ is defined as the mobility µ.

In the other extreme case with a magnetic field of ωτ >> 1 the drift velocity is parallel
to the magnetic field.

For any value of ωτ the direction of the drift velocity ~vD is determined by the intersection
point with a plane perpendicular to the magnetic field on a half circle connecting the
end points of the electric and magnetic field. In Figure 6.1 the dependence of the
directional behaviour of vD on ωτ is illustrated for a positive and negative charged
particle. The magnetic field ~B is oriented in z-direction and the electric field ~E in the
x-y plane.

A negatively charged particle which starts at the origin (x = 0, y = 0, z = 0) will arrive
at the z0 plane at a point, on to the dashed half circle. The values along the half circle
indicate the values of ωτ . For ωτ = 1 the component orthogonal to the electric and
magnetic field ( ~E × ~B) reaches its maximum.

Figure 6.1: Directional behaviour of the drift velocity of a particle in presence of a magnetic
and an electric field: On the right side a positively charged particle and on the
left side a negatively charged particle [BRR08].

Two different cases are of special interest: The drift velocity for parallel and orthogonal
electric and magnetic fields.

Nearly Parallel Electric and Magnetic Fields

For ~E = (Ex, 0, Ez) and ~B = (0, 0, Bz) and a small angle between the electric and
magnetic fields, which is equal to Ex << Ez, using Equation 6.7 the components of the
drift velocity are
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vx = µEx
1

1 + ω2τ2
, (6.9)

vy = −µEx
ωτ

1 + ω2τ2
, (6.10)

vz = µEz. (6.11)

Hence, for parallel electric and magnetic fields, in the case of Ex = 0, the drift velocity
is equal to the drift velocity existing only in the presence of an electric field without
any magnetic field.

Orthogonal Electric and Magnetic Fields
In the case of an electric field ~E = (Ex, 0, 0) which is orthogonal to a magnetic field ~B =
(0, 0, Bz), the components of the drift velocity vector, by using ~̂E · ~̂B = 0 in Equation
6.7, are given by

vx =
e

m

τ

1 + ω2τ2
Exihhh =

e

m

τ

1 + ω2τ2
| ~E|, (6.12)

vy = − e

m

τ

1 + ω2τ2
ωτEx = − e

m

τ

1 + ω2τ2
ωτ | ~E|, (6.13)

vz = 0. (6.14)

The angle ψ between ~E and the direction of the drift velocity ~vD, the Lorentz angle, is
given by

tan(ψ) =
vy
vx

= −ωτ (6.15)

The magnitude of the drift velocity is

| ~vD| =
e

m

τ√
1 + ω2τ2

| ~E|. (6.16)

By using the relationship

cos(ψ) =
vx
| ~vD|

=
1√

1 + ω2τ2
(6.17)

the magnitude of the drift velocity is proportional to | ~E|cos(ψ):

| ~vD| =
e

m
τ | ~E|cos(ψ). (6.18)

The factor | ~E|cos(ψ) represents the component of the electric field in the drift direction.
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Therefore, the drift velocity in orthogonal electric and magnetic fields differs from the
drift velocity without a magnetic field only by the factor cos(ψ). This expression is
known as Tonks’ theorem. It states that for every magnetic field orthogonal to an
electric field, the magnitude of the drift velocity is determined by the component of
the electric field along the drift direction. This expression agrees with experimental
results. Possible deviations are caused by the assumption of a constant value of τ
[BRR08]. Therefore, knowing the Lorentz angle a measurement of the drift velocity in
a homogeneous electric field is sufficient to determine the drift velocity in fields where
the electric field is perpendicular to the magnetic field. For this reason the further
microscopic discussion of the drift velocity concentrates only on the motion in an electric
field. Nevertheless, it has to be mentioned that for a magnetic field orthogonal to an
electric field with ωτ >> 1 the drift velocity vD approaches a universal value E/B

which is independent of the drift gas. The electron undergoes cycloid motion in the
plane orthogonal to the magnetic field. By averaging over the time, the electron drifts
with a constant drift velocity vD = E/B in the direction of − ~̂E × ~̂B [BRR08].

6.2 The Microscopic Picture

The Influence of the Gas

The drift velocity ~vD is the macroscopic velocity along the electric field ~E (or with a
magnetic field, in the direction given by both). While moving through the gas, the
electrons and ions scatter on the gas molecules and their new direction of motion is
randomized in each direction. Between two collisions the electrons are accelerated in
the direction of the electric field. The instantaneous velocity u between two collisions
is much higher than the macroscopic drift velocity vD. For getting a constant drift
velocity, as already mentioned above, the generation of energy by the electric field has
to be equal to the loss of energy caused by collisions with the gas molecules. With
the energy εE of the particle due to the acceleration by the electric field and with the
average fractional energy loss per collision ∆ε = εloss/εE the energy balance for a drift
distance x can be expressed by

x

vDτ
∆εεE = eEx ⇔ t

τ
εloss = eEx (6.19)

with

vD =
eE

m
τ. (6.20)

In this equation τ denotes the mean time between the collisions of the drifting particles
with the atoms of the gas. With the velocity u of the drifting particles between two
collisions, the cross section σ of the gas and the density N of the gas, τ can be expressed
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by

τ =
1

Nσu
. (6.21)

The energy of the drifting particle between two collisions is given by

1
2
mu2 = ε = εE +

3
2
kT (6.22)

with the total energy ε which consists of two parts. εE describes the energy of the parti-
cle due to the acceleration by the electric field. The second term represents the thermal
energy of the particle for three degrees of freedom with the Boltzmann’s constant k and
the temperature T of the gas. Due to the fact that εE � 3

2kT for electrons drifting
in gas detectors, the energy of the thermal motion can be neglected and the following
approximation can be made:

ε =
1
2
mu2 ' εE . (6.23)

With the combination of Equation 6.19, 6.20 and 6.23 the drift velocity vD and the
instantaneous velocity u are given by

v2
D =

eE

mNσ

√
∆ε

2
(6.24)

u2 =
eE

mNσ

√
2

∆ε
. (6.25)

The cross section for a collision with the drift gas σ(ε) and the average fractional
energy loss of the drifting particle in a collision ∆ε(ε) are functions of the energy ε of
this particle.
In case of a vanishing average energy loss the drift velocity would become zero. For an
energy of the drifting particle below the excitation levels of the drift gas components
only elastic scattering occurs. The average energy loss is then approximately equal to
twice the mass ratio of the collision partner. This would be for electrons in the order
of 10−4 [BRR08].
If not other denoted a temperature of 273 K and a pressure of 1013 mbar are considered.
The collision-cross section depends not only on the energy of the electron but also on
the gas it traverses. For some gases it varies very strongly with the electron energy.
The cross section for argon (Ar) as a function of the electron energy is shown in Figure
6.2. For a certain energy the cross section has a minimum. This minimum is called
Ramsauer minimum . A small cross section corresponds to a long mean free path λ. On
average, the electrons are accelerated for a longer time in the direction of the electric
field due to the longer time τ between two collisions. Hence, for electrons with an energy
corresponding to the cross section minimum, the macroscopic drift velocity becomes
maximal. The energy of electrons in a gas depends on the electric field strength and
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Figure 6.2: The cross section of Ar simulated with MAGBOLTZ.

on the gas they drift through (see Figure 6.3). For a certain electric field the electron
energy in Ar differs conspicuously from that in methane (CH4) or carbon dioxide (CO2).
The energy of electrons in CH4 and CO2 is significantly lower than the electron energy
in Ar at the same electric field strength.

Therefore, noble gases like Ar are called ‘hot gases‘, whereas molecular gases like CH4

and CO2 are named ‘cold gases‘.

The energy of electrons in CH4 is again higher than the energy of electrons in CO2,
which is near the thermal limit.

The analysis of the electron energy and the cross section in different gases is necessary
to understand the behaviour of the drift velocity in different gases.

Figure 6.5 depicts the drift velocity of electrons in several gases at normal conditions.

For an electric field strength up to 3 kV/cm the drift velocity of electrons in CO2 is
very small compared to the drift velocity in CH4 which has a remarkable increase.

To understand this difference, a closer examination on the cross section is necessary.
It becomes obvious that at an electric field strength of 100 V/cm (first point in Figure
6.3), the electron energy in CH4 εCH4 ≈ 0.054 and CO2 εCO2 ≈ 0.042 is nearly the
same and is below the energy which corresponds to the minimal collision-cross section
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Figure 6.3: The mean electron energy in Ar, CH4, and CO2 as a function of the electric
field. MAGBOLTZ simulations.

in the prevailing gas (see Figure 6.3 and 6.4). The Ramsauer minimum of the CH4

cross section is located at an electron energy of about 0.2 eV whereas the cross section
of CO2 has its Ramsauer minimum above an electron energy of 1 eV.

Furthermore, with increasing electric field strength (up to 4 keV/cm), the electron en-
ergy in CH4 increases faster than the electron energy in CO2. For an electric field
strength of 500 V/cm the energy of electrons in CH4 is about εCH4 ≈ 0.21eV, which is
in the energy regime of a minimal cross section. Therefore, the drift velocity of elec-
trons in CH4 increases rapidly and reaches a maximum below an electric field strength
of 1 kV/cm.

In CO2 the conditions are different. The minimal cross section is located at a higher
energy. Moreover, an electric field strength of 7 kV/cm is necessary to yield a mean
electron energy of about 1 eV. This leads to a slow increase of the drift velocity with
increasing electric field strength and a maximum in the drift velocity at a higher electric
field.

The velocity of electrons in Ar at an electric field strength above 1 kV/cm is even smaller
than the velocity of electrons in CO2 at the same electric field strength. Furthermore,
the electron energy in Ar is higher than in CO2. Electrons in Ar already have an energy
above 2 eV at an electric field strength of 100 V/cm. Therefore, concentrating on the
cross section, at this electric field strength the mean electron energy in Ar is above
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Figure 6.4: The cross section of CH4 and CO2. MAGBOLTZ simulations.

the energy which corresponds to the minimal cross section. But as discussed above, at
such a field strength the electron energy in CO2 is below the energy at which the cross
section of CO2 has its minimum. With an increasing electric field the electrons in CO2

reach the energy regime for which the cross section becomes minimal. For electrons
in Ar this is not possible, because their energy is already higher than the energy that
leads to a minimal cross section.

The effective cross section and the effective fractional energy loss in gas mixtures consist-
ing of two or more components i can be calculated from the properties of the individual
gas components with the particle number density ni and an energy loss ∆i(ε) in each
gas component. The product of the total cross section and the total energy loss is then
given by

∆(ε)σ(ε) =
∑

ni∆εi(ε)σ(ε)/N. (6.26)

In this equation N represents the total particle number density which is the sum of the
particle number densities of the gas components:

N =
∑

ni. (6.27)

In drift chambers a mixture of a noble gas and molecular gas like CO2 or CH4 is
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Figure 6.5: The drift velocity of electrons in different pure gases [Sau77].

often used. The molecular gas is needed as a quencher. It provides low excitation
states. In the avalanche process the electrons gain enough energy to excite the noble gas
atoms. These atoms de-excite by emitting a photon which can produce photoelectrons
throughout the gas volume. Due to its low excitation states, the molecular gas is able
to absorb these photons and therefore prevent an electric gas discharge.
A small addition (10−2) of a molecular gas to a noble gas changes the drift velocity
significantly [BRR08]. This can be explained by the behaviour of the mean energy loss
per collision in a molecular gas and a noble gas.
The average fractional energy loss per collision in Ar and CH4 (representing the molec-
ular gases) as a function of the electron energy can be seen in Figure 6.6.
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Figure 6.6: The average energy loss per collision as a function of the electron energy for Ar
and CH4 [BRR08].

Due to the low energetic vibrational and rotational states of CH4 molecules, electrons
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with an energy of 0.03 eV are already capable of exciting these molecules. This is vis-
ible by the rapid rise of the fractional energy loss per collision at this electron energy.
The threshold for the excitation of Ar atoms is about 11.5 eV. At energies below the
excitation threshold only elastic scattering takes place [BRR08].
These circumstances are responsible for a critical dependence of the drift velocity of
electrons on the exact gas composition. In a gas mixture of Ar with a small addition
of a molecular gas, the electrons lose their energy in collisions with the molecular gas.
Therefore, the fraction of the drifting electrons with an energy close to the Ramsauer
minimum increases and the average cross section σ(ε) decreases. Hence, the electrons
can be accelerated by the electric field in its direction for a longer time, because the
mean time between two collisions increases with decreasing cross section. This results
in an increase of the macroscopic drift velocity vD by large factors. This effect is
responsible for a critical dependence of the drift velocity of electrons on the exact gas
composition. Figure 6.7 shows the drift velocity to be dependent on the electric field
strength for different ratios of Ar/CO2 gas mixtures. A higher amount of CO2 yields a
smaller rise but a higher drift velocity maximum.
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Figure 6.7: The drift velocity as a function of the electric field strength for different ratios of
Ar and CO2 gas mixtures. MAGBOLTZ simulations.

With an increasing electric field the electron energy increases. The cross section in-
creases, too, but the mean energy loss per collision with the molecular gases decreases
for higher energies (Figure 6.6). Therefore, the electrons do not lose enough energy to
reach the energy regime for which the cross section of the gas mixture has its Ramsauer
minimum. This results in a decreasing drift velocity. After the drop in drift velocity,
the drift velocity rests nearly constant for some gas mixtures before it starts to increase
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for high electric fields again.
It has to be concluded, that the general behaviour of the drift velocity depends on the
combined effects of the electric field strength, the cross section σ(ε) and the fractional
energy loss ∆ε which further depend on the properties of the gas mixture.

The Influence of Outer Parameters
In the last section the drift velocity of electrons in a gas mixture of a noble gas and
a molecular gas is discussed. For an electric field strength at which the electron drift
velocity is below its maximum, a linear dependence of the drift velocity from the electric
field can be assumed. The drift velocity is then given by

~vD =
e

m
τ ~E = µ~E. (6.28)

The mean time τ between two collisions is proportional to the number of density N

and therefore proportional to the mass density ρgas:

τ ∼ N ; τ ∼ ρgas. (6.29)

With increasing temperature or decreasing pressure the density of the gas decreases
and the time between two collisions increases. The mass density of the gas is further
given by the ideal gas equation

ρGas =
T ·Rm
P

, (6.30)

where Rm indicates the universal gas constant (Rm = 8.3145 J/mol K), T the tem-
perature and P the pressure. By inserting this expression for τ in Equation 6.28 the
following relation between the drift velocity ~vD and the temperature T , the pressure P ,
and the electric field ~E results:

~vD ∼
~E · T
P

. (6.31)

Therefore, a higher temperature or a lower pressure results in an increase of the drift
velocity if the electric field strength does not change. It has to be mentioned that this
assumption is only valid for electric field strengths for which drift velocity is below
its maximum. In Figure 6.8 the influence of the temperature and in Figure 6.9 the
influence of the pressure on the drift velocity of electrons in an Ar 90 % / CO2 10 % gas
mixture is shown.
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For a higher temperature or a lower pressure the maximum in the drift velocity is
reached at smaller electric fields. As the drop in the drift velocity curve has the same
negative slope for all temperatures and pressures respectively, a higher temperature or
lower pressure results in a smaller drift velocity at a given electric field.
In the example of an Ar 90 % / CO2 10 % gas mixture at an electric field of about
9 kV/cm the drift velocity increases again, but with a smaller slope than for small
electric fields. From this point on the situation changes again and a higher tempera-
ture and/or a lower pressure results in a higher drift velocity. A possible explanation
for this behaviour can be the higher electron energy due to the higher electric field
strength with the correlated decrease of the cross section for higher electron energies (see
Figure 6.9).

Drift velocity in Ar/CO2 90:10

E (V/cm) x10 3

1 2 3 4 5 6 7 8 9 10 11 12 13 144

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

5

5.1

v D
 (c

m
/µ

se
c)

temperature 400 K

temperature 350 K

temperature 300 K

temperature 250 K

For an electric field up to 15 kV/cm

Drift velocity in Ar/CO2 90:10

120

140

160

180

200

220

240

260

280

300

320

340

360

380

400

420

440

460

480

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

4.2

4.4

4.6

4.8

E (V/cm)

v D
 (c

m
/µ

se
c)

temperature 400 K

temperature 350 K

temperature 300 K

temperature 250 K

For an electric field up to 500 V/cm

Figure 6.8: Drift velocity of electrons in an Ar 90 % / CO2 10 % gas mixture as a
function of the electric field for different temperatures. MAGBOLTZ sim-
ulations.

6.3 Diffusion of Electrons in Gases

Diffusion in Gases without any Fields
In a gas without any electric or magnetic fields electrons or ions, originating from
ionising processes, quickly lose their energy in multiple collisions with the gas molecules
and reach the thermal energy distribution of the gas.
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Figure 6.9: Drift velocity of electrons in an Ar 90 % / CO2 10 % gas mixture as a
function of the electric field for different pressures. MAGBOLTZ simula-
tions.

The energy distribution F (ε), the so-called Maxwell-Boltzmann distribution, is given
by:

F (ε) = C
√
ε

∫
e
− ε
kBT dε (6.32)

where kB is the Boltzmann constant (kB = 8.617385 10−5 eV/K), T the temperature,
and m the mass of the electron or ion. The mean thermal energy is given by:

〈ε〉 =
∫
εF (ε)dε =

3
2
kBT (6.33)

which corresponds to the equipartition theorem of energy. At normal conditions the
average value of the thermal energy is ε ' 0.035 eV [Kle05].
Due to their thermal energy, the charge cloud that is produced diffuses in the surrounded
space. This movement is known as Brownian motion. The deviation is the same in all
directions, called isotropic diffusion. Therefore, the centre of the charge cloud does not
change.
A point-like cloud of charges (electrons or ions) at time t = 0 is determined, after some
time t, by a streaking Gaussian wave group [BRR08]:

n(x, y, z, t) =
(

1√
4πDt

)3

e−
r2

4Dt . (6.34)
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with r2 = x2 + y2 + z2. D is the diffusion constant which determines the width of the
distribution in x-, y- and z-direction:

σ(x)2 = σ(y)2 = σ(z)2 = 2Dt (6.35)

The diffusion constant is defined as [BRR08]:

D =
2
3
ε

m
τ. (6.36)

Therefore, it increases with energy and decreases for higher masses. In the case of
thermal energy the diffusion constant is given by:

D =
kBT

m
τ. (6.37)

Diffusion with Electric Fields
Electrons in gases under the influence of an external electric field drift with the macro-
scopic drift velocity vD through the gas in the direction of the electric field. Due to
scattering processes with the gas molecules, their drift velocity deviates from the aver-
age owing to the random nature of the collisions [BRR08].
Generally, the diffusion of electrons in electric field is not isotropic. The value of
electron diffusion along the electric field can be quite different from that in the per-
pendicular direction (electric anisotropy). The energy distribution changes, from the
original Maxwellian shape.
The density distribution of a point-like cloud at t = 0 drifting in x-direction under the
influence of an electric field is given by

n(x, y, z, t) = (
1√

4πDLt
)2(

1√
4πDTt

)e−
y2+z2

4DTt e
−x

2−vdt
4DLt (6.38)

with the standard deviation of the space diffusion

σ(x) =
√

2DLt (6.39)

and
σ(z) = σ(y) =

√
2DTt (6.40)

DL and DT describe the diffusion constants in longitudinal and transverse direction
with respect to the drift direction.
The transverse diffusion constant DT is still defined by Equation 6.36. The diffusion
width σz of a point-like electron cloud at t = 0 drifting in x-direction over a distance L
is given by:

σ(z)2 = 2DT t =
2DTL

µE
=

4εL
3eE

. (6.41)
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with DT = 2ετ/3m and the mobility µ = eτ/m.
The transverse diffusion limits the spatial resolution in drift chambers. It can be reduced
by high electric fields or low electron energies.
The transverse diffusion as a function of the electric field for different gas mixture is
shown in the right panel of Figure 6.10. These are Ar gas mixtures with different ratios
of CO2 and CH4.
The diffusion longitudinal to the electric field can be differ especially for hot gases
like Ar from Equation 6.36 [Kle05]. For detailed information the reader is referred to
[BRR08].

Diffusion with Magnetic Fields
A magnetic field not only influences the drift direction and the drift velocity of electrons
but also their diffusion. The diffusion of electrons in a magnetic field is anisotropic.
The diffusion constants of the three space coordinates in case of a magnetic field in
z-direction, B = (0, 0, Bz), are given by [Kle05]

Dx = Dy =
D

1 + ω2τ2
(6.42)

Dz = D (6.43)

where D indicates the diffusion constant without magnetic or electric fields. The diffu-
sion constant in the direction transverse to the magnetic field is considerably reduced
for ωτ � 1.

6.4 Electron Attachment

With the presence of electronegative impurities, drifting electrons can be absorbed on
their way through the gas. This electron capture reduces the detected pulse height.
The electronegative impurities can be pollutants, mostly oxygen (O2) and water, or
components of the chosen drift gas, for example CO2. The signal loss due to this
electron attachment follows an exponential decay depending on the drift time tDrift,
the total pressure ptot, and the partial pressure ppar of the electronegative impurities.
The number of electrons contributing to the signal after a drift time tDrift and O2 as
impurity is given by [ALI01]

N(tDrift) = N(0)e(−ptot·ppar(O2)·Catt·tDrift) (6.44)

where N(0) indicates the number of electrons at time t = 0, and ppar(O2) is the partial
pressure of O2. The attachment coefficient Catt depends on the gas or gas mixture and
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Figure 6.10: The standard deviation of the transversal diffusion of an original pointlike
electron cloud drifting about 15 cm in the direction of the electric field [Kle05].

the electric field. To avoid a significant attenuation of the signal, the drift gas has to
be examined for O2 and other electronegative pollutants.

6.5 Boltzmann Transport Theory and GARFIELD Simulations

The Boltzmann equation is a kinematic theory which describes transport processes in
gases by analysing the elementary collisions within the gas. It is an equation of motion
for the distribution density f(~r,~v, t), which is defined in the 6-dimensional µ-space. The
distribution density f(~r,~v, t) fully describes the macroscopic system. The Boltzmann
equation is a fundamental equation of statistical physics to describe non-equilibrium
processes.
Without any collisions the density distribution of a swarm of particles does not change
in an interval [t, t+ dt, ~r, ~r + d~r,~v,~v + d~v], known as the Liouville-Theorem:

f(~r + d~r,~v + d~v, t+ dt) = f(~r,~v, t) (6.45)

The particles in the µ space behave like an incompressible liquid. The time derivation
in the convected coordinate system vanishes:

d

dt
f(~r,~v, t) = 0 (6.46)

and
d

dt
f(~r,~v, t) =

δf

δt
+
d~v

dt

δf

δ~v
+
d~r

dt

δf

δ~r
= 0 (6.47)
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which is known has the collision free Boltzmann equation. The first term describes
the partial time deviate and the other two terms the partial phase space deviate. The
change of velocity may result from external electric and magnetic fields.
If collisions are taken into account, the number of particles in the considered vol-
ume of the µ-space may change and a collision term (δf/δt)coll has to be added to
Equation 6.47 :

f(~r + d~r,~v + d~v, t+ dt) = f(~r,~v, t) +
δf

δt coll
dt (6.48)

The Boltzmann equation is then given by:

δf

δt
+
d~v

dt

δf

δ~v
+
d~r

dt

δf

δ~r
=
δf

δt coll
(6.49)

The collision term considers the cross sections for elastic and inelastic scattering pro-
cesses. With this collision term the solution of the Boltzmann equation becomes very
difficult and approximation methods are necessary.

The determination of f(~r,~v, t) allows the calculation of currents like particle current
or heat current. The transport coefficients are determined directly from these currents
(for more detail see [Kuh09]). Even if the Boltzmann equation was first introduce to
describe processes in gases today it is also used in solid state physics.

For the calculation of the drift velocity the average value of the velocity distribution
function has to be calculated. To illustrate the relation between the Boltzmann equation
and the drift velocity the following assumptions are done [Kol07]:

� a finite volume ∆V with a time and space independent charge distribution ρ(~r, t):

ρ(~r, t) = const⇒ δf

δ~r
= 0, (6.50)

� a solution should be stationary in ∆V :

δf

δt
= 0 (6.51)

� the external forces are time independent electric and magnetic fields:

E = const; B = const in ∆V. (6.52)

With these assumptions the density distribution is given by

f(~r,~v, t) = f(~v) (6.53)

Therefore, the Boltzmann equation (Equation 6.49) transforms to

δf

δt coll
− d~v

dt

δf

δ~r
= 0 (6.54)
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In the stationary equilibrium the acceleration due to the external fields (second term)
is compensated by the collisions with the gas atoms (first term). The acceleration is
given by the Lorentz force:

d~v

dt
=

e

m

(
~E + ~v × ~B

)
(6.55)

The searched drift velocity ~vD is determined by the mean velocity with regard to the
solution f(~v) of the Boltzmann equation:

~vD = 〈~v〉 =
∫
~vf(~v, ~r, t)d~v. (6.56)

GARFIELD-/MAGBOLTZ-Simulations

GARFIELD is a computer program developed at CERN. It was written by Rob Veenhof,
working at CERN, for the simulation of two- and three- dimensional drift chambers.
These simulations are used in high energy physics experiments to optimise the detector
designs. While GARFIELD computes the electric field and the equipotential lines, an
interface to the MAGBOLTZ program provides the electron transport properties in
nearly every conceivable gas mixture.
In 1988, Steve Biagi, of the University of Liverpool, started the first version of his MAG-
BOLTZ series program. Until 1999 the MAGBOLTZ versions used analytic methods,
the three-term Legendre expansion, for solving the Boltzmann equation. These versions
are named MAGBOLTZ 1. From GARFIELD version 7 onward, gas transport data are
calculated per default by MAGBOLTZ 2. To improve the calculation accuracy, MAG-
BOLTZ 2 uses Monte Carlo integration techniques [Vee09]. The Lorentz angle can be
determined with an accuracy of about 1 ◦ for large angles. Furthermore, an accuracy of
better than 1 % for the drift velocity and 2 % on the diffusion coefficient can be reached
[Bia00]. This accuracy depends on the statistics and on the considered gas mixture.
MAGBOLTZ uses the cross section of pure gases which are known from experimental
data and are stored in a data base. These are the basis for the calculation of the cross
section for the desired gas mixture.
GARFIELD is subdivided in several sections like cell, field and gas. The gas section
provides the interface to MAGBOLTZ. For calculation the drift velocity the gas mixture,
temperature, pressure and electric and/or magnetic field are required.
In total 30 gases are stored in the data base. The drift velocity can be simulated in gas
mixtures of up to four different components [Bia00].
The gas descriptions are still being modified for further improvement in accuracy. By
2009, to the cross section of CO2 6 vibrational states, 6 excitations, 8 polyads, and 30
rotation levels were added. The cross section of Ar, which is used in the MAGBOLTZ
calculations, provides 44 excitation levels [Vee09].
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Chapter 7

System for Drift Velocity Measurements

In the previous chapters it became obvious that in the case of gas detectors an exact
knowledge of the electron drift velocity is necessary to analyse the signals of these
detectors correctly. In this chapter I will describe an experimental setup to measure
the drift velocity of electrons in gases in a homogeneous electric field, the so called Gas
prOportional cOunter For drIfting Electrons or short GOOFIE. The basic operating
principle of the GOOFIE and a detailed description of its assembly are illustrated. The
basic components of the GOOFIE are a high voltage supply, a field cage with start and
stop counters, which is enclosed in a gas volume, and an external resistor chain. These
will all be explained in greater depth below.
The aim is to integrate the GOOFIE in the assembly and setup of the TRD in Münster
(described in Chapter 8). The drift velocity measurements should improve the calibra-
tion process of the TRD and should verify the gas mixture.

7.1 Operating Principle

The operating principle on which the GOOFIE is based is illustrated in Figure 7.1.
Two americium (241Am) sources are assembled in the drift monitor at a distance of
10.2 cm from one another.
Opposite of each source proportional counters are installed, which are used as start
counters S1 and S2. The whole system is filled by gas.
A homogeneous electric field in upwards direction is applied.
The emitted α-particles ionise the atoms of the gas. They are detected in the start
counter S1 or S2 where they generate start signals.
The electrons produced by ionisation processes of the gas in the drift channel, the space
between the α-source and corresponding counter, drift along the homogeneous electric
field to a stop detector T, which is placed 3.2 cm from S2 and 13.4 cm from S1.
After a drift time t1 the electrons produced by the α-particle emitted by the α-source
opposite S1 and after a drift time t2 the electrons produced by the α-particle emitted

67
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by the α-source opposite S2 generate a signal in the stop detector T. The drift time for
the 10.2 cm long drift distance between the two americium sources is given by the time
difference of t1 and t2. Therefore, the drift velocity in the homogeneous electric field
between the sources can be determined.

The following two reasons illustrate why the use of two start counters enhance the
precision in determining drift velocity in a homogeneous electric field.

1. The time which elapses between the ionisation of the electrons in the drift channel
and the generation of the start signal will be the same for S1 and S2. Therefore,
this elapsed time has no influence on the difference between these two drift times
which is the time of interest.

2. Due to edge effects in the vicinity of the stop detector T, two counters enable a
drift velocity measurement in an almost homogeneous electric field.

10
2 

m
m

E E

start counter S1start counter S2

stop counter T

e-

t2

t0

t1

t0

Figure 7.1: The principle of drift velocity measurements with the GOOFIE system.

7.2 The Drift Monitor

The drift monitor was developed at the University of Heidelberg in 2001.

After I. Weimann’s thesis the drift monitor was not in use. Therefore, before starting
the experimental work, the drift monitor has been completely disassembled, cleaned in
an ultrasonic bath and thereafter assembled again.

The components of the drift monitor are described in the following. The original design
was improved by new preamplifiers and a W-IE-NE-R NemboX for data acquisition.
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7.2.1 The Sources

The 241Am nucleus consists of 95 protons and 146 neutrons and are produced, for
example, by the beta decay of plutonium (241Pu) or by the electron capture of curium
(241Cm). 241Am has a half-life of 432.6 years. It decays under the emission of an
α-particle into neptunium. The α-particles have an energy of about 5.486 MeV. The
americium sources used in the assembly have an activity of 41.4 kBeq and 45.6 kBeq.

7.2.2 The Start Counters S1 and S2

The geometrical construction of the two start counters S1 and S2 is identical. They are
cylindrical proportional counters with an inner radius of 3 mm and a length of 36 mm.
The casing is made of aluminium with a 15 mm long top made of brass. At both ends
of the aluminium casing special caps of PEEK1 are designed. These caps fix the 20 µm
thick anode wire in the centre of the cylindrical counter and isolate it from the casing.
The start counter has a slit of 4× 1 mm2. This slit is the entrance for α-particles into
the counter. The end of the brass cap is connected to the resistor chain of the field
cage (see Section 7.2.5). On the other side of the counter a wire, which is connected
to the anode wire inside the counter allows for readings to be taken. In Figure 7.2 and
Figure 7.3 technical descriptions and pictures of a start counter are shown.

A-A ( 5 : 1 )

234567

A A

4
,5
0

14,95

36,00

16,00 4,00

Figure 7.2: Technical diagram of a start counter with exact dimensions. Both start counters
are built identically [Ver].

1PEEK is an abbreviation for PolyEtherEther-Ketone. It is a high performance engineering thermo-

plastic with excellent stability and a temperature resistance up to 250 ◦C.
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Figure 7.3: The left panel shows a picture of a start counter used in this assembly. The end
caps of PEEK can be seen very well. The transparent top on each PEEK end cap
is glue to fix the anode wire. In this picture the brass cap is missing. It has to be
put on the aluminium end with a smaller outer radius (here the lower end). The
right panel is a technical diagram of the start counter which shows the inner
assembly of this counter [Ver].

7.2.3 The Support of the Sources and Start Counters

The design of the support of the source and the start counter is shown in Figure 7.4. It
is made of PEEK with an opening of 10 mm width in the middle. The start counter is
located opposite the 241Am source. The PEEK support provides a slit in front of the
start counter. Therefore, the start counter has to be aligned precisely so that its slit
is in the same position as the slit of the PEEK support. The source is pressed onto
an aluminium surface. This sheet is screwed onto the PEEK support. The brass cap
of the start counter is connected to one of these screws. To preserve the homogeneous
electric field a horseshoe-shaped piece of copper is installed in the middle of the support.
Although the support for the counter and the source is mainly made of PEEK, this
construction prevents the disturbance of the homogeneous electric field in the region
where the supports are installed. The copper piece has two slits. One in front of the
start counter and another in front of the 241Am source. Therefore, only α-particles
which are emitted with the correct angle are able to fly through the two slits and can
generate a start signal in the counter. The distance between source and start counter
is about 17 mm. This leads to an acceptance of about 1.1 · 10−3. With an activity of
about 45 kBeq and 41 kBeq start signals with a frequency of about 50 Hz and 45 Hz are
expected.
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connection to resistor chain

241Am source

Figure 7.4: A technical diagram of the source and counter support. In the opening, the part
of the copper strip which is in front of the counter can be seen. The small slit is
visible, too. The start counter is located behind the visible copper strip. The brass
cap of the start counter is wired with a screw. The screws fix the source and the
copper strip. The second screw, which is parallel to the first screw, is connected
to the resistor chain of the drift monitor [Ver].

7.2.4 The Stop Counter T

The stop counter T has a rectangular shape and is made of aluminium, just like the
start counters S1 and S2. Even if the outer geometry of this counter is different from
the geometry of the start counters, the stop counter has an inner design as similar as
possible to that of the start counters [Wei01]. Therefore, the rectangle has a cylindrical
cavity with a diameter of 3 mm, like the counters S1 and S2. Along the axis of the
cylindrical hole an anode wire with a diameter of 20 µm is fixed. The distance from the
centre of the cylindrical hole to the surface of the detector is 2.5 mm. At the centre of
the surface a circular opening with a diameter of 3 mm provides the route by which the
electrons enter the counter and generate a detectable stop signal on the anode wire.
With the help of special PEEK caps at the ends of the cylindrical hole, the anode wire
is fixed and isolated from the aluminium casing. At one end a wire connected to the
anode wire is routed out of the detector. As mentioned before, the stop counter is
positioned at the end of the drift distance, 3.2 cm from S2 and 13.4 cm from S1.

7.2.5 The Field Cage

The field cage of the GOOFIE system consists of 24 stainless steel electrodes with a
circular shape which are stacked on top of one another like a tower. Between each steel
electrode, macro spacers with a height of 5.5 mm are integrated. In the centre each steel
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electrode is a hole of 12 mm diameter. The holes of the stacked electrodes create the
drift channel for the drifting electrons. At position 4 and 21 of the tower, the source
and start counter assemblies are installed, resulting in 26 divisions on the whole stack.
On the last electrode, electrode 26, the stop detector T is located. Special spacers with
a height of 11.5 mm are used between stack 25 and stack 26 to guarantee the desired
distance of 5.5 mm between the surface of the detector and electrode 25.

The assembly of the field cage with exact dimensions is shown in Figure 7.5.

On the first electrode a high negative voltage and on the last electrode a high positive
voltage is applied. The individual electrodes and the source and start counter assemblies
are connected via 25 resistors of 8.2 MΩ. Therefore, the potential of the start counter
casings are defined by this resistor chain.

The aluminium casing of the stop counter has the same potential as the last electrode.

The field cage is a high voltage divider that generates a homogeneous field between the
two americium sources.

Figure 7.5: The drift monitor of the GOOFIE system with exact dimensions. The positions
of the start counters and the stop counter are shown.



7.2. THE DRIFT MONITOR 73

capacitance=100pF

-HV

HV S1 HV S2

Figure 7.6: The drift monitor of the GOOFIE system. The poles of PEEK are used to fix the
tower of sheets in position. The brown coloured capacitors are visible. They are
connected with a BNC in order to decouple the signals.

7.2.6 External Resistance Chain and the High Voltage Supply

Two high voltage supplies by F.u.G. company type HCE 7 are used [FUG00]. One
generates a high positive voltage U+ in the range of 0 V to +20000 V and maximal
current of 0.3 mA and the other one a high negative voltage U− in the range of 0 V
to −35000 V and a maximal current of 0.2 mA. Each high voltage supply provides
two monitor outputs, for current and voltage, at the front side of each supply. Both
monitoring values are given in V in a range of 0V to 10V. 10V corresponds to the
maximal current and voltage value respectively.

The voltage and the current limit are set manually at the front side of the high voltage
supplies with the help of a screwdriver.

An external resistance chain is responsible for the high voltage supply of the anode
wires of the counters. It is connected parallel to the field cage and installed in an
acrylic glass box.

The potential difference between anode wire and casing of the counters is set by poten-
tiometers. For each anode wire one potentiometer is installed. The circuit diagram of
the GOOFIE system is shown in Figure 7.7. A potential difference of 1200 V between
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the anode wires and the casing of the counters must not to be exceeded to make sure
that the thin anode wires are not destroyed by sparks. Therefore, the values of the
external resistors are correlated with the values of the resistors installed in the field
cage and the high voltage which is applied.

-HV

+HV

17xR0

3xR0

R0 = 8,2 MΩ

5xR0

A2 A1 A3

C1

C2

C3

R5

R4 R1

R2

R3

P2

P1

P3

S1

S2

T

Figure 7.7: The circuit diagram of the GOOFIE system. The yellow box indicates the
components located in the acrylic glass box.

Special circuit boards have been produced by [Wen01] with certain values of R1, R2,
R3, R4 and R5 for high voltages with a step size of 1500 V. These circuit boards are
interchangeable. The potentiometers P1, P2, and P3 are fixed. For the exact values of
the resistors the reader is referred to [Wen01].

It needs to be mentioned that for a desired high voltage in the field cage the total high
voltage Utot is the sum of the desired high voltage in the field cage and the potential
drop over the resistor R5.

In this thesis the external circuits boards for a total high voltage of 7200 V and 8700 V
are used.
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7.2.7 The Preamplifier

The original signals of the start counters and the stop counter are only visible in the
oscilloscope for an input impedance of 1 MΩ. Due to the fact that the input impedance
of the discriminators is 50 Ω, a preamplifier is necessary as impedance converter and
for shaping the signal. The preamplifier is designed in Münster by R. Berendes and
was previously used for MSPET prototype operation (see [Got10]). For the drift ve-
locity measurements it has been modified. The differences contribute to the fact that
the signals of the GOOFIE are very small and a rapidly rising edge is needed for the
drift velocity measurements. The modified version is shown in Figure 7.10. T1 rep-
resents a Field-Effect Transistor (FET) which is used to release the input signal by
a (theoretically) infinite resistance [Got10]. The capacitance C4 (100 pF) represents
the capacitance installed in the field cage for decoupling the signal from the d.c. high
voltage of the corresponding anode wire. The capacitance C5 with a value of 10 pF is
used as integrator and is the main difference to the version explained in [Got10]. The
capacitance C5 can be neglected compared to the capacitance effects in the following
amplifiers. The signal is forwarded to the operational amplifier V1, with a gain defined
by the resistors R1/R4. The second amplifier V2 yields a small gain and is installed for
forming the signal and to decouple the output of the first amplifier. In Figure 7.8 and
7.9 a simulation of a characteristic start and stop signal (see Figure 7.12) for and after
shaping in the preamplifier are shown. Due to the small capacitance C5 the output
signal becomes nearly independent from the length of the input signal.
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Figure 7.8: A simulated characteristic start signal before and after shaping in the
preamplifier (SPICE simulation by R. Berendes).
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Figure 7.9: A simulated characteristic stop signal before and after shaping in the
preamplifier (SPICE simulation by R. Berendes).

Figure 7.10: The charge sensitive preamplifier used for the drift velocity measurement.
The plots in Figure 7.8 and 7.9 show simulations of a characteristic start
and stop signal (see Figure 7.12) propagating through the circuit (layout
and SPICE simulation by R. Berendes). Although the time constants of the
signals are different , the shaped signals provide the same time constants.

7.2.8 The NemboX

The data acquisition (DAQ) of the drift velocity measurements is done with a Nem-
boX (Nuclear Electronics Miniature Box) by Wiener [WIE11b]. It is a programmable
Logic/DAQ module which provides a DL700 FPGA (Field Programmable Gate Array)
and an USB port. Furthermore, it consists of up to 4 I/O submodules as well as VHDL
modules and an interface software featuring “Logic Pools”. The NemboX can be pow-
ered with a NIM crate (Nim version) or with a 6V DC power supply (“Desk” version).
One single NemboX module can replace the functionality of several non programmable
NIM modules. Therefore, it allows to reduce the cost and is a flexible alternative to
complex NIM logic and cabling.
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Figure 7.11: NemboX setup of the drift velocity measurement.

The firmware of the NemboX contains a set of tools, the Logic Pool, that allows to
graphically program the NemboX under LabView (Laboratory Virtual Instrumentation
Engineering Workbench). The Logic Pool provides LabView VIs (Virtual Instruments)
for example for TTL I/O, NIM I/O, discriminators, ADC, DAC, Counter/Pulser and
TDC (Time to digital converter). The user can built up a specific setup by using the
prebuilt functional modules of the Logic Pool.

The NemboX can be equipped with up to 4 different I/O subunits with LEMO connec-
tors. The SU703 and SU700 subunits provide 5 programmable TTL I/O and NIM I/O
ports respectively. The subunit SU702 consists of 1 flash ADC and 2 programmable
TTL I/O. The NemboX of use is the standard version NemboX-NDL 8 [WIE11a]. Is
has two SU703 and two SU704 subunits. The subunit SU704 provides 4 discriminators
and 1 TTL I/O. Furthermore, the NemboX is equipped with 20 light emitting diodes,
next to the LEMO connectors. The LEDs are useful to monitor I/O channels, but can
also be programmed independently from the I/O ports.

The discriminator and the TDC play a key role in the measurement process of the drift
velocity. Therefore, both components are described below.

Discriminator
The discriminators discriminate the signals of the start and stop counters as long as the
signals exceed a certain threshold. The discriminator thresholds can be programmed
in the range of −2.5 V to +2.5 V. A hysteresis mechanism prevents oscillations of the
output signal due to multiple threshold crossings of the input signal. Multi thresh-
old crossings would lead to multi signal generation and would negatively influence the
measurement. The hysteresis can be programmed with a maximum value of 60. The
discriminators can operate at a maximum input frequency of 100 MHz.
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TDC
The TDC measures the time which elapses between a start signal and a stop signal.
It counts the clock pulses of the internal clock of the NemboX which has a frequency
of 100 MHz. Therefore, it provides a time resolution of 10 ns what results in the limit
of the precision of the drift velocity measurement to 0.001 cm/µs. The TDC has two
channels and stores up to 1024 values in a FIFO (First In, First Out) register.

7.3 Commissioning of the Drift Monitor

Before the whole field cage was taken in operation, the start counters S1 and S2 were
tested separately.
In Figure 7.12 the signals of the start counters and the signal of the stop counter are
shown. The signals have an amplitude of about −40 to −20 mV. The start signals
have a time constant of about 500 µs. Both start signals have the same shape which
corresponds to a typical electron pulse on an anode wire. The pulses have a fast negative
pulse rise of about 200 ns which is followed by a long tail. The stop signal has a time
constant of about 10 µs.
Although the geometry of the stop counter was chosen to be similar to the geometry
of the start counter, the time constant and the shape of start and stop signal are very
different.
For timing purposes the location and shape of the rising edge are important.
Due to the different shapes of the start and stop signals the influence of the more
complex shape of the stop signal was investigated in the simulation with SPICE in
Figure 7.9.
It was found (see Figure 7.8 and 7.9 on the right panel ) that the length of the signal
tail does not influence the timing information which is relevant for the drift velocity
measurement.
Figure 7.13 shows the start signals S1 and S2 with the corresponding stop signal T after
shaping in the preamplifier. The three channels of the preamplifier operate identically.
The signals have, after pulse shaping in the preamplifier, a time constant of about
10 µs. Their negative pulse rise is about 1 µs. The amplitude of the signal fluctuates,
depending on the high voltage, between about −1800 mV and −1500 mV.
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Figure 7.12: Top: The signal of start counter S1 on the left panel and the signal of start
counter S2 on the right panel. Bottom: The stop signal.

For a precise time measurement signals with an infinitely fast pulse rise are desired.
Therefore, a normal, non-inverting preamplifier was tested, which amplifies the signal
in its original shape. Due to the fact that the original signals are superimposed by an
oscillation with a frequency of 50 Hz no time measurement with this preamplifier was
possible.

The preamplifier used is the charge sensitive preamplifier described in Section 7.2.7.
Due to the time needed for integration, the pulse rise time of the signals increases.

In Figure 7.14 the preamplified signal S1(bottom) and the discriminated signal (top)
with a discriminator threshold of −1000 mV are shown. For a time measurement with
the TDC the stop signal has to arrive while the start signal is still high. Therefore, a
gate generator has to be added after the discriminator of the start signal S1. For the
drift velocities studied in this thesis a gate generator for the drift time measurement
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Figure 7.13: Top: The signal S1 (bottom) and the stop signal T (top).
Bottom: The signal S2 (top) and the stop signal T (bottom).
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between S2 and T is not necessary.

Figure 7.14: The shaped signal S1 (Ch1) and the discriminated signal (Ch2).

For determining the drift velocity the time differences between start S1 and T, t1, and
start S2 and T, t2, have to be measured separately.

Measurement of t1 and t2

Each time difference t1 and t2 is measured repeatedly.
In Figure 7.15 and 7.16 the measured time differences between start S2 and T, t2, and
start S1 and T, t1, for an electric field of about 450 V/cm are plotted in an histogram
and fitted by a Gaussian curve. The peaks of the Gaussian determine the mean drift
times 〈t1〉 and 〈t2〉.
The statistical error of the mean time difference 〈tk〉 is given by:

σ〈tk〉 =
σtk√
Ntk

k = 1, 2. (7.1)

with σtk the error of one single measurement of tk and Ntk the number of measured
time differences.
For the measured time differences t2 and t1, shown in Figure 7.15 and 7.16, the statistical
error is given by:

σ〈t1〉 =
156.5 ns√

2893
= 2.9 ns (7.2)

and
σ〈t2〉 =

122.2 ns√
1389

= 3.3 ns (7.3)

These calculated statistical errors correspond approximately with the errors of the peak
positions determined with the Gaussian fit (see Figure 7.15 and 7.16). The deviations
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Figure 7.15: The measured time differences t2 between start S2 and stop T for a
measurement time of 80 s. 1389 time differences have been measured and fitted
with a Gaussian.

are caused by the shape of the time measurement distribution which is not exact Gaus-
sian.

The statistical error is proportional to 1/
√
Ntk and therefore inversely proportional to

the number of measurements. A longer time of measurement reduces the statistical
error. The measurements of the time differences between S1 and T, t1, and S2 and T,
t2, shown in Figure 7.15 and 7.16, continue 80 s for both measurements.

The frequency of the signals of start counter S1 is about 36 Hz and of start counter S2
is about 20 Hz. The anode wire of the start counter S1 was broken two times during
the assembly of the field cage. After it has been repaired, it is aligned in the assembly
as good as possible. The deviation from the expected frequencies of 50 Hz and 45 Hz
is most probably a result of the not exact alignment of the start counters. It needs
to be mentioned, that an exact alignment of the start counters is very difficult due to
the small size of the slits. In total three slits have to be aligned correctly to reach the
calculated frequencies of about 50 Hz and 45 Hz.

It is possible that the realignment of the S2 counter would improve the efficiency however
because of the fragility of the counter I decided not do to so. The efficiency performance
of the S2 counter is sufficient for the measurement.

The amplitude of the signals fluctuates during this measurement between about
−1500 mV and −1300 mV. Therefore, the time measurement is influenced by the “walk
effect”. Signals with a lower amplitude exceed a certain discriminator threshold later
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Figure 7.16: The measured time differences t1 between start S1 and stop T for a
measurement of 80 s. 2893 time differences have been measured and fitted with
a Gaussian.

than signals with a higher amplitude. This effect is illustrated in Figure 7.17 and
contributes to the width of the measured distribution of the times t1 and t2.

Threshold

Time

Walk

Output A

Output B

B

A

ta tb

Figure 7.17: The walk effect is a result of the amplitude fluctuation of a signal.

After shaping in the preamplifier the signals have a pulse rise time of about 1 µs. There-
fore, the drift time measurement is influenced by the threshold of the discriminator.
In Figure 7.18 and 7.19 the measured times differences t2 and t1 as a function of the
discriminator threshold of the start signal S2 and S1 respectively are shown. The
discriminator threshold of the stop signal T remains fixed.
Due to noise, a drift time measurement is not possible for a discriminator threshold
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Figure 7.18: The measured time between the start signal S2 and the stop signal T as a
function of the discriminator threshold of the start signal S2.

lower than −300 mV for S2 and lower than −600/700 mV for S1.
The measured time differences show a linear dependence on the discriminator threshold.
The straight lines are fits within different ranges. The error of the slope of each fit line
is indicated.
For large thresholds the measured drift times t1 and t2 deviate from the straight line
fit. The discriminator threshold is no more on the rising edge of the signal but in the
vicinity of the peak of the signal.
To measure the linear dependence between the drift time and the discriminator thresh-
old, the discriminator threshold has to be in a range of the pulse rise of the signal above
the noise level and lower than the beginning of the peak of the signal. For the drift
times represented above the drift times have been measured for a discriminator range
of −700 to −1000 mV for S1 and −300 to −1000 mV for S2.
The time differences represented above are measured for a discriminator threshold of
−800 mV for both start signals.
Therefore, the drift times extrapolated to zero threshold are determined by the fits with
a range of 1000 mV. The drift times of zero threshold are 6.834 µs for S1 and 1.733 µs
for S2. The error of the drift time extrapolated to zero threshold is given by the error
of the slope of the fit to:

σofft1 = 3.07064 · 10−6 µs
mV
· 800 mV = 2.456 ns (7.4)
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Figure 7.19: The measured time between the start signal S1 and the stop signal T as a
function of the discriminator threshold of the start signal S1.

and

σofft2 = 1.53911 · 10−6 µs
mV
· 800 mV = 1.231 ns (7.5)

Measurement of the Drift Velocity
With the knowledge of this straight line, for every discriminator threshold the corre-
sponding offset time with an error of σofft1 and σofft2 can be calculated.

Each drift time is then given by the sum of the measured time difference between
start and stop signal, t1 and t2 respectively, and the time offset of this counter for the
corresponding threshold. These drift times are indicated as t1cor and t2cor .

The drift time in the homogeneous electric field between the two sources is then given
by:

tdrift = t1cor − t2cor (7.6)

and the drift velocity vdrift:

vdrift =
10.2 cm

t1cor − t2cor

(7.7)
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The measurement inaccuracy for the drift velocity measurement vi is then given as:

σ2
vi =

(
1

t1i − t2i
∆x
)2

+
(
x · 1

(t1i − t2i)2

)2 (
σ2
〈t1i 〉

+ σ2
offt1

)
+(

x · 1
(t1i − t2i)2

)2 (
σ2
〈t2i 〉

+ σ2
offt2

) (7.8)

with ∆x the error of the drift distance. The distance between the two sources are
measured with a caliper to 10.2 cm with an error of 0.05 cm. The error is caused by
the inaccuracy with which the distance could be measured with the capiler due to the
construction of the field cage.
For the measured time differences represented above the drift velocity is given by:

vdrift =
10.2 cm

(6372 + 462) ns− (1299 + 434) ns
= 1.999

cm
µs

(7.9)

with the error:

σ2
vi =

(
1

(6372 + 462)ns− (1299 + 434)ns
· 0.05cm

)2

+
(

10.2 cm
((6372 + 462)ns− (1299 + 434)ns)2

)2

· (2.92 ns2 + 2.4562ns2)

+
(

10.2 cm
((6372 + 462)ns− (1299 + 434)ns)2

)2

· (3.32 ns2 + 1.2312 ns2)

= 1.002 · 10−4 cm2

µs2

(7.10)

⇒ σvi = 0.01001
cm
µs

(7.11)

The inaccuracy in the drift length is the main contribution to the error of the drift
velocity measurement. For the measurement time of 80 s the statistical error is negligi-
ble. With the drift velocity of about 2 cm

µs this error yields a relative error of about 0.5 %.

Another measurement method is to define a certain offset time. This time has to be
the same for both time measurements. With the equation of the straight line fit the
corresponding discriminator thresholds are calculated and set. The time differences
measured with this method can be subtracted from each other and the correct drift
time for the distance between the two sources is given directly. The error of the drift
velocity does not change.

The Software

The software for the drift velocity measurement is programed in LabView. The pro-
gram TOF S2 S1 kalib driftmess 4.vi is the actual program for the drift velocity mea-
surement. First, each time differences t1 and t2 are measured for a certain discriminator
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threshold regime which is set by the user. Thereafter, the measured times are fitted by
a straight line.
The offset times for a certain discriminator threshold are calculated for each time dif-
ference t1 and t2. Then, a SubVI (Sub Virtual Instrument) is activated and both time
differences t1 and t2 are measured once for these discriminator thresholds and are then
corrected with the offset time. The drift velocity is calculated. The measurement of the
drift velocity is repeated as often as the user wants with a frequency set by the user.
The drift velocity measurement is stopped by the user with a click of the mouse on the
stop button on the front panel. The program continues the current measurement and
stops after it is finished. Then the SubVI returns to the main program. The measured
drift velocities are stored in a file.
Furthermore, an alternative method with a certain predefined offset time is possible.
If one of the discriminator thresholds calculated for the predefined offset time is out of
the range which is determined by the user, the measurement method represented above
continues.
The main program sequences of the LabView program are shown in appendix A.
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HV Problems

The GOOFIE should be integrated in the TRD assembly in Münster to measure the
drift velocity of electrons for the electric field set in the drift region of the TRD for
testing and calibration of the TRD. Therefore, the GOOFIE should be able to operate
for the same electric field strength. The drift voltage of the TRD is generally set to
a potential of 1300 V or 1350 V. For a drift distance of 3 cm this leads to an electric
field strength of about 433 V/cm and 450 V/cm respectively. A high voltage of about
6800 V and 7020 V is necessary to generate this electric field in the field cage. This
corresponds to a total high voltage of about 8000 V and 8140 V. The GOOFIE system
was tested for a total high voltage up to 8200 V.
The high voltage supplies provide a current limitation. With the help of a FLUKE
multimeter and the accompanying software the current can be kept under surveillance.
For a total voltage of 8200 V current pulses occur. If the current limitation is set too
low, a single current pulse can develop into a series of pulses. The high voltage supplies
remain in the current limitation and a drift velocity measurement is not possible any
more. With a more generous current limitation range (a rotation of the screw driver of
about 60 ◦ out of the current limitation), the development of a series of pulses can be
prevented. Due to the fact that the current pulses occur only about six times an hour
(see Figure 7.20), the drift velocity measurement is not influenced by the single current
pulses.
The search for the origin of these current pulses turns out to be very difficult. To
make sure that the circuit boards are able to operate at such high voltage, they are
tested separately up to a high voltage of 10000 V without any problems. Therefore, the
construction of the circuit boards as the origin can be eliminated.
The potential difference between the anode wire of the stop counter T and the grounded
gas volume is the highest potential difference existing in the drift monitor. Therefore,
the high voltage is supplied asymmetrically to decrease this potential difference. For
a total high voltage above 7600 V, the positive high voltage is fixed to 3800 V and the
negative high voltage is adjusted. The frequency of the current pulses does not vanish
but the system seems to operate with better stability.
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Figure 7.20: Current measurement during a drift velocity measurement at a high voltage of
8200 V, which is set asymmetrically. All potentiometers are turned up and the
current limitation is set more generously.

7.4 Drift Velocity Measurement in Sagox

During the testing process and the development of the read out software, the drift
monitor is flushed with a pre-mixed gas mixture of 82 % Ar and 18 % CO2, named
Sagox. The drift velocities of electrons are first measured in this pre-mixed gas mixture
across different field strengths. These measurements should give information about the
quality of drift velocity measurements with the GOOFIE and the ability to identify an
unknown gas mixture if the temperature and the pressure are known by comparing the
measured drift velocities with MAGBOLTZ simulations.
The drift velocity measurements are done for four different electric field strengths start-
ing at a total high voltage of about 7600 V and going up to about 8200 V. The corre-
sponding electric field strength with the set voltage of U− and U+ is shown in Table 7.1.
For these drift velocity measurements the external resistor chain which is constructed
for a total high voltage up to 8500 V is used.
The temperature during this measurement is measured by a thermometer positioned
next to the GOOFIE. The existing air pressure is received by the weather station of the
Institute for Landscape Ecology Münster [ILO10] which measures the pressure every
ten minutes. The GOOFIE operates with a low overpressure of about 1 mbar. Due to
the fact that a pressure difference of about 1 mbar does not yield a significant difference
in the drift velocity, the measured air pressures are used.
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The air pressure and the temperature for each measurement are listed in Table 7.2. For
each electric field strength the drift velocity is measured once.

U+ in V U− in V Utot in V Ufield cage in V E in V/cm

3801.60 3800.65 7602.25 6553.66 420.11

3801.60 3997.00 7798.6 6722.93 430.96

3801.60 4186.70 7988.3 6886.47 441.44

3801.60 4378.40 8180 7051.72 452.03

Table 7.1: The set high positive and high negative voltages for each measurement. As a result
the total high voltage which is supplied, the high voltage in the field cage and the
resultant electric field within the field cage are shown.

E in V/cm p in mbar T in ◦C

420.11 970 20

430.96 982 20

441.44 984 21

452.03 996 21

Table 7.2: For each electric field strength for which a drift velocity measurement and a
MAGBOLTZ simulation is made the air pressure and the temperature are
indicated.

7.5 Measurement and Comparison with MAGBOLTZ Simulation

The measurement of the drift velocity in the well known gas mixture is crucial for evalu-
ation of the GOOFIE setup. This measurement is a baseline for the next measurements
with the ALICE TRD gas system, where the gas is mixed on the fly.
In Figure 7.21 the measured drift velocities in Sagox (82 % Ar and 18 % CO2) are plotted
as a function of the electric field strength. In addition, the drift velocity calculated with
MAGBOLTZ for a gas mixture of 82 % Ar and 18 % CO2 is plotted. The measurement
inaccuracy of the measured drift velocity is calculated with Equation 7.8. Due to the
fact that the error of the MAGBOLTZ simulations is not known exactly, an accuracy
better than 1 % is assumed, the error of the simulations is not drawn. The results of
the MAGBOLTZ simulations match with the measured values within the error margin.
It is shown that the drift velocities measured by the GOOFIE verify the gas composition
by comparing the measured values with MAGBOLTZ simulations if the temperature
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and the pressure are known.
Therefore, the GOOFIE can be integrated in the TRD gas system in Münster to de-
termine the gas mixture of use and to improve the calibration process of the TRD
chambers.
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Figure 7.21: The drift velocities measured by the drift monitor for a pre-mixed
Ar 82 % / CO2 18 % gas mixture.
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Chapter 8

Integration in the TRD Setup in Münster

The final assembly of the TRD supermodules is done in Münster. During the assembly
the installed chambers are operated for testing their functionality and to record cosmic
events for calibration. At CERN the TRD is flushed with a Xe/CO2 gas mixture
in a ratio to 83 %/17 %. Due to the fact that Xe is a very expensive gas, the TRD
chambers are flushed with an Ar/CO2 gas mixture during the assembly in Münster.
The characteristics of these gas mixtures are from the testing and calibration point
of view very similar. The difference in the drift velocity can be compensated by the
electric field in the chambers.

This chapter illustrates the gas system of the TRD in Münster and the integration
of the GOOFIE in the TRD setup. Furthermore, it is shown that the integration of
the GOOFIE in the TRD setup yields an absolute value of the drift velocity which is
important for the calibration process and allows to determine the gas mixture that is
used by comparison with MAGBOLTZ simulations.

8.1 The Gas System

The construction of the gas system for the TRD in Münster was one of the main topics
of the diploma thesis of H. Grimm. It is therefore described briefly below. For more
information the reader is referred to [Gri09].

The gas system allows to freely adjust the gas composition. It consists of four gas
bottles, a mixing circuit for two separate gas lines and a mass spectrometer to analyse
the gas composition. The mass spectrometer will be described in more detail below.

For Ar as well as for CO2 two gas bottles are connected to the mixing circuit. Two
separated gas lines exist, named flushline and mixline. A newly installed layer is con-
nected to the flushline. The layers which already have been installed are connected to
the mixline. The mixline has three outputs. Each output is used to flush two consecu-
tive layers. The gas system is schematically illustrated in Figure 8.1. Each gas bottle

93
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of Ar and of CO2 is connected to the flush- as well as to the mixline. Which gas bottle
is empty first is set by the pressure reducing valves.

m
ixline

flushline

man. control

needle valve

valve
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underpressure

rA2OC2OC Ar
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reducer

MFC
(flushline)

MFC
(mixline)

MFC
(mixline)

MFC
(flushline)

msp

Figure 8.1: Schematic diagram of the gas system in Münster after [Gri09].

The desired gas mixtures are controlled by the mass flow controllers (MFC) model
M330b from MKS. These are thermal mass flow controllers. They operate at a pressure
of 2 bar, which is set by the pressure reducing valves. For each gas and each gas line
two MFCs with different operating ranges are installed. One MFC has a range of
1 SLM (Standard Liters per minute) which corresponds to 60 Nl/h, the other a range
of 10 SLM which corresponds to 600 Nl/h. The MFCs have a leak rate of < 5 % F.S.
(Full Scale), which corresponds to 3 Nl/h for the MFC with a range of 60 Nl/h and
30 Nl/h for the MFC with a range of 600 Nl/h [Ins11b]. The leak flow is in principle
the smallest gas flow possible. To avoid leakage effects of the lines not currently in use,
valves are added before and after each MFC. Theses valves are only opened for the
active MFCs. Furthermore, the 10 SLM MFCs are followed by a pneumatic valve, that
can be operated automatically when the gas flow is set.

Although the gas that is used is composed of Ar and CO2, the installed mass flow
controllers are calibrated for N2, Xe, CH4, and Ar. Table 8.1 shows which MFC is
installed in the mix- and flushline for Ar and CO2 respectively.
One of the main reason for the drift velocity measurement with GOOFIE is to investi-
gate the exact gas composition as this was not done before.
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Even if a MFC is calibrated for a different gas, the gas flow can be corrected with the
help of theoretical gas correction factors. For various gases the theoretical gas correction
factors (GKF) with respect to N2 for thermal mass flow controllers are published on
the official website of MKS [Ins11a]. They are illustrated in Table 8.2 for the gasses
being used and the gasses the MFC are calibrated for.

mixline

gas MFC (1 SLM) calibrated for MFC (10 SLM) calibrated for

Ar Ar Ar

CO2 CH4 CH4

flushline

gas MFC (1 SLM) calibrated for MFC (10 SLM) calibrated for

Ar Xe Xe

CO2 N2 N2

Table 8.1: The gases for which the MFC installed in the mix- and flushline are calibrated.

gas GKF referred to N2

N2 1

Ar 1.39

Xe 1.32

CO2 0.7

CH4 0.72

Table 8.2: Gas correction factors for the relevant gases with respect to N2 for thermal mass
flow controllers from [Ins11a].

The ratio of the real flow of the actual gas to its gas correction factor is equal to the
ratio of the set gas flow to the gas correction factor for which the mass flow controller
is calibrated:

Flow(process gas)
GKF (process gas)

=
Flow(calibration gas)
GKF (calibration gas)

. (8.1)

In this equation GKF (process gas) is the gas correction factor of the used gas and
GKF (calibration gas) is the gas correction factor for which the MFC is calibrated.
Flow(calibration gas) represents the set flow and Flow(process gas) the corrected gas
flow for the used gas. This allows to calculate the theoretical correct gas flow and
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therefore the theoretical correct gas ratio of the used gas.

8.2 Overview of the Measurements

Here, an overview of the drift velocity measurements, which are represented in the
following, is made.
The drift velocity of electrons is measured by GOOFIE for different gas mixtures at
the output of the flush- and mixline and at the output of supermodule XI during its
assembly in Münster.
The following measurements are presented:

� Measurements at the flushline

– Ar 70 % /CO2 30 %

– Ar 80 % /CO2 20 %

– Influence of the gas flow on the gas ratio

� Measurements at the mixline

– Ar 70 % /CO2 30 %

– Ar 80 % /CO2 20 %

– Ar 84 % /CO2 16 %

� Measurements at the output of supermodule XI

– Ar 82 % /CO2 18 %

� Comparison with the mass spectrometer (msp)

The gas ratios illustrated above are the set gas ratios. In the following these gas ratios
are indicated by mfcincor. The corrected gas ratios are represented by mfccor.

The maximal total set gas flow in these measurements is 60 l/h. Therefore, only the
small MFCs are used.

The temperature during the measurement is measured by a thermometer positioned
next to the GOOFIE. The existing pressure is received by the weather station of the
Institute for Landscape Ecology Münster [ILO10] which measures the pressure every
ten minutes. For measurements which go on for several hours the mean value of the
pressure during the measurement is calculated.

8.3 Measurements at the Flushline

The drift velocity of electrons is measured by GOOFIE in the gas mixture at the output
of the flushline at the same electric field strength (E = 382.63 V/cm) for two different
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set gas ratios: Ar 70 % / CO2 30 % and Ar 80 % / CO2 20 %. For each measurement
the gas flow is 60 l/h. Considering the gas correction factors, the theoretical correct gas
mixtures have to be calculated for each gas ratio.

� Ar 70 % / CO2 30 %

Flow(Ar)
GKF (Ar)

=
Flow(Xe)
GKF (Xe)

⇒ Flow(Ar) =
42 l/h
1.32

1.39 = 44.23 l/h (8.2)

Flow(CO2)
GKF (CO2)

=
Flow(N2)
GKF (N2)

⇒ Flow(CO2) =
18 l/h

1
0.7 = 12.6 l/h (8.3)

Therefore, the corrected gas flow of the gas mixture is 56.83 l/h. This corresponds
to a ratio of:

Ar 77.8 %/CO2 22.2 % (8.4)

Due to the fact that the MFCs have an accuracy of 1% F.S. (F.S.= 60 l/h) for
N2 calibration [Ins11b] the absolute errors of the Flow(Ar) and Flow(CO2) are
given by:

dFlow(Ar)
GKF (Ar)

=
dFlow(N2)
GKF (N2)

⇒ dFlow(Ar) =
0.6 l/h

1
· 1.39 = 0.834 l/h (8.5)

dFlow(CO2)
GKF (CO2)

=
dFlow(N2)
GKF (N2)

⇒ dFlow(Ar) =
0.6l/h

1
· 0.7 = 0.42 l/h (8.6)

The gas ratio R(Ar) of Ar is given by:

R(Ar) =
Flow(Ar)

Flow(Ar) + Flow(CO2)
. (8.7)

The error of the gas ratio can be calculated by:

√
(∆R(Ar))2 =

√( δR(Ar)
δF low(Ar)

dFlow(Ar)
)2

+
( δR(Ar)
δF low(CO2)

dFlow(CO2)
)2

(8.8)
The same result is reached by ∆R(CO2).

Flow(Ar) and Flow(CO2) represent the corrected gas flows. The absolute errors
dFlow(Ar) and dFlow(CO2) are independent of the set gas ratio.

Therefore, the corrected gas ratio with the corresponding error is:

Ar 77.8 % ± 0.66 % /CO2 22.2 % ± 0.66% (8.9)
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� Ar 80 % / CO2 20 %

The corrected gas ratio and the corresponding error is:

Ar 85.75 % ± 0.64 % /CO2 14.25 % ± 0.64% (8.10)

The gas flow of each gas component for each set gas ratio and the corrected gas ratios
with the corresponding errors are summarised in Table 8.3

mfcincor (%) Flow(Ar) (l/h) Flow(CO2) (l/h) Flowtotal(l/h) mfccor (%) error (%)

70/30 44.23 12.6 56.83 77.8/22.2 ±0.66

80/20 50.55 8.4 58.95 85.75/14.25 ±0.64

Table 8.3: The gas flow of each gas component and the corrected gas ratios with the
corresponding errors for the set gas ratios of Ar 70 % / CO2 30 % and
Ar 80 % / CO2 20 % at the flushline.

In Figure 8.2 for each set gas mixture the drift velocity measured by GOOFIE (goofie)
and the simulated drift velocities for the set gas mixture (mfcincor) and for the corrected
gas mixture (mfccor) are shown.

The simulations are done with MAGBOLTZ for a temperature of 288 K and a pres-
sure of 1002 mbar (03.12.2010) for a set gas ratio of Ar 70 % / CO2 30 % and a tem-
perature of 287 K and a pressure of 1005 mbar (04.12.2010) for a set gas ratio of
Ar 80 % / CO2 20 %.

The open circles represent the gas mixture that the simulated drift velocity matches
best with the drift velocity as measured by GOOFIE.

The drift velocity in each gas mixture is measured for about three hours. Here, the mean
value is illustrated. The errors of the drift velocities measured by GOOFIE correspond
to 0.5 % of the measured value and are dominated by the precision of the drift distance.
These errors are so small that they are not visible in Figure 8.2.

Due to the fact that the error of the MAGBOLTZ simulations is not known exactly, it
is not indicated.

The error in the drift velocity for the corrected gas mixture is a result of the inaccuracy
of the MFC. For each corrected gas ratio three MAGBOLTZ simulations are done. The
drift velocity is simulated for the corrected gas ratio and for this gas ratio minus and
plus the calculated error. The differences between the drift velocities simulated for the
corrected gas ratio minus and plus the error and the drift velocity simulated for the
corrected gas ratio are shown by the error bars.
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Figure 8.2: The measured drift velocities in the gas mixtures at the output of the flushline for
the set gas mixtures of Ar 70 % / CO2 30 % and Ar 80 % / CO2 20 %,
represented by goofie, are shown. For comparison drift velocities simulated with
MAGBOLTZ for the corrected and set gas ratio as well as for the ratio for which
the simulated drift velocity matches best with the measured value are shown.

The drift velocities measured by GOOFIE for a set gas ratio of Ar 70 % / CO2 30 %
and Ar 80 % / CO2 20 % are consistent within the error bars with the simulated drift
velocities for the corrected gas mixtures.

The simulated drift velocities for the set gas ratios (mfcincor) are significant lower.

Influence of the Gas Flow

The influence of the magnitude of the gas flow on the gas composition controlled by
the MFC is investigated with the drift velocity measurement by GOOFIE. There-
fore, the drift velocity is measured in the set gas ratios of Ar 70 % / CO2 30 % and
Ar 80 % / CO2 20 % for a set gas flow of 60 l/h for about three hours and 15 minutes.
Then the gas flow is decreased to 20 l/h. The drift velocity measurements are repeated
every five minutes, each measurement needs about three minutes.

The MFCs have a leak rate of 5 % F.S., which corresponds to a leak flow of 3 l/h N2

calibration for the small MFC. Multiplied with the GKF of CO2 the F.S. is determined
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to 42 l/h and the leak flow is 2.4 l/h.
This has to be considered if the set gas flow is low.
To check if the gas flow of CO2 is below this leak flow, which would lead to a change
in the gas ratio, the corrected gas flow of CO2 in Ar 80 % /CO2 20 % is determined for
a total flow of 20 l/h to:

Flow(CO2)
GKF (CO2)

=
Flow(N2)
GKF (N2)

⇒ Flow(CO2) =
4 l/h

1
0.7 = 2.8 l/h (8.11)

The CO2 flow is larger than the leak flow of 2.4 l/h. Therefore, the leak rate has no
influence on the gas ratio. The gas flow of Ar is determined to 16.8 l/h.

The corrected gas ratio with the error determined with Equation 8.8 is:

Ar 85.75 %± 1.9 % /CO2 14.25 %± 1.9% (8.12)

For a set gas ratio of Ar 70 % /CO2 30 % and a gas flow of 20 l/h, the corrected gas
flows are Flow(Ar) = 14.74 l/h and Flow(CO2) = 4.2 l/h. The corrected gas ratio with
the error determined by Equation 8.8 is:

Ar 77.8 %± 1.9 %/CO2 22.2 %± 1.9% (8.13)

In Table 8.4 the gas ratios with the corresponding errors are shown for a total gas flow
of 60 l/h and 20 l/h.

mfcincor (%)
Ar/CO2

60 l/h 20 l/h

mfccor (%) error (%) mfccor (%) error (%)

70/30 77.8/22.2 ±0.66 77.8/22.2 ±1.9

80/20 85.75/14.25 ±0.64 85.75/14.25 ±1.9

Table 8.4: The corrected gas ratios with the corresponding errors for a gas flow of 60 l/h and
20 l/h.

The calculated correct gas ratios do not change, because the gas flow of each gas com-
ponent is above the leak rate of the MFCs. It has to be considered that the errors are
significantly higher for the corrected gas ratios with a total gas flow of 20 l/h than for
the corrected gas ratios with a total gas flow of 60 l/h.

The influence of the magnitude of the gas flow on the gas ratio is represented by the
drift velocity measurements in Figure 8.3 and Figure 8.4.
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Figure 8.3: The measured drift velocities in the gas mixture at the output of the flushline for
a set ratio of Ar 80 % / CO2 20 %. After about three hours and 15 minutes the
gas flow is decreased from 60 l/h to 20 l/h.

Figure 8.3 shows the drift velocities measured in a set gas ratio of Ar 80 % /CO2 20 %
and Figure 8.4 the drift velocities measured in a set gas ratio of Ar 70 % /CO2 30 %.

The measured drift velocities (red stars) are plotted as a function of the time over
which the measurement takes place. The error for each drift velocity measurement is
calculated by Equation 7.8

After the measurement continues for about 200 min the drift velocity drops significantly
in Figure 8.3 and 8.4. At this time the gas flow is decreased from 60 l/h to 20 l/h during
each measurement.

The coloured lines represent drift velocity simulations with MAGBOLTZ for different
gas ratios which are in the region of the measured drift velocities for a total flow of
60 l/h and 20 l/h. For each gas flow the gas ratios for which the simulations are done
differ of 0.2 %. These simulations allow an estimate of the sensitivity of the GOOFIE
measurement to the gas composition.

The simulations are done for a temperature of 288 K and a pressure of 1002 mbar
(03.12.2010) in Figure 8.4 and for a temperature of 287 K and a pressure of 1005 mbar
(04.12.2010) in Figure 8.3. They are shown to realise the change in the gas ratio which
is indicated by the drop in the measured drift velocity.
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Figure 8.4: The measured drift velocities in the gas mixture at the output of the flushline for
a set ratio of Ar 70 % / CO2 30 %. After about three hours and 15 minutes the
gas flow is decreased from 60 l/h to 20 l/h. The drop in the drift velocity
indicates the dependence of the gas ratio on the gas flow.

In the case of the set gas ratio of Ar 80 % /CO2 20 % (see Figure 8.3) and a gas flow of
20 l/h the measured drift velocities are in the region of the drift velocities simulated for

Ar 84 % /CO2 16 % and Ar 83.8 % /CO2 16.2 %. (8.14)

These ratios are consistent within the error of 1.9 %.

In the case of the set gas ratio of Ar 70 % /CO2 30 % and a gas flow of 20 l/h the
measured drift velocities correspond with the drift velocity simulated for

Ar 76.3 % /CO2 23.7 %. (8.15)

This also is consistent within the error of 1.9 %.

In both cases a decrease of the gas flow leads to a change of the gas ratio of about 1 %
determined by the drift velocity measurements. A low gas flow of 20 l/h increases the
error of the corrected gas mixture as shown with the error calculations.

In Table 8.5 and 8.6 for each set gas ratio and each set gas flow the gas mixtures
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determined by the drift velocity measurements and the corrected gas ratios with the
corresponding errors are sumed up.

mfcincor (%)
Ar/CO2

60 l/h

mfccor (%) errorcor (%) goofiea (%) errorG−M (%)

70/30 77.8/22.2 ±0.66 77.2/22.8 ±0.1

80/20 85.75/14.25 ±0.64 85/15 ±0.1

aThe simulated matching gas composition is approximate within 0.1 %

relative to the GOOFIE drift velocity measurement.

Table 8.5: The corrected gas ratios and the gas ratios determined by GOOFIE for set gas
ratios of Ar 70 % /CO2 30 % and Ar 80 % /CO2 20 % and a gas flow of 60 l/h.
errorG−M is the estimated error of the gas composition based on the GOOFIE
measurements.

mfcincor (%)
Ar/CO2

20 l/h

mfccor (%) error (%) goofiea (%) errorG−M (%)

70/30 77.8/22.2 ±1.9 76.3/23.7 ±0.1

80/20 85.75/14.25 ±1.9 84/16 ±0.1

aThe simulated matching gas composition is approximate within 0.1 %

relative to the GOOFIE drift velocity measurement.

Table 8.6: The corrected gas ratios and the gas ratios determined by GOOFIE for set gas
ratios of Ar 70 % /CO2 30 % and Ar 80 % /CO2 20 % and a gas flow of 20 l/h.
errorG−M is the estimated error of the gas composition based on the GOOFIE
measurements.
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8.4 Measurements at the Mixline

The drift velocity of electrons in the gas mixture at the output of the mixline is mea-
sured by GOOFIE at the same electric field as the measurements at the output of the
flushline (E = 382.63 V/cm) for three different set Ar/CO2 ratios: Ar 70 % /CO2 30 %,
Ar 80 % /CO2 20 % and Ar 84 % /CO2 16 %. The gas flow is set to 60 l/h and is not
changed. Due to the fact that the installed MFC in the CO2 gas line is calibrated for
CH4 the corrected gas ratio has to be calculated for each gas mixture.
Here, it is calculated for example for Ar 70 % / CO2 30 %:

� Ar 70 % / CO2 30 %

Flow(Ar)
GKF (Ar)

=
Flow(Ar)
GKF (Ar)

⇒ Flow(Ar) =
42 l/h

1
= 42 l/h (8.16)

Flow(CO2)
GKF (CO2)

=
Flow(CH4)
GKF (CH4)

⇒ Flow(CO2) =
18 l/h
0.72

0.7 = 17.5 l/h (8.17)

Therefore, the corrected gas flow of the gas mixture is 59.5 l/h. This corresponds
to a ratio of

Ar 70.6 % ± 0.65 % /CO2 29.4 %± 0.65% (8.18)

The error is determined by Equation 8.8.

� Ar 80 % / CO2 20 %

The corrected gas ratio and the corresponding error is:

Ar 80.4 % ± 0.63 % /CO2 19.6 %± 0.63% (8.19)

The error is determined by Equation 8.8.

� Ar 84 % / CO2 16 %

The corrected gas ratio and the corresponding error is:

Ar 84.4 %± 0.63 %/CO2 15.6 %± 0.63% (8.20)

The error is determined by Equation 8.8.

In Table 8.7 the flow of each gas component for the set gas ratios and the calculated
correct gas ratios with the corresponding errors for a gas flow of 60 l/h are summarised.
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mfcincor (%) Flow(Ar) (l/h) Flow(CO2) (l/h) Flowtotal(l/h) mfccor (%) error (%)

70/30 42 17.5 59.5 70.6/29.4 ±0.65

80/20 48 11.67 59.67 80.4/19.6 ±0.63

84/16 50.4 9.33 59.73 84.4/15.6 ±0.63

Table 8.7: The gas flow of each gas component and the corrected gas ratios with the
corresponding errors for the set gas ratios of Ar 70 % / CO2 30 %,
Ar 80 % / CO2 20 % and Ar 84 % / CO2 16 % at the mixline.

In Figure 8.5 the measured drift velocities for each gas mixture (goofie) and the drift
velocities simulated with MAGBOLTZ for the corrected (mfccor) and set (mfcincor)
gas ratios are shown. The simulations are made for a temperature of 287 K and a
pressure of 1010 mbar (09.12.2010) for the gas ratios corresponding to the set gas ra-
tio of Ar 70 % /CO2 30 % and for the same temperature but a pressure of 998.5 mbar
(08.12.2010) for the gas ratios corresponding to the set gas ratio of Ar 84 % /CO2 16 %.
The drift velocities for the gas ratios corresponding to the set gas ratio of
Ar 80 % /CO2 20 % are simulated for a temperature of 288 K and a pressure of
996.5 mbar (07.12.2010).

The drift velocity in each gas mixture is measured for about three hours. Here, the
mean value is shown. The errors of the drift velocities measured by GOOFIE are 0.5 %
of the measured value. These errors are so small that they are not visible in Figure 8.5.

Due to the fact that the error of the MAGBOLTZ simulations is not known exactly, it
is not indicated.

The error in the drift velocity for the corrected gas mixture is a result of the inaccuracy
of the MFCs as already illustrated in Section 8.3. For each corrected gas ratio three
MAGBOLTZ simulations are done. The drift velocity is simulated for the corrected
gas ratio and for the corrected gas ratio minus and plus the calculated error. The
differences between the drift velocities simulated for the corrected gas ratio minus and
plus the error and the drift velocity simulated for the corrected gas ratio are shown by
the error bars. The error bars are not exact symmetrical.

Due to the fact that the MFCs installed in the Ar gas line are calibrated for Ar and the
MFCs installed in the CO2 gas line are calibrated for CH4 in the mixline, the difference
between set gas ratio and corrected gas ratio is not as significant as observed for the
flushline. Therefore, the difference in the drift velocities is not conspicuous.

For each gas ratio the measured drift velocity is consistent within the error bar of the
drift velocity simulated for the corrected gas ratio.
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Figure 8.5: The measured drift velocities, indicated by goofie, for each set gas mixture at the
output of the mixline are shown. The drift velocities simulated with MAGBOLTZ
for the set gas mixtures (mfcincor) and for the corrected gas mixtures (mfccor) are
added.

The error bars for the drift velocities simulated for the corrected gas ratios increase
with a smaller amount of CO2. A difference of 0.66 % CO2 has a higher influence on
the drift velocity for a small amount of CO2.

8.5 Measurement at the Output of the Supermodule

The drift velocity of electrons is measured by GOOFIE in the gas at the output of the
TRD supermodule XI during its assembly in Münster.

This measurement was done before the drift velocity measurements presented in Section
8.3 and 8.4. The reason why this measurement is only now presented is explained below.

The GOOFIE is connected to the output of Layer 1 (L1) which in turn is connected to
Layer 0 (L0) on the mixline. The gas mixture is set to Ar 82 % /CO2 18 % with a gas
flow of 75 l/h. Drift velocities are measured for four different electric field strengths.

In Figure 8.6 the drift velocity is plotted as a function of the electric field strength. The
measured drift velocities are represented by the red stars. The drift velocity for each
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electric field strength is measured for about two hours. Here, the mean value with an
error of 0.5 % is shown. The drift velocity measurements are done on two consecutive
days (24./25.11.2010). The air pressure during the measurements is in the range of
997 mbar and 994 mbar. The temperature is 18◦C or 291 K.

The solid lines represent simulations for a gas mixture of Ar 81 % /CO2 19 % at a
temperature of 291 K and the prevailing pressure. The dots are illustrated for a better
comparison with the measured drift velocities at the considered electric field strengths.

Due to the fact that the error of the MAGBOLTZ simulation is not known exactly,
the error is neglected. The dashed lines represent simulations for a gas mixture of
Ar 82 % /CO2 18 % at a temperature of 291 K and the prevailing pressure.

For both gas ratios the simulated drift velocities for the same electric field strength but
the two measured pressures are nearly identical.

The measured drift velocities correspond all with the simulations of Ar 81 % /CO2 19 %.
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Figure 8.6: The measured drift velocities in the gas mixture at the output of Layer 1 which is
connected with Layer 0 on the mixline. The ratio is set to Ar 82 % / CO2 18 %.
The simulations are done for two different pressures. The light blue lines
represent simulations for a pressure of 994 mbar and the dark blue lines for a
pressure of 997 mbar. The dashed lines represent MAGBOLTZ simulations for
an Ar 82% / CO2 18% gas ratio and the continuous lines represent MAGBOLTZ
simualtions for an Ar 81% / CO2 19% gas ratio. The dots are shown for a better
comparison with the measured values.
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Using the theoretical gas correction factors, the gas flow of Ar is Flow(Ar) = 61.6 l/h
and of CO2 is Flow(CO2) = 13.125 l/h. The corrected gas ratio is therefore given by:

Ar 82.4 %± 0.5 %/CO2 17.8 %± 0.5% (8.21)

The error is determined by Equation 8.8.

The corrected flow would lead to drift velocities which are even higher than the drift
velocities simulated with MAGBOLTZ for Ar 82 % /CO2 18 %.

It is important to note that first of all no reason for this deviation between measured
drift velocities and simulated drift velocities for the corrected gas mixture was found.
Before starting the measurements at the output of the mix- and flushline, which are
represented in Section 8.4 and 8.3, the gas system is checked to see if any valves have
been opened but are not being used. It is found that the valves in front of the MFC
with a range of 600 Nl/h in the mixline of Ar as well as in the mixline of CO2 are
opened.
The leakage through these MFCs might therefore lead to very large errors so that a
comparison between the drift velocities simulated with MAGBOLTZ for the corrected
gas ratio and the measured drift velocities is not meaningful.

It was not possible to repeat this measurement with closed valves in front of the huge
MFCs. As the possible origin for the difference between the corrected gas ratio and
the gas ratio determined by the drift velocities measured by GOOFIE was found, the
supermodule XI was shipped to CERN. It was installed in the ALICE experiment.
The assembly of the next supermodule was started in the beginning of February. There-
fore, a presentation of a measurement with the next supermodule is not possible in this
thesis.
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8.6 The Mass Spectrometer

A mass spectrometer is integrated into the gas system of the TRD. It allows to analyse
the gas composition of the flush- and mixline and furthermore of the return line of the
supermodule. Each gas line is connected by a needle valve with the mass spectrometer.
The used mass spectrometer is a Transpector Version 2 H200M by Inficon [Inf11a].
It is a quadrupole mass spectrometer which is able to measure all atomic masses up
to 200 AMU. The sensor of this kind of mass spectrometer contains an ion source,
a quadrupole mass filter and an ion detector. It works under high vacuum which is
generated by a turbomolecular pump. The ion source consists of a heated filament
which emits electrons. These electrons ionise the gas atoms and can form multiply
charged ions. If the energy of the electrons is high enough even molecular bonds can be
broken. In the quadrupole mass filter the ions are separated according to their charge-
to-mass ratio. Only the ions with a certain charge-to-mass ratio are able to traverse the
filter. Thereafter, the ions become neutralised at the ion detector and draw a current
which is related to the partial pressure of the gas component [Inf11b].

To analyse an Ar/CO2 gas mixture which is used in the TRD, the ions represented in
Table 8.8 have to be considered:

Ions from Ar Atomic mass unit/Z

Ar+
40

36

38

Ar++ 20

Ions from CO2 Atomic mass unit/Z

CO2
+ 44

CO2
++ 22

CO+ 28

C+ 12

O+ 16

CO2
+ 45

Table 8.8: The relevant AMU/Z of an Ar/CO2 gas mixture.

The Ar36 and Ar38 isotopes occur with a probability of 0.337 % and 0.063 %.

The partial pressure of Ar, Ppar(Ar), and CO2, Ppar(CO2), can be calculated by



110 CHAPTER 8. INTEGRATION IN THE TRD SETUP IN MÜNSTER

Ppar(Ar) = Ppar(44) + Ppar(20) + Ppar(36) + Ppar(38) (8.22)

Ppar(CO2) = Ppar(44) + Ppar(22) + Ppar(28) + Ppar(12) + Ppar(16) + Ppar(45) (8.23)

The numbers in the brackets stand for the AMU/Z. The mass spectrometer is read
out by the monitoring software TWare32. For more information about the mass spec-
trometer and the software see [Gri09] or [Inf11b].

Measurements

For each drift velocity measurement in the gas mixture at the output of the mix- or
flushline, the mass spectrometer runs for an additional analysis of the gas mixtures.
The gas ratios measured by this mass spectrometer, indicated by msp, do not agree
neither with the set gas mixtures (mfcincor), with the corrected gas mixtures (mfccor)
nor with the gas ratios determined by the drift velocity measurements.

In Figure 8.7 the drift velocities simulated with MAGBOLTZ for the gas mixtures
measured by the mass spectrometer for each set gas ratio (mfcincor) at the output of
the mixline are shown. For comparison the simulated drift velocities for the corrected
gas ratios and the drift velocities measured by GOOFIE are illustrated.
The drift velocities simulated for the gas mixtures measured by the mass spectrometer
are significant lower than the drift velocities simulated for the corrected gas mixture
and the drift velocities measured by GOOFIE.

In Figure 8.8 the simulated drift velocities for the gas mixture measured by the mass
spectrometer (msp) for each set gas ratio (mfcincor) at the output of the flushline are
shown. In addition, the simulated drift velocities for the corrected gas ratio and the
drift velocities measured by GOOFIE are presented.
It is a coincidence that the set gas ratio and the gas ratio measured by the mass
spectrometer at the output of the flushline are nearly identical. The gas ratios measured
by the mass spectrometer at the output of the flushline show the same tendency as the
gas ratios measured by the mass spectrometer at the output of the mixline.
The drift velocities for the gas ratios measured by the mass spectrometer (msp) vary
significantly from the drift velocities simulated for the corrected gas ratio or the drift
velocities measured by GOOFIE.
For all gas ratios the mass spectrometer is more sensitive to CO2 than to Ar compared
with the corrected gas ratios which are confirmed by the drift velocity measurements.
The pure gases of 100% Ar and 100% CO2 are identified correctly by the mass spec-
trometer.
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Figure 8.7: The drift velocities simulated with MAGBOLTZ for the gas mixtures measured by
the mass spectrometer at the output of the mixline are shown. For comparison
the simulated drift velocities for the set ratios, the corrected gas ratios and the
measured drift velocities are shown.

In Table 8.9 for each set gas ratio the corrected gas ratio with the corresponding error
and the gas ratio measured by the mass spectrometer are summarised for the flush- and
mixline.

mfcincor (%)
Ar/CO2

mixline flushline

mfccor (%) error (%) msp (%) mfccor (%) error (%) msp (%)

70/30 70.6/29.4 ±0.65 62/38 77.8/22.2 ±0.66 69.6/30.4

80/20 80.4/19.6 ±0.63 73/27 85.75/14.25 ±0.64 79/21

84/16 84.4/15.6 ±0.63 78/22 − − −

Table 8.9: The corrected gas ratios with the corresponding errors and the gas ratios measured
by the mass spectrometer for each set gas mixture are summarised.
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Figure 8.8: The drift velocities simulated with MAGBOLTZ for the gas mixtures measured by
the mass spectrometer (msp) at the output of the flushline. For comparison the
simulated drift velocities for the set ratios, the corrected gas ratios, and the ratios
measured by the GOOFIE are shown.

For using the mass spectrometer nonetheless for a gas analysis, the gas ratios measured
by the mass spectrometer (flush- and mixline) are plotted as a function of the corrected
gas ratios shown in Figure 8.9. The non-linear dependence becomes obvious. The
measured CO2 ratios (blue stars) deviate from the straight line. The dependence of the
CO2 ratio measured by the mass spectrometer from the corrected gas ratio is given by:

CO2msp =
c · CO2mfccor

c · CO2mfccor
+ (100− CO2mfccor

)
(8.24)

For CO2mfccor
= 100% and CO2mfccor

= 0% the function describing the measured CO2

ratio is 1 and 0 respectively. The term 100 − CO2mfccor
is the corresponding corrected

ratio of Ar which considers the dependence of the deviation of the measured CO2 ratio
to the corrected CO2 ratio, CO2mfccor

.
By fitting the data points with this function the constant c is determined to:

c = 1.46176.

Therefore, the measurement of the gas ratio by the mass spectrometer can be used to
determine the theoretical correct gas ratio.
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Figure 8.9: The gas ratio measured by the mass spectrometer (msp) as a function of the
corrected gas ratio mfccor. The fit, which describes this dependence, is
represented by Equation 8.24.

The theoretical correct gas ratio is then given by:

CO2mfccor
=

100 · CO2msp

c− CO2mspcor
· (c− 1)

(8.25)

8.7 Summary of the Measurements

The drift velocity measurements at the output of the flush- and mixline have shown
that even if the set gas ratio is the same, the true gas ratios differ significantly for the
different gas lines. The reason for this effect are the MFC in the flush- and mixline,
which are calibrated for different gases.

The difference between set gas ratio and the corrected gas ratio is more significant in
the flushline than in the mixline. In the flushline the MFC for CO2 is calibrated for
N2 whereas the MFC for CO2 in the mixline is calibrated for CH4. The gases CO2 and
CH4 are more similar than the gases CO2 and N2.

The gas mixtures determined with the drift velocities measured by GOOFIE are con-
sistent within the error bars of the drift velocities simulated with MAGBOLTZ for
the corrected gas mixtures. It has to be noticed that the error of the MAGBOLTZ
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simulations is neglected.
The gas ratios measured by the mass spectrometer deviate significantly from the cor-
rected gas ratios which have been verified by the drift velocity measurements with
GOOFIE. The mass spectrometer is more sensitive to CO2 than to Ar. The depen-
dence between the gas ratio measured by the mass spectrometer and the corrected gas
ratio is illustrated so that the mass spectrometer can be additionally used to analyse
the gas composition in the future.



Chapter 9

Summary and Outlook

The GOOFIE system has been modified and successfully integrated in the TRD assem-
bly setup in Münster.

It has been shown, that the drift velocity measurement of electrons by GOOFIE is a
suitable tool to identify the drift gas if the temperature and pressure are known by
comparing the measured drift velocities with MAGBOLTZ simulations.

A software program, programmed in LabView, has been developed to measure the drift
velocity automatically. One drift velocity measurement takes about three minutes and
the measurement duration could be decreased further due to the small statistical error.
The program is easy to operate and user-friendly. The drift velocity can be measured
continuously with an accuracy of about 0.5 %. Any modifications in the drift gas are
directly correlated with a change in the drift velocity.

The drift velocity measurements have shown that due to the installed MFC in the
gas system, which are calibrated for a different gas than the gas of use, the set gas
ratio can differ significantly from the actual gas ratio. The gas ratio can be corrected
with the help of gas correction factors. The actual gas ratio can be determined by
comparing the drift velocities measured by GOOFIE with MAGBOLTZ simulations, if
the temperature, pressure and electric field strength is known. The influence of the gas
calibration of the MFC on the gas ratio of process was not considered before. Due to
an inaccuracy of 1 % F.S. N2 calibration of the MFC, the drift velocity measurements
yield a more exact identification of the used gas especially for low gas flows.

The electric field strength at which GOOFIE is able to operate is increased to 450 V/cm
for an Ar/CO2 gas mixture. Therefore, the GOOFIE is able to measure the drift
velocity of electrons in the same electric field, which is set in the TRD for testing and
calibration processes. This allows for the integration of the GOOFIE into the TRD
setup in Münster, not only to control the actual gas ratio but also to improve the
calibration of the TRD by providing an absolute value of the drift velocity of electrons.
It has to be mention that an electric field of 450 V/cm is near the limit for which
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GOOFIE is able to operate. For even higher electric fields the origin of the current
pulses would have to be further investigated.
The mass spectrometer has been successfully calibrated. With Equation 8.25 the mass
spectrometer can be additionally used to analyse the gas mixture.

In the future, the implementation of the monitoring of the drift velocity will be further
improved so that the GOOFIE will become a fixed component in the assembly setup of
the TRD in Münster. The measurement of the drift velocity should run continuously
during the assembly process of the TRD so that any deviations in the gas ratio are
identified instantaneously. Therefore, it has to be guaranteed that the GOOFIE is
continuously flushed with gas. If the gas bottles become empty a warning have to be
installed which safeguards the GOOFIE from being on high voltage without any flow
of gas.
A local weather station in the TRD assembly hall, which is under construction, would
automatically yield all parameters which are necessary for the drift velocity simulation
with MAGBOLTZ.

The GOOFIE provides a nearly fully automated measurement of the drift velocity of
electrons which instantaneously reacts to any changes in the gas ratio.
Therefore, the drift velocity measurements determine the gas mixture of process by the
comparison with MAGBOLTZ simulations with a better exactness than determined
by the MFC. The absolute value of the electron drift velocity measured by GOOFIE
can be compared with the drift velocities determined with the methods used for the
calibration of the TRD chambers.



Appendix A

Dift Velocity Program in LabView

Figure A.1: The front panel of the program TOF S2 S1 kalib driftmess 4.vi for the drift
velocity measurement. In the windows Signal & Fit and Signal & Fit2 the
measured time distributions of t2 and t1 respectively are plotted. In the XY
Graph and XY Graph 2 the measured times t2 and t1 as a function of the
discriminator threshold are plotted and fitted with a straight line.
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Figure A.2: Depending of the start threshold, end threshold and the step size set by the user
the number of the calibration measurements are determined and the
discriminator thresholds are calculated and stored in the “Steuerarray”. This
and the following program parts shown in A.3, A.4, A.5, A.6 are done for the
time measurement t1 and t2 equally. Shown here is the program part used for
the time measurement of t2.
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Figure A.3: The main components for the drift velocity measurement. This sequence is
included in a for loop. With each iteration the discriminator threshold of the
start signal is set upwards in the step size set by the user. The number of the
iterations is determined by the number of the drift velocity measurements for the
calibration.
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Figure A.4: The readout of one TDC. This sequence is also included in the for loop and
follows A.3. For each discriminator threshold the measured times t2 are saved
and plotted in a histogram. The duration of the measurement can be set by the
Elapsed Time button.
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Figure A.5: For each discriminator threshold the measured time distribution is fitted with a
Levenberg Marquard fit. This fit is similar to a Gaussian fit but provides a better
stability. The position of the peak of the fit determines the searched time t2 or
t1. The fit algorithm is found in the LabView help and adapted with the help of
M. Prall.
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Figure A.6: After the time measurements for different discriminator thresholds have been
finished, the measured times (center array) are fitted with a straight line. The
measured times, the standard deviation of each time measurement and the
values of each time measurement are saved in one file. This is done for both
time measurements t1 and t2. Here it is shown for t2.
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Figure A.7: For a set predefined offset time of 500 ns the corresponding discriminator
thresholds for each counter S1 and S2 are calculated with the help of the
equation of the straight line fit.
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Figure A.8: If the calculated thresholds for the set offset times are in the range for which the
dependence of the time difference on the disciminator threshold have been
measured, the following drift velocity is measured at these discrimator
thresholds. Otherwise the discriminator thresholds are set to 700 mV and the
corresponding offset times are calculated.
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Figure A.9: Depending on the calculated threshold values the corresponding SubVi for the
following drift velocity measurement is activated. The SubVis differ only by the
offset time to calculate the drift velocity.
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ALICE-Übergangsstrahlungsdetektor am LHC (CERN). Diplomarbeit,
Ruprecht-Karls-Universität Heidelberg, 2003.

[Ems10] D. Emschermann. Construction and Performance of the ALICE Transition
Radiation Detector. Dissertation, Ruprecht-Karls-Universität Heidelberg,
2010.

[ESA00] V. Egorychev, V. Savelev, and S. J. Aplin. Particle identification via
transition radiation and detectors. Nucl. Instrum. Meth., A 453:346–352,
2000.

[FUG00] F.u.G. Elektronik GmbH, Technische Unterlagen/Technical Manual, 2000.

[Got10] H. Gottschlag. Small Animal Positron Emission Tomography with
Multi-Wire Proportional Chambers. Dissertation, Westfälische
Wilhelms-Universität Münster, 2010.

[Gri09] H. Grimm. Entwicklung eines Gassystems zur Ansteuerung, Überwachung
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