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Deutsche Kurzfassung der Dissertation

Im Jahr 2005 soll am CERN der 7+ 7 TeV Proton-Proton Beschleuniger LHC (Large
Hadron Collider) in Betrieb gehen, auf der Suche nach dem Higgs-Teilchen und eventuel-
len supersymmetrischen Teilchen. Eines der fir LHC geplanten Experimente, CMS
(Compact Muon Solenoid), implementiert zur Spurrekonstruktion MicroStrip Gas Cham-
bers (MSGCs) in seinem Vertexdetektor, in Kombination mit Silizium Pixel- und
Streifendetektoren.

MSGCs sind Gasdetektoren nach dem Prinzip von Vieldrahtproportionalkammern,
wobei Anoden und Kathoden als alternierende Goldstreifen auf einem Glassubstrat
ausgebildet sind. Mit einem Anoden-Anoden Abstand von 200 pum kann mit dieser
Technologie eine Ortsauflosung besser als 35 um erreicht werden, bei einer im Vergle-
ich zu Halbleiterdetektoren geringeren Anzahl von Auslesekanilen. Ungefahr 5 - 10°
Kanile iiber eine aktive Flache von 225 m? sind in CMS vorgesehen.

Die Herausforderungen beim Einsatz von MSGCs in CMS sind vielseitig. Um die
notwendige Detektionseflizienz zu erlangen ist ein hohes Signal/Rauschverhéltnis

S/ R > 20 erforderlich, welches wegen der hohen Teilchenstrahlkollisionsrate von 40 M H =
in LHC mit einer Elektronik mit kurzer Signalformationszeit erreicht werden muf.
Eine Teilchendichte von circa 5 kHz/mm? mufl von den Detektoren bewéltigt wer-
den. Die in dem Teilchenspektrum enthaltenen Kernfragmente konnen dabei derart
hohe Ionisationsdichten im Detektorgas verursachen, dafl es zwischen den Kathoden
und Anoden zu Entladungen kommen kann. Diese konnen die Anoden, die eine Breite
von nur 7 um und eine Dicke von 0.6 um haben, beschédigen. Es ist essentiell, die
Anfalligkeit der MSGCs fiir solche Beschddigungen zu minimieren.

Die vorliegende Arbeit, die im Rahmen der CERN CMS Tracker Kollaboration durchge-
fihrt wurde, hat zwei Schwerpunkte. Im ersten wurden im Labor und in Teststrahlen
(CERN und PSI) die Eigenschaften der MSGCs untersucht und die Parameter fest-
gelegt, die den optimalen Arbeitspunkt der MSGC im Einsatz in CMS darstellen.
Weiters wurde die Haufigkeit obiger Entladungen und die Robustheit der MSGCs in
einem Teilchenstrahl mit einem Spektrum ahnlich dem bei LHC zu erwartenden ermit-
telt. Der zweite Teil der Arbeit bestand in der Konzeption und Verwirklichung einer
Reihe von Testsystemen, mit deren Hilfe alle 5540 Detektormodule, die in den folgen-
den Jahren gefertigt werden, getestet werden konnen, bevor sie in CMS zum Einsatz
kommen. Ein Teil der dabei gewonnenen Daten wird in die CMS online Datenbank
aufgenommen, um beim laufenden Experiment die Eventrekonstruktion und Daten-
analyse zu verbessern.



Abstract

In the year 2005 the 747 T'eV proton-proton accelerator LHC (Large Hadron Collider)
at CERN will embark on the search for the Higgs particle and possible supersymmet-
ric particles. One of the experiments designed for LHC, CMS (the Compact Muon
Solenoid), employs MicroStrip Gas Chambers (MSGC'’s) in its inner tracker, combined
with silicon strip- and pixel detectors.

MSGC’s are gaseous detectors similar to multiwire proportional chambers, with gold-
strips (anodes and cathodes) taking the role of the sense wires and the cathode planes,
respectively. With a distance from anode to anode of 200 e a resolution better than
35 pwm can be obtained, with a relatively low number of read-out channels when com-
pared to semiconductor detectors. The MSGC’s in CMS will cover an active area of
225 m? with around 5 - 10® read-out channels.

Using MSGC’s in CMS is a big challenge. In order to achieve the required detection
efficiency, a signal-to-noise ratio of S/IN > 20 is necessary and has to be obtained from
an electronics with a short shaping time that is capable of digesting the high bunch
crossing frequency of 40 M Hz at LHC.

The chambers are exposed to a particle flux of around 5 kHz/mm?. Nuclear fragments
present in this radiation environment can generate ionization densities in the gas which
are high enough to trigger discharges between anodes and cathodes in the MSGC. It
is of primary importance to optimize the resistance of the chambers to damage of the
anodes which have a width of only 7 um and a thickness of 0.6 um.

The work presented here was done within the CERN CMS tracker collaboration and
concentrates on two main topics. In the first one the properties of MSGC’s were
explored in the laboratory and in beam tests (CERN and PSI) and the parameters
that represent the optimal working point of the MSGC’s in CMS were defined. The
frequency of the above mentioned discharges and the robustness of the MSGC’s were
investigated in a beam with a particle spectrum similar to what is expected at LHC.

The second topic was the design and development of a series of testing systems, which
are capable of testing all 5540 MSGC modules that will be produced in the coming
years before being mounted into the tracker structure. Part of the measured parameters
will be stored in the CMS online database, in order to optimize event reconstruction

and data analysis once the experiment is running.
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Chapter 1

Introduction

¢) Particles :

400 B.C. Democrit brought up the notion of the indivisible entity, the ’atomos’. To
date 6 leptons and 6 quarks and the corresponding anti-particles are known as the
elementary particles. Are they really the fundamental building blocks of matter 7

o) Forces :

More than 100 years ago Maxwell united electrical and magnetic forces into a com-
mon theory. The Standard Model is today an extensively tested theory, and unites
electromagnetism, the weak and the strong force. So what about a theory that could
eventually incorporate gravity 7

¢) Symmetries :

Symmetry relations express the beauty of field theory. Should not every fermionic
‘matter-particle’ have a bosonic counterpart and should every bosonic force mediating
particle have an associated fermionic particle ?

Such are the questions that keep particle physicists busy to date. At CERN, the
European laboratory for particle physics !, a 7 + 7 TeV proton-proton accelerator —
the Large Hadron Collider, LHC — is under construction, and several experiments will
look for answers to these questions from the year 2005 onwards.

But the predominant question addresses the well established Standard Model
itself. Why do particles have a mass 7 One attempt of an answer within the Standard
Model is that of spontaneous symmetry breaking. This formalism can give a qualitative
explanation. But it also predicts a hitherto unobserved particle, the Higgs-particle. It
is the main goal of two of the experiments proposed for LHC to detect this particle.

1CERN - the ’Centre Europeenne pour la Recherche Nucleaire’ in Geneva,
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As a Doctoral Student at CERN I had the opportunity to work on the preparation
of one of these experiments, CMS, the Compact Muon Solenoid. Like most collider
experiments it is a cylindrical 'onion’. That is, it combines different detector technolo-
gies in concentric layers. The innermost part is the tracker, designed to reconstruct the
tracks of particles originating from the collisions. From these tracks the momentum
of the particles can be calculated as well as the point from where they came from, i.e.

the decay vertices.

The CMS tracker is made with three different detector technologies, the outermost and
biggest part consisting of MicroStrip Gas Chambers (MSGCs). These are a few mm
thin gaseous detectors similar to multiwire proportional chambers, with the difference
that the wires and cathode planes are represented by anode and cathode gold strips
which are etched onto a glass substrate. This allows to space the sensing elements
more tightly and thus increase the rate capability of the device.

Indeed, the biggest challenge at LHC will be its extreme particle production rate nec-
essary due to the rareness of the physics processes of interest. The bunch crossings
will produce several thousands of particles every 25 ns. This requires the CMS tracker
to be very finely grained, resulting in ~ 107 read-out channels covering a surface of
~ 300 m?. In the barrel, the central region, ~ 5000 10 x 25 ¢m? big MSGC modules

will be employed.

Due to the resulting high radiation environment, access to the detector will be very
limited once LHC has started. In particular it will not be possible to easily gain access
to the detector during a period of shutdown in order to replace some components. Thus,
all the employed technologies have to work with very high reliability. This not only
poses stringent requirements on the detector technologies themselves but also demands
a sophisticated chain of quality control and test stations. Due to the large number of
elements to be tested, these have to work in a fully automated way and must minimise

user intervention.

Following these lines, the content of this thesis is twofold. In the first part the MSGC
technology is described. Measurements taken in the laboratory establish the functional
dependence of the gain of the CMS MSGC prototypes as a function of the applied
voltages and the used gas mixture, and investigate gain variation due to pressure
fluctuations and mechanical deformations of the modules. Long-term studies of aging
and charging up under high rates are quoted. By participating in various beam tests
the behaviour of the MSGCs under LHC-like irradiation was studied, concentrating on
the robustness of this technology against heavily ionising particles.
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In the second part the question of quality control and calibration of the MSGCs is
addressed. By ’calibration’ we mean the determination of the parameters related to
the performance of the MSGCs and the creation of a database for all ~ 5000 modules
which can be used for optimising the tracker performance by taking into account the
specific characteristics of each MSGC. An ensemble of test benches were designed that
can measures these parameters and ensure the functionality of every single MSGC
module. Their design and performance is described.

The following chapter will give an overview of the physics that can be investigated
at LHC. Chapter 3 describes LHC itself and mentions the different sub-detectors of
CMS. Chapter 4 gives more details on the inner tracker of CMS, of which the MSGC
tracker is part of. Chapter 5 and 6 represent the main part of the thesis and deal with
the properties and performance of the MSGCs and with the test and calibration setup
designed for these chambers, respectively. The conclusions in chapter 7 summarize the
results obtained in this work.



Chapter 2

Physics at 14 TeV pp Collisions

The questions that the LHC and its experiments will try to answer are diverse, and
address on the one hand open issues of the Standard Model, foremost the origin of
mass, i.e. the mechanism of spontaneous symmetry breaking, but also the properties
of the top quark and CP-violation in B-meson decays, and on the other hand trv to
probe the particle spectrum for e.g. supersymmetry, heavy gauge bosons or further

quark/lepton families.

2.1 The Standard Model

The Standard Model, combining QCD and the electroweak model [1, 2] describes the
interactions of all particles with the electromagnetic, weak and strong force [3]. It
features a Lagrange density, which, neglecting chirality, has the structure

L = Yiy" Db — mapyp — iFWF“". (2.1)

Here 1 represents the fermions and stands for v = (u, ¢, t), d = (d, s,b), ! = (e, u, 7) and
V= (Ve, Uy, Vr). Dytp := (0, +1ieA,)v is the covariant derivative and ieF),, := [D,, D,].
In order to introduce mass terms for the gauge bosons (photon, vector bosons and
gluons) represented by A, but maintain a gauge invariant Lagrange density, Higgs and
Kibble had to assume that the vacuum was not invariant and created the Higgs field

® with non-vanishing vacuum expectation value (0|®|0) = % 1. The interactions

!Take the simplest case of a U(1) symmetry. Under a local gauge transformation & —
Ut(e)®U(e) = e*(*)® leaving the vacuum invariant, the vacuum expectation value of ® would change

4
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between the gauge bosons and the Higgs boson and their respective mass terms are
then described by a Lagrangian of the form

2\ 2
Liggs = (D*®1) (D, ®) — A <c1>h1> — %) , (2.2)

Mass terms for the fermions and interactions between them and the Higgs boson are
introduced by adding another part to the Lagrangian, namely

Ly =Y oYy (2.3)

In the interaction basis gauge interactions are diagonal, that is, there are no gauge
couplings between different fermion generations. In the mass basis Yukawa interactions
are diagonal, i.e. the mass eigenstates have, by definition, a well defined mass. The

Yukawa interactions have the form

—Ly = YdZQTLq)df{ + similarly for v and [, (2.4)
with ® the SM Higgs doublet and Q% = (uf.d%)!. The flavour (or generation) indices
i,j on Yy, Qr; and dg; are being suppressed. Using the unitary gauge %R(x) =
@7 ®(z) eliminates some arbitrary phases and allows us to write the Higgs field in

terms of a hermitian field with vanishing vacuum expectation value plus some constant

and we obtain mass terms for the fermions,
— Ly = (My)dLdL + similarly for u and [, (2.5)

where M = %Y.

With two unitary matrices it is always possible to diagonalise the M’s, that is, V5 MdVdTR =
M gmg . Thus, we obtain the corresponding mass eigenstates d; = (Vyz)dZ.

2.1.1 QCD and QED

The top quark.

The top quark was discovered in 1995 at the CDF and D0 experiments at Fermilab’s
Tevatron collider [4, 5] where a value of my ~ 180 GeV' was measured.

At /s = 14 TeV the top quark production cross section should be ~ 1 nb which results
in the production of around 107 ¢ per year even at the initial low luminosity phase of

as 75 = (0/2|0) = (0le**@ @|0) = e“(””)\%. Thus, a non-zero v requires a non-invariant vacuum.
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LHC, thus making it relatively easy to measure the top mass with high precision [6].
Additionally, the determination of its decay branching ratios might even reveal physics
beyond the standard model.

CMS would measure my via jets or muons coming from the top decay. The necessary
fine granularity of the hadronic calorimeter of An x A® = 0.1 x 0.1 is provided by
CMS. and also the required precision of the muon momentum determination is well

feasible.
CP-violation.

Doing the same operations that led us to Eq. 2.5, the charged current interaction terms
can be written explicitly in the mass basis as

~Lys = T apy (Vi VI ) do W +hee. (2.6)

V2

Here we see explicitly the Cabibbo Kobayashi Maskawa matrix Vg = Var Vi, [7].
It is not diagonal which allows the W* bosons to couple to quark mass eigenstates of
different generations. Ve is unique up to a phase for each generation. Requiring
it to have the least number of phases possible. one phase 0z, remains, which is the
source of CP violation in the Standard Model [7].

Unitarity applied to the first and third column of the CKM matrix, V4,V + V.V +
ViaVy; = 0, can — after appropriate parametrisation — be approximated in the complex
plane by the unitarity triangle [8], whose angles («, 3, y) can be determined experi-
mentally. Measuring sin(20) is one of the tasks of CMS (see chapter 2.1.3).

2.1.2 Spontaneous Symmetry Breaking

If the mechanism of spontaneous symmetry breaking in the electroweak sector is indeed
realized in nature, two scenarios can be imagined:

1. The sector is weakly coupled. This is the scenario described before and leads to
one or more Higgs bosons on the below-1 T'eV-scale.

2. Symmetry breakdown can occur dynamically by means of e.g. strongly interact-
ing fermion-antifermion pairs, with v = (0|FF|0) # 0 [9]. Possible candidates
are the top quark or techniquarks bound by new technicolor interactions. In the
latter case these new ”composites” are expected to have a mass around 1 TeV

[10].



CHAPTER 2. PHYSICS AT 14 TEV PP COLLISIONS 7

T T

—
(=3
(=]

-
o

—-
IRLILL R B AL B L B L

T'(H - all) [GeV]
Branching Ratio

m=174 GeV

001 | | 1 [ R . '.T.A_.j

100 200 500 1000 500 600
My [GeV] Higgs Mass (GeV)

01

FTTTIT TT EEWRTTT W TIT BRI AT

Figure 2.1: Total Higgs width (a) [11] and branching ratios (b) [12] as a function of mp.

The Higgs mass enters into electroweak experimental observables through higher or-
der corrections alone, making them only logarithmically sensitive to my. Thus, the
standard model does not provide us with a precise prediction of the Higgs mass. An
experimental lower bound, my > 95 GeV, will be obtained by the LEP experiments be-
fore the end of the year, my ~ 1 TeV could be inferred as an upper theoretical bound:
Bigger values would mean a very large width of the Higgs mass peak. o(m;) <1TeV.
and would question the interpretation of the Higgs field as a particle.

Table 2.1 gives an overview of the preferred SM-Higgs decay channels as a function of
mpyg. CMS has been designed to allow investigations over the entire mass range.

electroweak fit

H—>ZZ WW—=lljj,lvjj [

H—=>Z7Z—>1lvv

a9
53]
—

H—>Z7Z7— 41"
H—=WW-—llvv

! L L 1 1 ! 1
400 500 600 700 800 900 1000 My [GeV]

Figure 2.2: Overview of the SM Higgs observability in CMS. The mpg range below 95 GeV
will be covered by LEP. A fit to the current electroweak parameters favours a Higgs mass
around 130 GeV.
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Table 2.1: Higgs decay channels for different ranges of mpy.

mass main decay channel
my < 100 GeV | H — bb
80 GeV < my < 140GeV | H — vy
120 GeV < my < 2my H— Z7* — 4]
2my; < myg < 17TeV H— ZZ — 4l or llvv
my ~ 1TeV H-WW,Z7Z — lvjj,lljj

1. H— vyy:

In this scenario the electromagnetic calorimeter (chapter 3.2.2) clearly plays an
essential role, being required to provide a large acceptance, good measurement of
the photon direction and excellent energy resolution. Good energy resolution can
only be obtained with precise calibration, provided in CMS by tracks measured
by the inner tracker. The tracker also serves for performing isolation cuts, i.e.
making sure that the photon is not a miss-interpreted product of bremsstrahilung
radiated from a charged particle track.

As o(Z — ee) =~ 25-10° o(H — ~v), a rejection of electrons of 500/e
is required from the electromagnetic calorimeter in order to reduce the 7 — ee
background to a level of 10% of the H — ~7 channel [13].

2. H—bb:
For my < 2mw < m, the branching ratio for H — bb is over 90%, as the Higgs
couples preferentially to the heaviest possible quarks, which is characteristic for
the symmetry breaking sector. Good b-tagging is important for the detection of

this channel.

3. H— Z27% — 4l* :
For masses below 2my the width of the Higgs boson is small (Fig. 2.1), I'y <
1 GeV. Thus, excellent energy and momentum resolution for leptons is needed in
order not to wash out the production peak. The main reducible ? backgrounds,
tt and Zbb, can be reduced by lepton isolation cuts, the first also by an my cut,
i.e. requiring one of the ete™ or u™u~ pairs to be close to the Z mass.

2The reducible part of the background is due to the finite resolution and hermeticity of the detector
and imperfections in particle identification.
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4. H-WW :
Observing the polarisation of the decay leptons in the two-lepton rest frame, the
Higgs mass cannot be reconstructed but an excess of such events compared to
background processes gives evidence of the existence of the Higgs particle.

5. H— Z7Z — 41* -
Being similar to the above process, the criterion for easy observation of this chan-
nel is a precise energy determination. The ’enemy’ is non-resonant ZZ production,
but after a few years of running of LHC, a significance of the signal < 10 can be
obtained for masses up to my ~ 500 GeV'.

6. H—llvv :
This channel has a distinct signature: Two high-pr leptons and high missing
transverse energy E7*¢. The difficult background, either irreducible (ZZ, ZW)
or with a large cross section (tf, Z+jets). has to be brought under control with
appropriate £ and pi?*”" cuts, and requiring pi#*** to be anti-parallel to the
combined lepton momentum.

7 H-WW ZZ :
At amass of mg ~ 1 TeV the Higgs peak is very wide, I'y = 0.5 T'eV. Kinematic
cuts and double forward jet tagging have to be used as the main tools for detecting
the signal against a several order higher background.

2.1.3 B physics

The main issue in B-physics is the measurement of CP-violation. With a production
cross section of oz ~ 500 mb and a resulting 10'? — 103 bb events produced per
year, LHC provides sufficient statistics for high precision measurements. The most
interesting case is the decay of BY and B’ into a common final state F. CP violation
introduces a multiplicative term in the decay rate which is of opposite sign for B® and
B Thus, this asymmetry can be expressed as

[(BY — F)~T(B; —F)

, =d, 2.7
rwpﬁm+r@fﬁf) f ’ (27)

Ala, B,7) =

which only depends on the angles of the unitarity triangle and the mixing parameter
8 z;. The most promising decay channel is B — J/$K with J/¢p — p*u~ and

3% = ‘—‘;fj measures one side of the unitarity triangle.
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K? — mtn~, for which a 2u or 3u trigger with mass constraints is appropriate. For
this channel the asymmetry is a function of 3,
A(f) = sin(20) -

Zd

e 2.
1+ 22 (28)

Studies with different pr thresholds show that a 30 measurement of sin(23) will require
4-10% pb~!, which is reached after around four years of operation of the LHC, see [14]

and references therein.

2.2 Beyond the Standard Model

The Standard Model agrees with all confirmed accelerator data, but is not very sat-
isfactory from a theoretical point of view: It does not explain the particle quantum
numbers and contains a large number of arbitrary parameters — 3 gauge couplings g; 23,
6 mg, 3 my, 3 my (7), mw, my, 0k and 3 mixing angles «, 3,~. Moreover, unifica-
tion with gravity is not obvious. Thus. it does not seem to be the ultimate theory.
The Minimal Supersymmetric Standard Model offers an elegant way to automatically
cancel infinities in the Feynman diagrams, by imposing a synunetry between Fermion
and Boson states and implements a spin 2 boson. which is a necessary ingredient for

the construction of a theory of quantumn gravity .

2.2.1 The Minimal Supersymmetric Model

The minimal supersymmetric extension of the Standard Model (MSSM) [16] assigns a
corresponding supersymmetric partner to each of the known particles. In order to give
masses to both u-type and d-type quarks and charged leptons, two Higgs doublets are
needed. If supersymmetry is realized in nature, there is hope that evidence for it will
be found at LHC.

2.2.2 The MSSM Higgs Sector

The minimal supersymmetric standard model (e.g. [16]) is the N = 1 supersymmetric
extension of the Standard Model [3], featuring two Higgs doublets. The resulting

4The number of free parameters in the MSSM, namely 124, is somewhat higher than in the Standard
Model, but the elegance of the supersymmetric principle has to be appreciated [15].
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physical degrees of freedom of the fields with non-vanishing vacuum expectation values
manifest themselves as the Higgs bosons H*, h, H, A, where H* are the charged
scalar bosons, and h, H, A are the light and heavy scalar and the pseudo-scalar
neutral bosons, respectively. At the tree level, that is, calculating only zeroth-order
Feynman diagrams, the masses of the five bosons depend only on two parameters which
are usually chosen to be m4 and tan (3, the ratio between the vacuum expectation values
of the two Higgs doublets. Fig. 2.3 shows the searchable area in the (my4,tan 3) plane
that can be covered with CMS.

Qrrrrr [ rrr I rrrr [ r T
8| hH>v; hH>ZZ, 22> 4% hHA>uy for 105 pb!
HEf>1v; AH->1t >eu or £h for 104 pb!
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i | LA H>TT > e |
20 TN AH N> Tt 0
AH.h—>uu
10 - _
L P4 .
C ¢ h>2ZZ'>44% CMS
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r \ % _h—=>vy top :
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o [H>1v T —=
_ FH 77" 7740k e
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Figure 2.3: Discovery potential for a SUSY Higgs in the CMS detector. The curves indicate
up to which combinations of m4 and tan 8 CMS is sensitive to a certain decay channel. m4
is the mass of the pseudo-scalar boson and tan [ is the ratio between the vacuum expectation
values of the two Higgs doublets [17].

2.3 Heavy Ion Physics

Matter undergoes phase transitions when subjected to increasing energy densities (tem-
perature, pressure) until at a certain point between a few tens of eV and several hundred
keV a state can be reached where electrons become fully ’deconfined’ from the nuclei.
A priori, such an electromagnetic plasma should have an equivalent in QCD. Indeed,
finite temperature lattice QCD calculations predict that at p(E) ~ 1 — 10 GeV/fm? a
sudden increase in latent heat takes place which might be a sign of a transition of the
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hadronic system into a state of deconfinement, dubbed the quark-gluon plasma (QGP)
[18]. This density is equivalent to a baryon density 5 to 10 times that of nuclear matter,
and is in reach of today’s heavy ion accelerators. Nevertheless, up to date no conclusive
evidence for the existence of a QGP has been found up to energies of 158 GeV /nucleon
at fixed-target Pb-Pb experiments with 208 Pb%* at the SPS/CERN.

The LHC will dramatically expand the searchable range for a phase transition point
by colliding lead ions with a centre-of-mass energy /s > 1000 T'eV /nucleon (chapter
3.1.2). Experiments will look for various signatures that can reveal the presence of a
QGP. The clearest signal will be that of the suppression of heavy quark bound states
[19]. As a consequence of the large mass of the ¢ and b quark, c¢ and bb can only be
created at the highest possible collision energies, i.e. during primary nucleon-nucleon
collisions and therefore only before a thermal equilibrium is created. Whereas the
Y state production rate will be less affected by a QGP phase. the production rate
for the higher bound states Y’ and Y” should be decreased [20]. If a plasma phase
would precede this equilibrium, these vector mesons would be dissolved resulting in a
suppression of the c¢ and bb bound states, J/¢ and Y. The experimental detection of
these states is done via the pp decay channel, but detector acceptance for .J/¢ decays
is negligible. and Y production rates will be used for QGP detection. Simulations
on the CMS tracker show that the mass resolution for the T can be expected to be
o ~ 37 MeV . The extrapolated cross sections for T production at LHC encrgics suggest
a production of some 1000 Y /day in pp-collisions. This gives a signal-to-background
ratio for Y production of 0.1 — 1 in 15 days of data taking with the CMS detector,
which is sufficient for detecting a change of production rates when going to the Pb-Pb

system.



Chapter 3

LHC and CMS

In the previous chapter an overview of the various open questions in physics that will
be addressed with the upcoming new accelerator and its associated detectors was given.
Now a closer look shall be taken at this machine and the detector in whose development

I had the opportunity to take an active part.

3.1 LHC

High-energy physics has always been the driving force behind the development of parti-
cle accelerators. In the beginning were the electrostatic machines. Inspired by Ruther-
ford, Cockroft and Walton built the Cockroft-Walton generator [21], which, in 1932,
could accelerate electrons to 700 kel and allowed to perform the Nobel-prize winning
atom-splitting experiment. At the same time the Van de Graff generator used a me-
chanical belt to charge the two ends of an accelerating tube. Working with the same
principle, still today a Tandem accelerator ('Vivitron’) with ~ 18 MeV is in opera-
tion '. A breakthrough was the invention of resonant acceleration, which allowed to
repeatedly apply an accelerating field to the particles. This is the operating principle
of the linac. Easier to build, the cyclotron was the first instrument using this idea
(Ising, Lawrence, 1929) [22]. It was, however, limited by relativistic effects and so the
synchrotron was invented, using the principle of betatron acceleration: By tuning the
magnetic field it became possible to keep the accelerated particles on a closed orbit,

despite their increase in energy [23].

lhttp://ireswww.in2p3.fr/ires/recherche/vivitron/vivitron.html

13
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In 1952 the principle of strong (alternate gradient) focusing was developed, al-
lowing to overcome the stringent precision limitations on the magnetic field gradient
for constant-gradient focusing. This paved the way for storage ring colliders, of which
the first one was the CERN ISR (Intersecting Storage Rings) in 1972. To date, CERNs
Large Electron Positron collider (LEP) is the worlds largest accelerator and will be
operating until the year 2000.

The Large Hadron Collider, LHC, is the next step in exploring the domain of
particle physics and gaining a deeper understanding in "what it is that keeps the world
together” [24].

3.1.1 The Accelerator Chain

One of the LHCs big assets is the possibility to use. after several modifications and addi-
tions, all of CERNSs existing proton accelerators to obtain its supply of pre-accelerated
protons [25]. In the beginning of the accelerating chain stands the 50 MeV proton
linear accelerator (Linac 2), followed by the 1 GeV proton synchrotron booster (PSB).
The bunches are formed in the 26 Gel proton syuchrotron (PS) with the correct 25 ns
bunch spacing by adiabatic capture of a previously debunched beam with a 40 A H 2
RF system. During several cycles the bunches are then transferred to the super pro-
ton synchrotron (SPS), filling approximately 1/3 of its circumference, which is the
maximum the SPS can handle. After its acceleration to 450 GeV with a new super-
conducting RF system (6 MV at 400.8 M Hz) the beam is then fed into the LHC. This
operation is performed 12 times for each of the two beams of the LHC and takes about
seven minutes. During the following 20 minutes the protons gain ~ 0.5MeV /turn and
reach the nominal LHC energy of 7 T'eV .

3.1.2 747 TeV

The Large Hadron Collider project [26] was approved in 1994. With its 1232 14.2 m
long 8.4 T superconducting dipole magnets the machine will provide proton-proton
collisions with a centre-of-mass energy of \/s = 14 TeV in 25 ns intervals. In order to
fit into the existing LEP tunnel, the LHC will have the same circumference of 26.6 Am.
The temperature of operation will be below 2°K. This is needed in order to have an
appreciable safety margin against quenching of the superconducting magnets but also
has the positive side effect that the Helium (*He) used for the cooling is present in its
superfluid phase, which greatly simplifies the mechanical cooling layout and at the same
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Figure 3.1: Cross section of an LHC dipole superconducting magnet bending the two anti-

parallel proton beams in a 8.4 T magnetic field.

time makes the heat transfer very efficient due to the high heat capacity of superfluid
1He. During the first years of running the LHC beams will feature a low’ luminosity
of L ~ 10% cm~2s71, after which the nominal ("high’) luminosity of L ~ 10* ¢m=2s7!

will be reached. The luminosity can be calculated from

_ Nk g (3.1)

L =
4re, B*

where N = 1.05 - 10'! is the number of protons per bunch, %, = 2835 the number of
bunches, f the revolution frequency, v the relativistic factor, ¢, = 3.75 pwm - rad the
normalised transverse emittance, 8* = 0.5 m the value of the betatron function at
the interaction point and F' = 0.9 the reduction factor at the interaction point (see
chapter A.1). At LHC, the maximum attainable luminosity is limited by the beam-
beam interaction, which is the unavoidable head-on interaction during collisions and
the long-range interaction close to the interaction points when both beams run side by
side in a common beam pipe.

During the low luminosity phase the beam current will be limited to 87 mA, as
opposed to 530 mA nominal value. This phase is necessary as LHC is the first super-
conducting collider foreseen to operate with large beam currents, and superconducting
magnets only tolerate very small beam losses without quenching. Thus the beam halo
has to be intercepted in non-superconducting sections of the machine. These collima-
tors will be tested and tuned during the first year of operation.

At L = 10** em~2s7! the half-life of the luminosity should be about 10 A, de-
termined by the collisions of the beams with each other, collisions with residual gas in
the beam pipe, imperfections of the machine, and the resulting necessary ’cleaning’ of
the beam from protons that escape the phase-space window allowed for the bunches.
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The optimum duration of data taking depends on this half-life and on the time it takes
to refill the accelerator (~ 2 h), and will be around 7 h.

Protons were chosen due to their mass being ~ 1800 times higher than electrons,
which are currently being accelerated in the LEP (Large Electron Positron collider).
At LEP, the barrier limiting an ever higher acceleration of the electrons is mainly
Bremsstrahlung (synchrotron radiation), which increases like AEp.cns oo E1/(m'r)
with the particle energy E [27]. 7 denotes the bending radius of the particle beam.
With the need to put LHC into the same tunnel as LEP, i.e. having r fixed, the only
way to decrease the amount of radiated energy was to increase m, which is the reason
why protons are used. APFEjp.ems Will be several keV /turn at LHC, as compared to
~ 3 GeV /turn at LEP. Unlike SPS, LHC will not provide pp collisions. Making one
beam out of anti-protons would be favourable in terms of beam-beam interactions, but
anti-protons are not available in big enough quantities to allow the high luminosities
dictated by the smallness of the interaction cross-sections of interest.

LHC will also provide heavy ion (Pb) collisions with a centre-of-mass energy of /s =
1148 TeV and a luminosity L > 10?7 em~2s7! at 125 ns bunch crossing intervals The
value for /s corresponds to E = 7 TeV /charge for 208Pb%*" ions, i.e. fully stripped
ions. The Pb supply can be provided by a modified version of the already existing
Lead-Ton Acceleration Facility (LIAF) [28].

The high luminosity and energy of the proton beams will create a very hostile radiation
environment. About 20 proton collisions are expected per bunch crossing (every 25 ns),
creating several thousand particles each. Fig. 3.2 shows the expected neutron and
charged hadron dose at different radii from the interaction points that the inner tracker
will receive within the foreseen 10 years of LHC operation. In the central region the
flux of charged particles is constant per unit of pseudorapidity 7,

1 E+p,

n=log

2
e g (3.2)

but decreases radially in the presence of a magnetic field differently from 1/r? r de-
noting the transverse distance from the interaction point. Whereas at 20 em from the
beam spot the occupancy is two times higher than in the absence of a magnetic field,
the numbers are equal at 65 cm, and particle density drops faster than 1/+2 for larger
radii. Neutron fluxes, on the other hand, are almost constant over the central part
of the tracker volume due to their production in the calorimeters (chapter 3.2). This
particular flux distribution has a decisive influence on the design of the CMS tracker,
which is described in chapter 4.
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Figure 3.2: Integrated particle fluxes over 10 years of LHC operation at different transverse
distances from the interaction point relevant to the tracker.

3.1.3 Experiments at LHC

At the four beam intersections foreseen at LHC (Fig. 3.3), four experiments will oper-
ate. Two of them, ATLAS [29] and CMS [13] — the latter is described in the following
section — are ’all purpose detectors and have as a main task the detection of the Higgs
and supersymmetric particles. They are located at the high luminosity low § (explained
in chapter A.1) intersection points diametrally opposite each other (Fig. 3.3).

ATLAS — A Toroidal Lhe ApparatuS [29] - is the biggest detector system ever con-
ceived for a collider experiment. The inner tracker is housed within a 2 7' solenoid,
consisting of pixel- and microstrip silicon detectors and straw drift tubes interleaved
with transition radiation detectors. The electromagnetic sampling calorimeter uses
layers of lead and liquid Argon. The latter, together with copper absorber plates
is also used for the endcap hadronic calorimeter, whereas its barrel equivalent is an
iron-scintillating tile sampling calorimeter. Superconducting air-core toroids in the
outer barrel and the end-caps generate the magnetic field for the muon spectrometer
consisting of drift tubes and cathode strip chambers and resistive plate chambers for
triggering.

LHC-B [30] is a single arm spectrometer and designed to study CP violation and
other rare phenomena involving heavy flavours, in particular B-meson decays. A 19
layer silicon strip system performs vertex detection, followed by Micro Cathode Strip
Chambers and honeycomb drift chambers improving the tracking performance. An ex-
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Figure 3.3: Schematic layout of the LHC accelerator complex (26.6 km circumference). Four
intersection points host the four experiments that are approved to date.

tensive RICH system made of aerogel, CyF1g and C'Fy and read out by Hybrid Photon
Detectors provides particle identification. The electromagnetic and hadronic calorime-
ters are in a Shashlik and scintillating tile design, respectively. Multigap resistive plate
chambers and cathode pad chambers performs the muon identification and -trigger.

ALICE - A Large Ion Collider Experiment [31] - is optimised for analysing the heavy
ion collisions that LHC will provide (Pb-Pb at /s ~ 2.8 T'eV /nucleon). The physics
of interest is that of the quark-gluon plasma, as described in chapter 2.3. The 5 - 10%
particles created in each Pb-Pb collision (dN/dn ~ 8000) are detected and identified
in an asymmetric detector, comprising a central and a forward part. The first, reusing
the L3 magnet, contains a six layer silicon tracker for identifying s- and c-quarks by
reconstructing their decay vertices, a time projection chamber for track reconstruction,
a vy spectrometer similar to the CMS ECAL (see below), Parallel Plate chambers doing
time-of-flight measurements and Cherenkov counters, both capable of reconstructing
the particle masses. The forward region is made up of a muon detector, 14 planes of
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tracking and triggering chambers and a large dipole magnet.

3.2 CMS

CMS is one of the two experiments that will search for the Higgs particle in the year
2005. A sketch of this 21.6 m long and 14 m high cylindrically shaped detector is
displayed in Fig. 3.4. Having in mind the broad physics program described in chap-
ter 2, a few considerations specify the baseline requirements of the experiment. A
powerful muon system for detecting a possible 4u decay channel of the Higgs particle,
the best possible electromagnetic calorimeter compatible with the muon system in or-
der to resolve the two photon decay of the Higgs boson and excellent central tracking
with high efficiency to provide the necessary momentum resolution and good vertex

reconstruction (b-tagging).

Figure 3.4: The CMS detector. From the inside to the outside: Tracker, ECAL, HCAL,

magnet, muon system.

The several sub-detectors that CMS contains are shortly described in the following. A
separate chapter is devoted to the inner tracker, which houses the MSGCs that I have
been working on for this thesis. More information on many aspects of the different
sub-detectors can be found in the Technical Design Reports [32, 33, 34, 35, 36].
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3.2.1 Inner Tracker

The role of the inner tracker is to measure the curvature of the tracks of the particles
produced in the collisions which, combined with an energy measurement or particle
identification allows to calculate the momentum of the particles, and to determine
which interaction vertex the particles originated in. The tracker is described in detail

in chapter 4.

3.2.2 Electromagnetic Calorimeter

A calorimeter measures the amount of energy a particle loses when traversing it. In-
ferring their momentum from measurements in the inner tracker, the mass and thus
the type of the particle can be determined. As interaction processes of leptons and
hadrons are very different, two different calorimeters — electromagnetic and hadronic -
are used for the two types of particle families. There are two principal approaches for
building a calorimeter: Either the material in which the particles loose the energy that
is being measured and the elements used for measuring the amount of this energy are
the same, or the two are different and interleave each other. Thesce two configurations
are called 'fully active” and 'sampling’ calorimeters, respectively.

The electromagnetic calorimeter (ECAL) at CMS has opted for the fully active config-
uration, employing PbWOQy crystals. This material has several advantages:
e) It has a short radiation length Xy = 9 mm and small Moliere radius,
o) scintillation decay time is short,
85% of all photons are produced within 25 ns.

e) Also, the crystals are relatively easy to grow (140 h / crystal).
Their disadvantage — a low light yield (50 — 80 «v/MeV') has to be compensated by
using a sensitive read-out technology. The high magnetic field and the — especially in
the forward region — high radiation environment restrict the number of options. In
the barrel region silicon avalanche photodiodes (APDs) will be used and vacuum pho-
totriodes in the endcaps. Another critical issue is the temperature sensitivity of the
crystals. An increase in temperature of 1°C' leads to a decrease of light emission of
—2% at room temperature, due to thermal quenching of the scintillation mechanism.
Thus the operating temperature has to be kept constant to a tenth of a degree.

The size of the crystals is determined by the Moliere radius. A small radius and
a crystal square cross section of ~ 22 x 22 mm? allows to resolve the decay process
70 — 27, where the two photons must not be mistaken as a single one. In order have
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a high hermeticity, the length of the crystals was chosen to be 23 cm (25.8 X, 1.1 A).
In the forward region the dimensions read ~ 25 x 25 x 220 mm3.

A pre-shower detector in the endcap region and optionally also in the barrel
completes the ECAL. Placed in front of the crystals its main function is to provide
7%/~ separation. It consists of lead converters, in total around 3 X thick, followed by
silicon strip detectors (pitch ~ 2 mm). which determine the position of the beginning
of the electromagnetic shower with a precision of ~ 300 pum.

Calibration, essential for obtaining the desired performance of the ECAL, is done
with isolated electrons from W#* and Z° decays, as the mass of the vector bosons is
known to a high precision. In parallel, high-ps electrons whose momentum was deter-
mined by the tracker are used for energy calibration on a crystal-by-crystal basis. A
glass fibre system distributing laser pulses will permit monitoring of the lead-tungsten
crystals by measuring the radiation induced variations of the transparency of the crys-
tals and possible changes of the quantum efficiency of the APDs.

The energy resolution obtained with this calorimeter is o/E = 2.7% /v E®0.55%
for the barrel region and o/ E = 5.7%/v/E©0.55% for n = 2 (E in GeV'). The possibil-
ity of miss-identification of jets and 7% faking photons is about 15%. These numbers.
translated to the most difficult physics for the ECAL, the H — v decay, yields a mass
resolution of Amy < 0.7 GV for a simulated my = 100 GeV.

3.2.3 Hadronic Calorimeter

The hadronic calorimeter (HCAL) is built with the sampling technology and is, like
the ECAL, contained within the magnet. Copper absorbers are interleaved with plastic
scintillators with wavelength shifting glass fibre read-out. The barrel region is covered
by 10 copper layers with a depth of 30 mm each, and 10 layers which are 60 mm deep,
forcing each particle to traverse through 1 m of material, equivalent to 11 interaction
lengths. The total depth being determined by the maximum size of the magnet which
can, due to logistic limitations, not exceed a diameter d > 6.8 m, copper was chosen
due to its short interaction length, A\; = 15 em. The low Z of copper also keeps the
multiple scattering. which affects momentum resolution, to a minimum.

The same technology of alternating copper and scintillator layers is employed by
the forward region, featuring 19 absorber plates with scintillator layers in between and

covering the region 1.3 < £n < 3.0.
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Calorimetry also aims at covering the very forward region, 3.0 < 7 < 5.0 in order
to improve the measurement of the missing transverse energy and to identify and
reconstruct very forward jets. Due to an average particle multiplicity of ~ 5700 per
bunch crossing the region 4.5 < £n < 5.0 will experience a particle density of p ~
6.0 MHz/cm?. The forward calorimeter and its read-out must be able to withstand
the resulting neutron fluxes. The technique chosen consists of a copper block with
embedded quartz fibres reading out the produced Cherenkov radiation. Using this
calorimeter to achieve a hermeticity down to | n |~ 5.0, EX*¢ can be reduced by an
order of magnitude in the 20 — 120 GeV” energy range.

The importance of the HCAL is twofold. It has to measure hadronic jets and missing
transverse energy. Both are essential to detect a high mass standard model Higgs
particle through its llvy, ll57 and lvjj decay channels. Significant EF¢ is also part
of the signatures of supersymmetric particle production. With the design described
above a single particle energy resolution of o/FE = /{:/\/E + 0.05, F in GeV, can be
obtained, with k ranging from 0.65 to 1.0 for rapidities n ranging from 0.0 to 4.0.

3.2.4 Muon System

Particles that reach the muon detectors have traversed 16 interaction lengths on their
way. Thus their probability of being muons is very high. As one of the key signatures
for the existence of the Higgs particle is its decay H — 4pu, the hermeticity of the
muon detector has to be as large as possible, resulting in a longitudinal coverage up to
| n|< 2.4.

The barrel region contains four interleaving layers of muon stations and iron
layers, which form the return yoke of the magnet (see below). Each muon station itself
consists of 60-70 drift chambers with a wire length of 2.5 m and a diameter of the drift
volume of 2 e¢m, keeping the time of drift below 400 ns.

The two endcap regions are covered by four layers of disks, where the first layer
is segmented into three concentric rings of which the innermost is offset by ~ 1 m
towards the interaction point. Cathode Strip Chambers (CSCs) are the detecting
elements chosen for the endcap regions. Six layers of CSCs are stacked in each disk.
They are multiwire proportional chambers, in which one cathode plane consists of
strips orthogonal to the anode wires, providing full three-dimensional space points
with accuracies around ~ 100 um.
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When looking for the H — 4y, it will be the muon chambers that generate the trigger.
While one CSC has an uncertainty in its time measurement that exceeds the 25 ns
window of one bunch crossing, it is possible to achieve a very high efficiency in tagging
the relevant bunch crossing by combining the time measurements from several muon
stations. Indeed, combining all four endcap disks, the correct bunch crossing assign-
ment is obtained with a probability higher than 99%.

The main role in triggering, though, is played by resistive plate chambers (RPCs)
which are found in each layer in the barrel and the endcaps. These are gaseous parallel-
plate detectors with time resolution comparable to scintillators. The drift of the elec-
trons of the e~ /ion-pairs created in the 2 mm gas gap by traversing particles induces
a signal on the pick-up anodes outside the gas volume within below 15 ns. Due to the
high rates in LHC they cannot be operated in the commonly used streamer mode, but
will stay in the avalanche regime. Space information is obtained by segmenting the

anodes.

3.2.5 Magnet

In order to interfere the least possible with the operation of the ECAL and HCAL and
allow the best possible performance, the magnet forms a layer outside the calorimeters,
instead of only surrounding the tracker. Not only does the magnet generate a high
magnetic field of 4 7', but it also does this with very high uniformity over all the
enclosed volume. This allows very good transverse momentum measurements (chapter

4.4).

The magnet coil is 13 m long and has an inner diameter of 5.9 m. It produces a
solenoidal field. The superconducting cable is made of three different layers, opti-
mising electrical and mechanical characteristics. 36 strands of NbTi filaments make
a Rutherford type cable which is embedded in aluminiwn, for stabilisation and heat
transfer in the event of a quench, i.e. a transition from the superconducting to the nor-
mal state in a localised region of the coil. A further layer of aluminium alloy reinforces
the structure and carries the axial force generated by the maguetic field. This allows
a critical cwnrent [, = 62.5 kA at T'=4.2K. B = 5T. Ramp-up time will be around 4
hours, whereas in case of a quench the total stored energy in the cold mass of 2.7 GJ
can be dumped in less than 5 minutes.

The magnetic flux is returned via a 1.5 m thick saturated iron yoke (1.8 T') embedding
the muon stations. The high homogeneous magnetic field over a diameter of 5.9 m
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allows an excellent momentum resolution for charged leptons and hadrons of about 1%
at 100 GeV, while at the same time keeping the first level trigger rate for pr > 20 GeV
muons at a digestible level by bending lower momentum muons into a circle inside the

volume of the magnet.

3.2.6 Trigger

Reading out all the data generated in ~ 10° collisions each second. each one filling
9.8 - 107 read-out channels of the detector would produce a data flow too high to
cope with. Using a sophisticated trigger and read-out system the data rate can be
reduced substantially. The data acquisition process can be broken down into four
main elements: The first two, the front-end detector electronics and the calorimeter
and muon first level triggers are read out for each bunch crossing and stored in a
~ 3 us pipeline. They already provide rough information on what types of events
have happened during the bunch crossing. The other two, a high bandwidth read-
out network (~ 500 Gbit/s) and powerful on-line event filter svstem (~ 107 MIPS).
replace the second and third level trigger. With this configuration, the first level trigger
achieves a reduction from 40 MHz to 100 kHz, and the on-line filter farm further
reduces the actual number of events that are fully reconstructed to around 100 H z.



Chapter 4

The CMS Inner Tracker

New physics is expected to be encountered at LHC. In order to be prepared for the
detection of unknown particles, CMS has to be able to identify and measure particles
over a broad range of energies. For measuring their momentum and determining their
point of origin, CMS will be equipped with an extensive tracking system contained in

a 4 T magnetic field.

Figure 4.1: The CMS Inner Tracker, with a length of 6 m and a diameter of 2.6 m [32].

The physics objectives have already been presented in chapter 2. They put
stringent performance requirements on the inner tracker. One of the possible decay
channels for the Higgs particle is its decay into vector bosons, which themselves can
decay into leptons. Thus, for a precise determination of the Higgs mass, excellent
momentum resolution for leptons above a few GeV is needed. The tracks of electrons,

25
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Table 4.1: Three different detector technologies will be used for the CMS tracker, each one
providing the radiation hardness and fine granularity required by the intense particle flux
(Fig. 3.2) and at the same time keeping the necessary number of read-out channels as low as
possible while offering a good track resolution.

l ‘ radius area | # channels | resolution i Jflux (10 yr LHC) i
Silicon Pixel | 4 —11.5 cm < 1m? 4-107 15 um ~ 10%5 em—2
Silicon Strip | 21 —63 cm | ~ 75 m? 5.4 -10° 25 pm ~ 10" em—2
MSGCs 68 — 123 cm | ~ 225 m? 6.6 - 10° 35 pum ~ 10" em =2

though, might be highly affected by the material of the tracker due to the emission
of Bremsstrahlung and multiple scattering. Hence. the tracker has to be made out
of as little material as possible. But recognising this Higgs decay in a background
that is larger by several orders of magnitude is not an easy task. All four leptons
have to be detected with high efficiency and have to be identified as being indeed
isolated leptons. This requirement and the necessity of a low cell occupancy despite
the expected high particle flux ask for a high granularity of the detecting elements.
Also, radiation hardness for up to ten years of operation is of high importance.

The solution adopted for CMS comprises three different detector technologies,
see Fig. 4.1. Closest to the beam pipe are Silicon Pixel detectors, followed by Silicon
Strip detectors. The outermost region is made up of Microstrip Gas Chambers. Table
4.1 gives the details of the three types of detectors in the CMS tracker.

4.1 Silicon Pixel

Silicon pixel detectors will be mounted very close to the beam pipe. During the first
years when LHC will not run at full lwminosity, two layers will be placed at radii of 4
and 7 ¢m. In a second phase, the innermost layer will be replaced by layer at a radius
of 11.5 em. Two disks in each of the forward direction increase the rapidity coverage up
to n = 2.4. The whole pixel subsystem forims a 100 cm long cylinder, with — depending
on the above configuration — roughly 20 to 30 million read-out channels, and covers an
area of 0.4 — 0.6 m?.

The material chosen is an n-type Silicon substrate with n* implants for electron
collection. Due to the high radiation dose the detector is exposed to, type inversion
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will take place. n-pixel readout has the advantage that the depleted region will then
be on the pixel side. The presence of a non-zero drift angle (Lorentz angle, see chapter
5.1.2) is used to increase the detector resolution, as follows.

The pixel size is 150 um x 150 um. This would yield an intrinsic resolution of
150 wm/+/12 ~ 45 pm. The drift angle for electrons in Silicon in a magnetic field of

nt- pixel implants

&® B-Field (4T)

electrons

Silicon

depleted J (P-type)

E>0

jonizing | particle track \

p*- implant (-300V)

Figure 4.2: Charge sharing due to a non-zero Lorentz angle appreciably increases the spatial

resolution of the Si-pixel detectors.

4 T is 32°, spreading the electrons that are produced in a depleted depth of 250 pm of
Silicon over 250 x tan(32°) ~ 150 um, causing charge sharing between pads (Fig. 4.2).
The result is a hit resolution of 10 — 15 um in the (7¢)-direction, and between 50 and
100 pm in the z-direction measured by the barrel modules. Tilting the detectors in the
end-cap regions by 20° will permit to reach a similar resolution of 15 — 20 um [32].
Keeping the silicon cold is important to limit the noise induced by leakage cur-
rents, but mainly to reduce the effect of reverse-annealing after the onset of irradiation,
where formerly inactive defects in the material become active and trap the electrons or
holes. Thus, once the detector is in operation, it will be maintained at a temperature

of —10°C.

4.2 Silicon Strip

The intermediate region of the tracker, ranging from r = 21 ¢m to r = 63 cm, is
equipped with Silicon Microstrip detectors. The barrel segment consists of five cylin-
drical layers and six 'mini-disks’ at higher rapidities, the two end-cap regions are made
of 10 disks each. The former employs rectangularly shaped modules, whereas wedge
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shaped modules are used in the latter. Two layers in each of the barrel and the two
forward regions are equipped with small-angle stereo modules allowing to obtain true
space-points of the tracks.

The substrate is 300 pum thick n-type silicon. The pitch of the micro pattern varies
from 60 to 270 pum, for the different layers, strip lengths range between 7 and 12 c¢m.
The dimensions were chosen such that the average cell occupancy is on the order of
one per cent. The stereo modules consist of two single modules, one rotated by an
angle of 100 mrad with respect to the other. All modules are tilted by 19° in order to
compensate for the Lorentz angle (see also chapter 5.1.2).

A module with 50 um pitch reaches a spatial resolution of 11 pm in the (r¢)-
direction, with stereo modules having 100 um pitch a resolution of 34 pum can be
obtained. Additionally, the stereo modules measure the z-coordinate of the tracks
with a precision of ~ 320 pm.

Signal-to-noise ratios of < 25 can be reached for non-irradiated detectors ', Trra-
diation, however, increases the inter-strip capacitance and reduces the charge collection
efficiency such that the signal-to noise ratio would be reduced by a factor 2-3 after 10
years operation at LHC. Over-depletion, that is an increase of the bias voltage to values
higher than the full depletion point, can partly counterbalance the effect and keep the
reduction of the signal-to-noise ratio within 20%. Full efficiency is already obtained for
signal-to-noise values of 10.

Together with the pixel detectors, the silicon strip detectors will operate at a
temperature of —10°C. A thin heat shield will isolate them from the surrounding
microstrip gas chambers, which will operate at ambient temperature (18°C).

4.3 Microstrip Gas Chambers

The CMS tracker is completed by MicroStrip Gas Chambers. They have the difficult
task of covering an area of ~ 240 m? while at the same time providing a spatial
resolution better than 50 gm. Robust track identification with several thousand tracks
per event requires a low cell occupancy and thus small cell sizes. This is also lmperative
for a good momentum resolution, which in addition asks for many measured points per
track. Financial constraints limit the number of readout channels available to fulfil

this task.
MSGCs were found to be a good solution. The use of gas as ionising and

lwhen operated at a bias voltage of ~ 200 V.
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drifting medium (see chapter 5) introduces diffusion of the electrons, spreading the
charge liberated by traversing particles over several strips and allows to interpolate
the position between strips to a precision much better than pitch/v/12. The MSGC
technology also features a sufficiently fast charge collection time of ~ 50 ns, which
limits the signal pile-up to two bunch crossings (chapter 3.1.2).

The barrel region with an extension along the heam axis of 240 em consists of 6 ¢vlin-
drical layers, at equally spaced radial distances from the interaction point ranging from
68 ¢cm to 123 ¢m. Layers 1, 4 and 6 will be equipped with stereo modules. Similarly to
the above mentioned Silicon Strip stereo modules, these are two independent modules
assembled one on top of the other and slightly rotated with respect to the other which
allow a two-dimensional determination of the track position.

Along each cylindrical layer, every five modules are grouped longitudinally on
superstructures called rods (Fig. 4.3). These are light-weight carbon fibre frames on
which the modules are aligned before being inserted into the over-all supporting struc-
ture. They carry cooling pipes and distribute the high and low voltages as well as the

Figure 4.3: The rod concept: Several barrel MSGC modules are mounted on a rigid vet
light-weight carbon fibre structure that integrates cabling and cooling. These so-called rod’s

are then inserted into the barrel structure.

control and signal cables to the single modules. The barrel region will house 736 such
rods, holding a total of 5540 MSGC modules.

The two forward regions will be covered with 11 disks of MSGCs. A disk consists of
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4 concentric rings, each holding around 100 modules. These are wedge shaped with
smaller widths closer to the beam pipe.

Table 4.2 gives an overview of the different types of MSGCs that will be used in
the barrel region of the CMS tracker. Strip lengths of 12.5 and 25 ¢cm are used in order
to keep the cell occupancy below a few percent. The work in this thesis only deals with
prototypes of modules designed for the barrel region of the CMS tracker. and thus.
whenever 'MSGC’ or ‘module” or ‘chamber is written, 'barrel MSGC’, barrel module
and ’barrel chamber’, respectively, should be understood. A picture of a 10 x 25 cm?
MSGC module is shown in Fig. 4.4.

Figure 4.4: A 10 x 25 cm? MSGC module. In the right side the high voltage hybrid can be
seen, the left side shows the low voltage hybrid with the four PreMux chips, each reading out

128 strips.

4.4 Performance of the tracker

At the time of the assembly of the detector. each of the three subsystems is aligned
mechanically, for the MSGCs also a system as described in chapter 6.3 is used. The
precise position of the modules within the tracker is recorded with laser heams. The
final alignment, however, will be done online once CMS is in operatiown, using high

energetic lepton tracks.

With the adopted solution for CMS as described previously, the position of the track of
each particle traversing the tracker is measured at least eight times within the tracker
(Fig. 4.5a), without putting an excessive amount of material in its way: the material
encountered by a traversing particle does not exceed 0.9 radiation lengths (Fig. 4.5b).
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Table 4.2: The different types of barrel MSGC modules used in CMS. The ’two-dimensional’
configurations are made of two layers of MSGCs, the second layer being rotated with respect
to the first. In the z-direction, a spatial resolution of 300 pum is sufficient, which allows
to enlarge the pitch of the stereo modules to 400 pm and halve the number of electronics

channels.

type | module length 1] | steip leugth [nun] | # strips

1-dim 250 250 512
125 125 512
250 2 x 125 2 x 512

2-dim 250 250 2 x 256
125 125 2 x 256
250 2 x 125 2 X 2% 256

This is important for ensuring a good momentum resolution by reducing the amount
of multiple scattering. A second aspect is the production of Bremsstrahlung photons
which could reach the electromagnetic calorimeter (ECAL) surrounding the tracker.
An excessive amount of Bremsstrahlung would limit the capabilities of the ECAL to
detect especially the decay H — ~v. For the same reason, an additional shielding
surrounds the whole tracker.

To be successful in pursuing the physics goals as described in chapter 2, the following
requirements are imposed on the tracker:

o) reconstruction efficiency > 98 %,

o) rate of erroneously reconstructed tracks < 1 %,

e) momentum resolution around Apr/py = 0.15 pr [TeV/c].

To allow the desired track reconstruction efficiency, each of the three technologies used
in the tracker has to deliver a hit efficiency of > 97 %. Furthermore. the Silicon
Strip and MSGC modules are mounted in the tracker with a slight overlap so that
particles cannot escape mndetected throngh insensitive “cracks. The tracker covers
the whole rapidity range up to —2.5 < 7 < 2.5, In this volume the trajectory of
each traversing particle is sampled between 8 and 13 times, where more than half
of them are true space points ? . Together with the high magnetic field of 4 T and
the good spatial resolution of the detectors as described in this chapter this makes a

2This is true for particles with pr > 0.8GeV. Particles with lower momentum do not escape the
magnetic field but spiral into the end-caps.
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Figure 4.5: Number of layers versus rapidity: The position of the track of each particle
traversing the tracker is measured at lcast eight times to allow precise momentuin recon-

struction. Still, the necessary material does not exceed 0.9 radiation lengths.

Table 4.3: Reconstruction efficiencies of the tracker for different particles above a min. py .

min. pr ’ ef [ reconstr. l

muons 1 GeV 98 %
charged hadrons | 10 GeV 95 %

1 GeV 85 %
electrons 10 GeV 70 %

momentum resolution Apy/pr = 0.15 pr & 0.5[T eV /c] possible for | n | 1.6, gradually
degrading by a factor 4 when 71 approaches 2.5. In combination with the muon chamber
system the momentum resolution for muons with p > 100 GeV can be parametrised as
Ap/p = 0.045 \/p [TcV] for n = 2.0, resulting in a momentum resolution better thau
10% even at 4 TeV .

The fine granularity of the detecting elements is also crucial for disentangling
the tracks of the several thousand particles created in each collision. This situation
is illustrated in a simulated bunch crossing shown in Fig. A.1.  Transverse impact
parameter resolution is better than 35 um, in the direction of the beam it ranges
from 40 to 200 wm in both cases for particles up to n £ 2.5 and pr > 10 GeV. The
reconstruction efficiencies for various particles is given in Table 4.3.



Chapter 5

Microstrip Gas Chambers

i 1968 Chiarpak [37] introduced the wultiwire proportional chamber (MWPC). Basi-
cally representing a series of parallel wires, each acting like the wire in a proportional
drift tube, the MWPC allowed to determine the space-like position of the track of a
traversing particle. First prototypes already achieved a resolution of a few 100 pm. In
1978 a 10 x 10 em? chamber was built that featured a resolution of 60 wm [38]. During
the last decades MWPCs have become a well established detector technology. In one
form or the other, they can be found in all four LEP experiments at CERN and have
operated reliably for almost ten years.

In 1988 Oed [39] proposed a new detector technology. Starting from the experi-
ence gained with MWPCs he developed a miniaturised form of this device. Sense wires
suspended in the gas are replaced by metal strips that are etched on a glass substrate in
a photolithographic process. Thus, the distance between wires could be reduced from
a former 1 mm to a few 100 pm without encountering problems due to electrostatic
forces between the wires. This allows the new technology to deal with much higher
particle densities. as the occupancy of the particle sensing elements is kept low.

5.1 Working Principle of Gaseous Detectors

Electrically charged particles traversing a medium interact inelastically with the atoms
of the medium, thereby loosing energy along their path. These interactions are of
electromagnetic nature, since the strong and weak interaction probabilities are many
orders of magnitude smaller. Depending on the mass and initial energy of the incident

33
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particle, the probability for different electromagnetic interaction processes can vary.
One way is the collision of a particle with the atoms of the medium leading to

excitation of the atoms (possibly followed by the emission of photons) and ionisation.

It is these processes that create the primary electrons which trigger the signal formation

in the MSGCs.

5.1.1 The Ionisation Process

A charged particle loses some of its kinetic energy by knocking out one or more electrons
from the atoms it encounters when traversing matter. In a gaseous medium, typically
a few tens of eV are necessary to produce one electron-ion pair, around 10 times more
than what is needed in a semiconductor. The primary electrons themselves can have
enough energy to further ionise atoms, usually close to the original track !. These
newly liberated electrons, together with electrons emitted from atoms in metastable
states created by the original particle are called secondary electrons.

They form clusters with a cluster size distribution that can be determined by
Monte Carlo simulations or experimentally, by e.g. [40] (see Fig. 5.1). The number of
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Figure 5.1: Experimental cluster size distribution for Argon as determined by [40].

clusters k produced by a particle traversing a certain length L of gas follows a Poisson

1High energetic electrons (Delta electrons) and photons can create electron-ion pairs at much larger
distances — an unwanted effect whose occurrence can be reduced by adding so-called quenchers to the

gas (see later).
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distribution

P(L/\ k) = (Lg\)k exp(—L/k), (5.1)

where \ is the mean free path between collisions, A = 1/(N¢), with N the density of
electrons in the medium and o the interaction cross section per electron. Thus, once
cluster size and number-of-clusters distributions are known, the energy loss distribution
F(E) of a traversing particle can be obtained by convoluting the two distributions.

Following general arguments, Landau [41] determined an analytic expression by
making the ansatz

—a%F(I, A) = /F(E) [F(z,A — E)— F(z,A)]dE, (5.2)
0

where F'(x, A) denotes the probability that a particle looses the energy A over a path

length x. Iuserting for £ (v, A) its Laplace representation F(w, p) = ) Fle,Aje =dA,

the differential equation can be solved. Using the do/dE ~ 1/E? for Rutherford scat-

tering 2 in order to calculate F(F) analytically, Landau obtained a general expression

for the energy loss distribution: It can be expressed with a generic function .
A= App
£
with A, being the most probable value of the energy loss, and { =z -p- Z/A-1/ 32 -

0.1536 MeV/(g/cm?) being the width of the distribution.
®(\) can be approximated as

F(e,A) = ), (5.3)

O(N) =

%127 exp (%u + exp(—:r))). (5.4)

The average energy loss of a particle traversing a medinm has been caleulated
by Bethe in 1930 and is expressed in the Bethe-Bloch formula [42],

dE  4wNgpe' Z 1, 2me? , 5, 5 0(0)
du me? AP T el 2 (5:5)

I is the mean energy necessary to produce one electron/ion pair, and is shown in

Fig. 5.2.

2This expression is valid if the energy of the traversing particle is much higher than the highest
atomic binding energies of the medium. In this case the traversing particle sees the electrons as free

electrons in the collisions.
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Figure 5.2: Estimates of I for some elements [43].

5.1.2 Drift of Electrons

The common theme among all drift chambers is the three step sequence "creation of
primary electrons — moving of these electrons to a multiplication region — and multi-
plication and signal detection”.

The movement of the electrons is governed by the electric field in the chamber (the drift
field) and — possibly — a magnetic field present in the detector. The general equation

of motion can be written as
mv = eE + e(v x B) — Rv, (5.6)

where the friction term R is is a function of the mean free path of the particle in the
gas. When we look for the steady state v = 0, and define 7 = m/R a constant of
dimension time and w = (e/m) | B | the cyclotron frequency, Eq. 5.6 reduces to a set

of linear equations in (.. v,. 0. ).
Mv =¢/m E, (5.7)

where (e/m) M™~! is a tensor, called the mobility. Explicitly writing out and inverting
M we get

v="Sr|EB| ﬁ(e +wr(e x b) + (wr)X(e - b)b). (5.8)

where e and b are the unit vectors in direction E and B, respectively.
In the absence of a magnetic field, v is parallel to E and the mobility tensor reduces
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to a scalar u =| v | / | E |= e¢/m 7. From the microscopic point of view, the
electron scatters isotropically on many atoms along its way. Between collisions it gets
accelerated by the electric field. If 7 denotes the time between collisions, the electron
gains in speed by Av = (e/m)ET, which compares with the macroscopic considerations
above and gives an interpretation of 7 as the mean time between collisions.

In the case of the CMS barrel region. a solenoid produces a magnetic field parallel
to the axis of the detector and orthogonal to the clectrie field i the MSGCs, (e-b) = 0.
Let B= (0,0, B,) and E = (E,,0,0), and we get from Eq. 5.8

v, = 0, tany = :7—” = —wT . (5.9)
N

1 is called the Lorentz angle. It is the angle between the electric field and the actual
direction of movement of the drifting electrons. We see that this angle does not depend
on a rotation of the coordinate system in the (&, y)-plane. or equivalently, on a rotation
of B in this plane. Thus, by tilting the MSGCs in CAMS by an angle v, it is possible
to make the drifting electrons move on a path parallel to the track of the original
particle coming from the interaction point. This improves the position resolution of

the detector, as illustrated in Fig. 5.3.

= ®

high Pt track high Pt track

Figure 5.3: Correction of the Lorentz angle in the barrel MSGCs. By tilting the chambers

the position resolution can be improved [32].

5.1.3 Charge Amplification

The closer the drifting electrons come to the positively charged electrodes, the more
they become accelerated by the electric field which increases with decreasing distance r
to the wire as E ~ 1/r. Thus, if only the electron is sufficiently close to the wire, it can
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gain enough energy between collisions with the gas atoms to collide inelastically and
liberate another electron in the gas which itself can ionise further atoms, and charge
multiplication sets in. This avalanche continues to grow and move towards the anode
until all electrons are collected by the wire, and the ions are left over. This process
takes only fractions of a nanosecond.

Different scenarios of avalanche development depending on the strength of the electric
field ave possible: When the field is too low, electrous and fons recombiue before the
electrons can reach the wire. In an intermediate regiou the amount of charge in the
avalanche is proportional to the number of electrons that started the avalanche. If the
field strength is very high, the increasing space charge of the positive ions reduces the
effective field, and proportionality is lost. Increasing the field even further gets the
chamber first into the streamer regime and then lead to a breakdown, i.e. a complete
discharge of the chamber [44].

The proportional reginie is characterised by an increase of clectrons in the avalanchic
proportional to the number of existing electrons, the change per path length being
AN = Na-As, where «, the so-called Townsend coefficient, depends on the interaction
cross sections of the gas. Integrating from the furthest distance from the wire s,,;,
where amplification sets in, up to the wire radius a, we get the ratio of total to initial

number of electrons.
a

= exp / a(s)ds. (5.10)
Assuming o to be proportional to F, o = SE, and substituting ds — dF via E = k/r
in Eq. 5.10, Diethorn [45] derived an expression for the gain G = N/N

N
No

k
InG = pkln T (5.11)

A Lomin

The factor of proportionality /7 between o and E can be interpreted in the following

way: The potential difference AV between a and s,,;, is

Smin

AV = / B(r)dr = kln Smin — gy _F (5.12)
a CLEmm

a

If the average energy to liberate one electron is I, Z = AV/I generations of electrons
are produced, with a total number of G = 27 electrons. Inserting Eq. 5.12 into the
expression for Z and using Eq. 5.11, we get § = In2 / I. We see that in this model,
the Townsend coefficient is proportional to E/I.
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5.2 The detecting elements

Fig. 5.4 shows the cross section of an MSGC. On a glass substrate with an area of up to
10 x 25 c¢m? a strip micro pattern is etched. Above the substrate a 3 mm high gap filled
with gas serves as the ionisation medium. The micro pattern consists of an alternating
series of gold strips. being anodes and cathodes, 7 and 93 pwm wide, respectively, and
up to 25 em long. Their thickness s ~ 0.6 pm.

The drift plane that together with the substrate and the PEEK ? frame, delimits the

Drift plane
; e ————]

Cathode \ Anode \ ]:3mm

Ll H Glass substrate

93um 7um

200um

Figure 5.4: Cross section of an MSGC module.

gas volume, is made of metalised carbon fibre. A high electric field between drift
plane and substrate makes the electrons liberated by a traversing ionising particle drift
towards the substrate. There, a negative field from the cathodes to the anodes focuses
the electrons towards the anodes where the electron multiplication takes place. The
signal induced by the resulting ions drifting in the opposite direction is read out from
the anodes. Fig. 5.5 shows a sketch of the electric field lines in the MSGC'

The substrate is made of glass (Desag D263). Being an insulator it has the disad-
vantage of charging up when an clectric field is applied to the cathodes tor electron
multiplication. This is due to the fact that not all field lines emerging trou the anodes
reach the cathodes but end on the substrate. Thus, ions following these field lines end
up on the substrate, reducing the original electric field. This can reduce the gas gain by
up to a factor 4 [47]. The process is a short term effect and reversible, but much slower
than the response time of the detector and harmful side effects are non-uniformities in
gain which are introduced over the active chamber volume.

In order to reduce the decrease in gain to ~ 10%, a thin conductive layer is
deposited onto the substrate before etching the strip pattern onto it. This is achieved

3Poly Ether Ether Ketone
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Gas: Ne 40%, DME 60%, T=294 K, p=1 atm Particle: m(140), Ekin=350 MeV
T T T T T T T T T T T T T T T

P‘-

Gas Gap [cm]

022

0,2-:
U.IX.
0.16 -
0.14 +
012§
0.1+

0.08 -

0.06 -

004
i

0.02

-
\
|

e
:
Substrate [cm]

€00
Y00
SO0
90°0
LOON
80°0

Figure 5.5: The electric field in an MSGC. Electrons of ionised atoms along the track drift
along the field lines towards the anodes. (Ficld simulation using Garfield [46])

by sputtering a less than 1 pm thin layer of Pestov glass — a semiconductive glass with
electronic conductivity — onto the substrate. Unfortunately such a conductive layer
reduces the gain of the chamber by modifying the electric field near the electrodes,
which has to be compensated by operating the chamber at higher voltages. It has
been shown that with the highest surface resistivities of ~ 10'% Q/00 compatible with
the goal of keeping the charging-up effect lower than ~ 10%, a moderate increase of
AV inode = 15V is sufficient to maintain the desived gain [47].

The anode and cathode strips are made of gold. Advantages are a low resistivity
(< 40 ©2/cm), which reduces signal attenuation along the strips and reduces noise, and
its chemical inertness: Gold does not react with the ions produced during the mul-
tiplication process, and also makes it difficult for polymers originating in the gas to
attach to the strips. Thus, this choice of material helps to drastically reduce aging of
the MSGCs (see chapter ?77?).

The patterning technique chosen for etching the electrode structure is a suc-
cession of photolithographical definition of the strip pattern, metal deposition and
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chemical lifting off of the unwanted metal (see Fig. 5.6).

SUBSTRATE CLEANING METAL DEPOSITION

coating

COATING LIFT-OFF PROCESS

L photopolymer .~ polyimide

PHOTOLITOGRAPHIC PROCESS EDGE PASSIVATION
AND PLASMA CLEANING

Figure 5.6: The patterning technique: Before the metal deposition a photopolymer covers
the areas of the already coated substrate which should be left blank. It is then chemically
washed away (lift-off process). In a last step the critical edges of the pattern structure are

passivated [32].

On the edges of the micro pattern strips the electric field gradient takes its max-
imum values. There, electrons can be extracted and initiate a discharge of the whole
cathode to the anode, which could — in extreme cases — damage the anode. The prob-
abilitv of discharges limits the range of safc operating voltages. In order to increase
the safety margin, both ends of the strips are 'passivated’: besides rounding off the far
end of the anodes (Fig. 5.7) a 200 pm wide polyimide layer is added on top of the gold
patteri. at the detector border across all strips. This material has o very high dielectric
strength of ~ 30 kV/mm. Similarly, all cathode edges are covered by a few pm thin
layer (Fig. 5.4) - this prevents electron extraction but does not alter the electric field
at the anodes significantly [48].

The gas used in the active volume of the chambers is a mixture of neon and DME 4,
in the ratio Ne/DME = 40/60. Several consideration had to be made before choosing

4DME ... Di-Methyl Ether.
Ionisation density = number of primary clusters x cluster size = 60 x 3 e~ /cm at 2 GeV/c

Ionisation potential = 10 eV
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Figure 5.7: Detail of the micro pattern structure: the anode edges are rounded to reduce

the risk of discharges [32].

this mixture:
— dE/dx and gas gain high enough for an acceptable signal-to-noise ratio,
- fast primary charge collection but small Lorentz angle,
— the least possible aging,
— lowest possible working voltages and maximum safety margin.

The best compromise considering all the above requirements was found to be a mixture
Ne/DME=40/60. The total primary charge liberated by a minimum ionising particle
in this gas is ~ 40 e™, as compared to ~ 60 e~ in pure DME. but high gains can be
reached at lower voltages and thus full efficiency at LHC runming conditions is already
obtained at Vigihoqe = 520 V.

At this operating point the safety margin is around 100 V' (sec chapter 5.6). This is
due to the fact that DME is a very effective UV photon absorber, whereas Neon, as
opposed to Argon or Xenon, is a moderate UV scintillator [49]. The danger with UV
photons is, that they can extract electrons from the metal electrodes. which induce
discharges in the case where electrodes are very close to each other, like it is the case in
MSGCs. But also the production of polymers in the avalanche plasma, and thus aging
by electrode coating, is catalysed by UV photons. However, the use of DME brings
some complications. Apart from being a poisonous and flammable gas and thus must
be treated with special care, it is also highly chemically reactive, which compels the
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use of stainless steel tubes, special epoxy glue 3 and crystalline PEEK for the chamber
frame and gas system sealings.

5.3 The Electronics

5.3.1 The High Voltage Part

Discliarges of the cathodes to the anodes constitute the wain physical process that
can limit the lifetime of the MSGCs at high rates with heavily ionising particles. 512
cathode strips are supplied with a voltage Vegthose = 520 V' at nominal working condi-
tions. The capacitance of the 25 ¢m long strips is 8 nF. In case of a discharge of the
cathodes. the energy stored in the whole detector capacitance would thus be sufficient
to destroy the anodes which have a diameter of only 7 x 0.6 g™ [48]. Iu order to
reduce the charge that is released in such an event, the cathodes are subdivided into
groups of 16, each group being connected to high voltage via a 100 kS resistor (see
Fig. 5.9). Fig. 5.8 shows two current spikes in an MSGC recorded during operation in

— 900 £ — 900 £
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= g0 =< o900 E of ADC
N — - -
§ 600 £ § 600 -
S5 500 E 5 500 E-
Q = (@] =
400 - 400 £
300 E- 300 E-
200 200 -
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-100 L L | ] 1 | I -100 1 1 | | |
3000 3200 3400 2000 2200 2400
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Figure 5.8: Currents spikes measured during operation of the chamber in a 350 MeV 7"
beam. (a) is a current spike corresponding to a streamer triggered by the passage of a nuclear

fragment, (b) shows a discharge of a group of 16 cathodes.

a beam similar to the secondary particle spectrum at LHC. For the final power supply
system that will be used in CMS, each group of 16 cathodes will be equipped with a

5 Araldite 2011, produced by CIBA, GB. See also [50]
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100kQ
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Figure 5.9: The resistive network supplyving high voltage to the cathodes.

remotely operable switch, to allow single groups to be turned off in case of faults like
e.g. electrical shorts between anodes and cathodes that develop during operation of
the detector.

The drift plane is fed with 3500 V' over a 50 M) protection resistor. Cathode- and
drift current will both be monitored to a precision of ~ 1 nA by the power supplies
(C.A.E.N. SY694 systems).

5.3.2 The Read-Out Chain

Each strip is connected to a charge sensitive amplifier with a time constant of 50 ns.
As a first level trigger decision can take up to 3 us, the analog signals have to be
temporarily stored in a pipeline. A deconvolution algorithm can then reconstruct the
appropriate amount of charge collected by the strip for the bunch crossing of interest.
Via a multiplexer the pulse-height of all 512 strips is then sequentially transferred to
optical converters and sent to the underground counting room via 100 m long fibre
optic links.

There, the Frout Eud Driver (FED) digitises the analog data, perforins pedestal
subtraction and keeps the information available for the higher level data acquisition.
Eventually some cluster finding algorithin could be implemented in order to reduce
storage and data transfer requirements. A detailed discussion of the clectronics can be
found in [51].

To date, this electronics has been developed and is in its test phase [52]. However, the
MSGC modules that were investigated for this thesis have not yet been equipped with
the new electronics. Instead, the non-radiation hard PreMux electronics was used,
which is in its main features (amplifier, shaper) equivalent to the final electronics, and
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only lacks the deconvolution circuit for bunch crossing identification.

Multiplexer Flash ADC  Sequencer

I
4x i ! VME system

Anode Strip

L]

128x

Scintillators & PMT's
T

L

Trigger Card

Figure 5.10: Schematic picture of the PreMux clectronics and read-out chain employed by

all the MSGCs used in the laboratory and test beams during this thesis.

The on-board electronics of each MSGC contains four PreMux128 chips, each
reading out 128 anode strips. Each channel features a pre-amplifier, a shaper and a
double correlated sampler. An analog multiplexer transfers the pulse height informa-
tion of all channels to the VME based 1 MHz Flash ADC (’Sirocco’) via a differential
ECL cable. The whole chain is controlled by a sequencer, which itself is timed by the
external trigger system. Both the flash ADC and the sequencer have been developed

at LEPSI, France [53].

The charge sensitive pre-amplifier produces an output of 5 mV” for every 24000 electrons
generated at the anode. In order to shorten the vesulting signal, a shaper is used, whose
output peaks at ~ 45 ns after the avalanche creation at the anode. The purpose of the
double correlated sampler is the following: Two samples of the output of the shaper
are taken - one at the expected time of the peak of the signal and one 800 ns after,
when no signal is present — and stored intermediately in two capacitors (2 pF each).
By looking at the ditference between the charges stored in these capacitors, the anodic
charge can be deduced, while errors due to e.g. radio frequency interference can be
eliminated (see Fig. 5.11). This difference in charge is then again amplified and sent
to the external ADC.
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correlated sampling is performed.

5.4 Analysis of MSGC Signals

At each trigger the 512 anode strips are read out sequentially and the output is digi-
tised. In order to obtain information on where the triggering particle has traversed the
chamber, several steps of signal processing are necessary.

1. Baseline jumps: In a first pass events in which more than ten consecutive
readout channels show increased ADC values are marked as 'bad’, as they are
manifestations of so-called base line jumps of the pre-amplifier electronics. caused
by pickup noise or mismatch of timing signals.

2. Pedestal subtraction: An overall ADC offset per event is subtracted from the
data represented by 512 x 2 bytes per event.

3. Common Mode subtraction: The pre-amplifiers connected to the strips are
erouped in units of 128 onto one read-out hybrid, the PreMux chip, of which
there are four for cach NISGC. Naturally they can vary [rom cach othier and show
individual base line shifts. Thus, for each group containing 128 strips a conmmon

nical is calculated and subtracted [roni the data.

1. Noise calculation: For each strip the pedestal and conmon mode subtracted
RMS of its ADC value over all events is calculated. This gives the noise for each

strip.

5. Hit finding: Each traversing particle creates a cluster: Due to charge diffusion
not only one strip gives a signal but several adjacent strips share the signal.
In analysis terms a cluster is defined as the maximal group of strips with a
Signal/Noise > 3 that contains at least one strip with a Signal/Noise > 6. The
ADC values of all these strips are added and give the total ’cluster charge’.
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6. Crosstalk correction: As seen in Fig. 5.9, cathodes are connected in groups of
16 to the high voltage. When a signal is created on one anode by the ions moving
towards the corresponding cathode, charge is drawn from that cathode, which is
replaced by charge that the cathode 'borrows’ from the 15 other cathodes in its
group. Thus, signals of the opposite sign are induced on the anodes belonging to
those cathodes. which shifts the base line of the ADC signals. This cross talk is
corrected Tor auring the analysis as graphically illustrated by Fig.o 512

7. Tteration: Pedestal. common mode and noise calculation for each strip are cal-
culated over all events in which that strip is not hit. As a hit is ouly detected
by the analvsis alter the above values arve caleulated. which thenselves are dis-
turbed’ by non-detected hits, an iterative procedure is used which repeats the
above sequence of points 1-5, until no new hits are identified during the iteration.
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Fioure 5.12: Cross-tatk betweewn strips corresponding to the same group ol 16 cathodes.
o te) O

5.5 Basic Performance of the MSGC

5.5.1 Gain of the MSGC: gain(V,, V;, Ne%)

The role of various factors influencing the gain of the MSGC was investigated, using a
3% 3 ¢m? small MSGC built with the same materials and featuring the same geometry of
the strip pattern as the chambers that will be used in CMS. The electronics connected
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to the chamber was PreShape32 with Laben 5185 pre-amplifiers. The chamber was
irradiated with an Fe® source. For the gain measurements the pulse height of the
signals was measured with an oscilloscope and converted into the equivalent gain of
the chamber using the formula

650

T 1
bd - ct - n, (5.13)

gain = - pulseheight[mV/],
where bd = 0.65 denotes the ballistic deficit duce to the shaping of the signal, ¢t = 0.8
Is the capacitive crosstalk between two strips. and n, = 200 is the number of primary
clectrons created on average in the gas by the photons [romn the Fe™ source. I order
to restore the baseline of the read out chianncel shortly after the creation of the signeal
by the avalanche process, the signal is shaped, i.e. its tail is suppressed, and thus
the pre-amplifier only sees part of the whole charge of the avalanche. The difference
between the amplified charge and the total charge collected by the strip is called the
‘ballistic deficit’.

In order to collect all the electrons created liberated in the gas by the incident photons,
four anode wires were grouped together before being fed into the pre-amplifier. Two
wires on each side of the group of four were used as a veto: Whenever a signal was
detected on these wires. the event was rejected. because the size of the electron shower
would, in such a case, have been bigger than the area covered by the four read-out

wires (see Fig. 5.13). A proportional tube was inserted into the gas system at the

Y->c”

Anode strips

7

NaNZar
L —

Figure 5.13: The read-out of the anode strips. Only events whose avalanche was localised
to not more than the group of four connected strips were recorded.

output of the MSGC to monitor the consistency of the gas mixture by measuring the
gain within he proportional tube.

In Fig. 5.14 we can see a graphical representation of the gain as a function of drift-
and cathode voltage, taken with a gas mixture Ne/DME=33/67. Several mixing ratios
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have been investigated, and the results are summarised in the appendix, Fig. A.6
and Fig. A.7. The left plots shows the exponential change of gain with the cathode
voltage, with different symbols indicating different drift voltages, the right plot shows
gain = gain(Vy)v,—const- Fig. A.5 is the legend explaining the different symbols.
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Figure 5.14: Gain in a Ne/DME=33/67 mixturc. Scc the text.

Choosing one working point (Viainode, Varige) and varying the Neon/DME ratio, we
observe an exponential dependence of the gain on the Neon concentration,

gain = 111.2 - exp 0.0411 - Ne%. (5.14)

Fig. 5.15a shows the corresponding fit. The sawe behaviour was also observed with a

proportional tube (Fig. 5.15b). Thus, making the aunsatz
gain(VC, th NeO“O) — N. ep,\"f,’% ) (\n.(\'(,+/;4\}1). (515)

and performing a three dimensional fit to all the data, we obtain

gain(Vc, ‘/d’ N@%) =1.89. 10—2 . e0.04:05~Ne% X e0‘0152~(V.:+0.O30~Vd)7 (516)

which deviates not more than 10% from the data (corrections for pressure variations
during the time of measurement have not been done). We see that for the chosen
geometry the field gradient responsible for the gas amplification is determined by a
combination of cathode- and drift voltage where the drift voltage has an influence of

about 3%.
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Figure 5.15: Dependence of gain on the Ne%. (a) MSGC. (b) drift tube.

5.5.2 Signal variations with pressure

The MSGCs when operated are exposed to fluctuations of the pressive of the gas due
to changes of the atmospheric conditions. Thus, to guarantee good performance also
under the worst possible working conditions, the effect of changing pressure on the
performance of the chamber has to be determined.

Two effects influence the behaviour of the signal: An increase of pressure leads
to a reduction of gain due to a reduction of the mean free path between collisions. Less
secondary ionisation can occur because the electrons have less space to gain sufficient
energy in the clectric field to ionise gas atoms. At the samc an increase ol pressure
leads to an increase of primary ionisation due to a higher gas density. The first effect
reduces the gain expoucntially, the second increases the sigual cinplitude linearly with
increasing pressure. In everyday life, however, pressure changes due to fluctuations of
atmospheric conditions are rather small, so that both effects go approximately linearly
with the pressure. and. as the results will show, almost counterbalance ecach other.

The measurements were done with a VME setup using a LeCroy 1182 ADC. The
schematics of the setup is depicted in Fig. 5.16 The chamber under test was flushed
with a constant gas flow of 3 [/h. By reducing the opening of the output of the
chamber with a needle valve, the pressure in the chamber could be increased, as shown
in Fig. 5.17a. An electronic micro-manometer gave precise pressure readings between
1 and 25 mbar.

Three different working points (Veathode, Varift) Where chosen with gains of 1000, 2000
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Figure 5.16: Read-out logic of the 3 x 3 ¢m? MSGC. The inputs "4xOR’ and "VETO’ come
from the two groups of strips depicted in Fig. 5.13.

Table 5.1: The gain variations with pressure for different nominal gains. The quoted values

give the decrease of signal in % / mbar

|/JV€ (y/

gain=2000 l gain=3000 1

¢ain=1000

33% | 0229 | -0.26% | -0.25%
50% | 020% | -0.27% | -0.21%
67% | -0.15% | -0.16% | -0.19%

and 3000 for each of the gas mixtures Ne/DME=33/67, 50/50 and 67/33. The drift
plane of the chamber was reinforced by a plate of Vetronite in order to suppress possible
mechanical deformations of the gas voluine by pressure differences. For each initial gain
in each gas mixture. the signal was measured as a function of pressure.

Table 5.1 gives the results for different combinations of gain and Ne/DME ratio:
The numbers give the signal drop in percent of the initial gain per mbar. It is scen
that the influence of pressure differences up to 20 mbar are rather small, on average
about —0.2% / mbar.
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Figure 5.17: The pressure control system (a), and the decrease of the signal for increasing
pressure for a Ne/DME=50/50 mixture at initial gain=2000 at 0 mbar over-pressure (b).

5.5.3 Mechanical deformation due to over-pressure

More significant than the effect it has on the gas is the effect over-pressure has on the
electrical field in the chamber by mechanically altering the geometry of the chamber.
The deformation of the PEEK drift plane and of the glass substrate of a 10 x 10 ¢m?
MSGC (Fig. A.2) as a function of gas over-pressure was investigated. The chamber
was put under a microscope and with the gas output closed, a static pressure of 1 and
2 mbar was applied at the input. The microscope was focused onto the drift plane at
various points across the surface of the plane. and the deformation of the plane was

read off the adjustment screw of the microscope.

Such deformations influence the gain uniformity of the module. The electric field
around the anodes is determined by a combination of drift- and cathode voltage
(Eq. 5.16). Enlarging the distance between clectrodes and drift-plane has the same
effect as reducing the drift voltage while leaving the chamber geometry unaltered and
thus will decrease the field strength of the drift field and reduce the amplification.
Fig. 5.18 shows the measured deformation across the chamber of both the PEEK drift
plane and the glass substrate. The deformation increases linearly with the applied
over-pressure (Fig. 5.19). Using Eq. 5.17 it is possible to calculate the displacement ¢
of the centre of the drift plane and the glass substrate,

Cs b*

T 5 D, (5.17)

deformation ¢ =
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Figure 5.18: Deformation of the MSGC duc to over-pressure. (o) PEEK drift plane, (b)

300 wm glass substrate.

where Cj is a form factor, C5 = 0.0138 for quadratic plates, b is the size of the plate,
d its thickness, I Young’s modulus and p the applied pressuve. With b = 10 cm.
d =300 gm and E = 70-10° Pa 8, this gives a displacement of 74 g /mbar. which is
well in accordance with the experimentally measured value of 78 wim at 1 mbar.

Finite elements calculations [54] recommend using a drift plane made of carbon fibre
epoxy to give more rigidity to the module. This material has a thermal expansion
coefficient similar to the glass substrate, which helps avoid a bi-imetal-like bending of

the chamber when temperature fluctuates.

An example of an NMISGC which exhibited o stonificant non-uuiformity in cain is inves-

tigated 1 chapter 6.2.

5.5.4 Effects of high rates

At LHC, the detectors will be faced with an extremely high flux of particles. Near the
anodes, each particle generates a lot of gas ions, which drift along the field lines to
the cathodes. Two known scenarios where these ions can have negative effects on the
performance of the chamber are described in the following. Both lead to a reduction
of gain of the chamber. Charging up of the substrate happens one on a time scale of

8For PEEK, E = 3.85 GPa, for Vetronite E = 23 GPa.
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Figurc 5.19: The lincar behaviour of the deformation as a function of overpressure at the

centre of the chamber.

seconds, aging of the electrodes during several years.

5.5.4.1 Reduction of gain due to ’charging up’

The MSGCs, coming as close as 60 cm to the interaction point will be exposed to a
rate of particles of up to 6 kH z/mm?, each particle producing an avalanche close to the
substrate. Thus. charging up of the substrate can become a substantial problem. It is
addressed with a thin laver of slightly conductive material that is sputtered onto the
substrate to allow a ‘draining’ of the charge that lands on the substrate. as desceribed in
chapter 5.2, Fig. 5.20 shows that this coating indeed gives a substantial safetv nargin
agalnst charging up as compared to uncoated substrates: In the laboratory. an N-ray
source with a rate of 100 kHz/mm?* was pointed onto the chamber, and no decrease
in signal current — which would indicate a gain reduction — could be observed.

5.5.4.2 Reduction of gain due to ’aging’

Aging is an important issue when developing a new detector technology. Even more so
for the MSGCs at CMS: The detector will be operated continuously for several years
without the possibility of having access and changing parts. Thus, all teclinologics
must work in a predictable way, and not deteriorate excessively during operation.
Aging in wire chambers and thus also in MSGCs denotes the effect of constantly
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Figure 5.20: Charging up of the substrate would lead to a reduction in gain after the onset
of irradiation. Coating of the substrate makes the MSGCs immune to this effect up to rates
well exceeding the rates expected at LHC [47].

decreasing gain of a chamber over a long period (i.e. more than hours) of time. It
is due to a growing layer of insulating material that gets deposited along the readout
strips. The material consists mainly of polymerised organic compounds that originate
from the gas. In the course of operation of the chamber, gas molecules become ionised
in the avalanche and UV-light and can fuse together. As this happens in the vicinity
of the anodes, they become deposited there. Being insulating, they can charge up and
cause a weakening of the field gradient close to the anode strips and thus a reduction
of gain.
For the MSGCs at CNIS certain nweasires are taken to reduce the effect ol aviie
as much as possible:
lowest possible gas gl to winiisc the charge produced at the stiips
— gold strips, as gold is chemically inert and makes attachment difficult
— a gas mixture that does not lead to polymerisation: Neon produces little and
DME absorbs very well UV photons. and on the other hand is difficult to
polymerise.
— clean gases and distribution system and only tested materials and glue used
for chamber construction.

In the laboratory [32], more than four years of operation at LHC were simulated with
a high intensity Fe®® source (Fig. 5.21).  The maximum current density at LHC
that the MSGCs will experience is p; = 70 - 10%¢~ /particle x 10* particles /s/mm? =
0.1 nA/mm?. The current density achieved in the lab was 1.4 nA/mm?, giving an
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The fluctuations are due to day/night changes of temperature [32].

acceleration factor of 14. As the test lasted for 35 days. it covered a time equivalent to
4.2 years of operation at LHC (one nominal LHC year = 107 s).

5.6 Performance in test beams

The cluster size has been determined as a function of the neon concentration in the gas
at working points with full detection efficiency [32]. Fig. 5.22 shows a linear increase
of the cluster size as a function of the Neon concentration Agyse, = 1.6 +0.015- Ne'.
This is attributed to a higher diffusion in the noble gas than in the DME.

The nominal working point of the MSGCs at LHC :

I order to have full tracking efficiency. the MSGUs have to be operated at a working
point with a signal-to-noise ratio of at least 20 (see Fig. 5.23). The electronics that
is used to date, as described in chapter 5.3, does not have the deconvolution circuit
built in that will be used in CMS for bunch crossing identification. This circuit will
reduce the signal-to-noise ratio by a factor 2.2 [55], [56]. Thus, the working point with
the current electronics is chosen to give a signal-to-noise ratio of S/N = 44. This can
be achieved with a gain of ~ 1700 (chapter A.2), which is reached with a drift voltage
of Varige = 3500 V and a cathode voltage Viginode = 520 V in a Neon/DME mixture
Ne/DME = 40/60 (Fig. 5.24).

The hit resolution was determined in a test beam: Several MSGCs were aligned to
track the traversing particles. In the offline analysis tracks where then fitted through
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Figure 5.22: Average cluster size as a function of the Neon coucentration and the operating

point [32]. For a definition of the cluster size see chapter 5.4.

the data of all the chambers except one, whose data was compared to the extrapolated
data from the fit. Fig. 5.25 shows the residual between the measnved points and the
extrapolated fit.  The width of the distribution is ~ 35 yom. Deconvoluting the error on
the fitted track that is introduced by the described method from the above distribution,
an intrinsic track resolution of 30.5 £ 0.4 um [57].

5.6.1 Operation in the LHC environment

Fronn the above results we conclude that the NSGC technology fullils all the vequire-
ments for purposeful operation in CMS as described in chaprer 130 One important
aspect has not been discussed yet. At LHC. the detectors in the inner tracker are
faced with an extremely high flux of particles. The fluxes of particles that are expected
to traverse the MSGCs has been shown in chapter 3.1.2. It contains mainly of MIPs
(minimum ionising particles), but also a non-negligible fraction of nuclear fragments.
When such particles reach the amplification region of the chamber, they can induce
a streamer, which is an extended region where the gas is highly ionised. When this
region is large enough to extend from an anode to a cathode, a discharge (Fig. 5.8)
of this cathode to the anode can be triggered which may damage the micro pattern

structure.



CHAPTER 5. MICROSTRIP GAS CHAMBERS 58

> 1.3 > 1.3 =
g 1.2 8 1.2 SIS IS SN TN S I SO
L 7 L T E
g R T = B I M ST
'*5‘ 1 QG 1 : """ o
= = = LA :
=09 T 09 E N T
08 0s E i e
0.7 07 E B PR REAE IR SRREEEES
= : k . S S/N=44
0.0 | 0.6
= Vo =320V = S/N=H4 .
05 ;_" ........... B LR 05
04 : 5 : 0.4 o
03 Bt o : ! [ } i - | [ 03 . { o
400 450 500 350 600 10 )—'

10
Vcatnode LY Signal/Noise
Figure 5.23: it cfficicucy for ditferent operating points. Vip = 3500 17, Ne/DMIE=33/67
[32].

Tests in the laboratory have been performed with an Am?" 5.5 MeV a-source, showing

that the threshold at which the frequency of sparking starts to incvense dranmnticallv

is as high as V.0 ~ 700 V7 in o Ne/DME=33/67 mixture (Fig. 5.26)

It is of major interest to understand the robustness of the MSGC technology. In order
to address this question of ’survivability’ in a hostile radiation environment, tests in a
beam providing such conditions were performed in Summer 1997 and continued in 1998
at the Paul Scherrer Institute (PST) close to Ziirich. At the 7M1 facility, a 350 1717
7+ beam with a proton contamination of a few percent and a flux of ~ 5 kHz/mm?
provided a radiation environment that was (ualitatively and quantitatively comparabie
to LHC conditions [59].  Fig. 5.27 the noise of a chamber for all strips and the beam
profile as as mcasured by that chiuuber. Strips that are broken ave cleacly scen i th
beam profile as they do not count any hits. For those strips the noise is also reduced:
the capacitive noise (chapter A.2) does not contribute to the total noise of a channel.

which is thus reduced by up to 30%.

The tests at PSI lasted for more than one month, and exposed the MSGCs to a dose
of particles equivalent to ~ 14 days of peak intensity at LHC, while operating at the
nominal working point, S/N = 44. Comparing the noise pattern before and after the
irradiation, no damage of the MSGCs could be observed (Fig. 5.27b). 10 years of
operation at LHC are equivalent to 5 x 107 s running at the peak LHC luminosity T

"The first two years at LHC will feature a luminosity that is reduced by a factor 10. The average
luminosity per day is a factor 2 lower than the nominal peak luminosity. LHC will operate 3 x 60 days
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Figure 5.24: Signal/Noise ratio obtainable with CAS MSGC prototypes. Same operating
conditions as in Fig. 5.23 [32].

Doing the brave extrapolation of the fact that less than one strip has been damaged
in 11 days of operation. we can expect Tess than 10 defects per module within the f!
10 vears at LHC. This is less than 877 of the total mumber of strips. To get a o
precise answer, a test with several tens of modules is planned for 1999. In order for
CMS to operate up to expectations, the fraction of damages should not exceed 2%, as
described in chapter 4.4.

Under the same conditions, a voltage scan was performed, to probe the regime
of gain above the nominal working point (Fig. 5.28). The behaviour of the chamber
was as expected and no damage of the micro pattern structure could be observed.

per year, 20 hours per day. Thus, the integrated luminosity equals ~ 5 x 107 s at peak luminosity.
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Figure 5.26: Omnset of discharges at high voltages. Measurements where done with an
Am?*! a-source [58]. For cathode voltages higher than 700 V corresponding to gains well
above 10%, discharges between anodes and cathodes can be induced.
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Chapter 6

Quality Control System

In the year 2000 mass production of the Microstrip Gas Chamber modules will stait.
~ 10.000 of them will be fitted into the CMS tracker, about half of those in the barrel
region. Every single one of these modules has to undergo an extensive series of tests,
scanning for faults, surveying the parameters that are important for the performance of
the module in the CMS experiment aud storing them in a databasce for later calibration

and optimisation of the tracker.

Construction of the barrel part of the tracker will start in the year 2001. Thus, within
one year, all 5540 MSGC modules and 736 rods have to be tested. Several laboratories
including CERN will participate in this task and CERN will provide all the testing
equipment. As one third of the modules and all rods will be inspected at CERN, our
quality control system has to be capable of testing around 5 MSGC modules and two
rods per day. The large number of modules requires a maximum of automation of the
whole test chain, from data-taking to analysis and evaluation of the obtained results.
This chapter presents the various setups that have been designed within the framework
of this thesis.

Before assembly of the single module, the quality of the gold strips on the substrate
is investigated by optical inspection and possible shorts between anodes and cathodes
are detected electrically. Also, the resistivity of the substrate itself is measured. Then,
substrate, frame and drift plane are glued together and the whole chamber is tested for
leak tightness and mechanical precision of assembly. The electronic components - pre-
amplifier chain and high voltage distribution - are tested and bonded to the chamber,
completing the MSGC module. This module is then tested again with respect to

62
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leakage current and shorts between anodes and cathodes, as well as the quality of the

bonding.

At each of the MSGC test centres the modules have to undergo several further tests.
Their task is to

o) check whether each module can work at the nominal CMS working point,

e) establish the various operational parameters of the single MSGC module,

e) combine modules onto rods and test the integrity of this new subsystem.

o) measure the mechanical alignment of the modules with respect to the rod.

The outcome of these tests do not only serve for assuring that all modules operate
properly, but several parameters are entered into a database for later use when running
the CMS experiment.

It is for example of primary interest for the track reconstruction algorithms to kuow
which of the five million channels are working and what signal-to-noise ratio each strip-
preamplifier combination features in order to assign the correct weight to cach recorded
hit. Also, global characteristics are important like the behaviour of each chamber in
terms of gain as a function of high voltage to allow a fine tuning of the tracker for
obtaining its maximum perforniance. Furthermore. the geometrical propertics  the
alignment of the modules and the knowledge of their exact position v the tracker

are crucial for excellent momentum resolution.

For these quality controls and chamber and rod characterisation three principal test
stations are foreseen, whose design was part of the work for this thesis. They are
described according to the chronological order in which an MSGC module is analysed
with them.

1. Cosmic telescope: 5+5 freshly assembled modules are mounted into two racks,
one wodule on top of the other, and sandwichied between two scintillators (Fig. 6.1).
During ~ 2 days cathode- and drift voltages are slowly ramped up for the first
time in their life, while the current drawn by the cathodes and the drift plane are
monitored, which determines whether each of the modules can properly operate
at the nominal CMS working point. By triggering on cosmic rays and doing track
finding, a first impression on their sensitivity can be gained.

2. XY-table: This test bench controls one module at a time (Fig. 6.9). A St -
source moving in small steps irradiates the active surface of the MSGC, working
at the nominal operating point. This allows to measure gain uniformity and
position and number of misbehaving strip/preamplifier channels.
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3. Rod test stand: A rod, fully equipped with already tested MSGCs is mounted
onto a precision bench. A radioactive source similar to the one used by the XY-
Table scans along the rod over the MSGC modules. The data taken allows to
determine the relative alignment of the modules with respect to the rod, and also
reveals whether electric connections are done properly. The gas leak tightness of
the assembly is investigated as well.

6.1 Cosmics telescope

Once an MSGC is assembled and tested for gas leaks, its robustness to high voltage
las to be established. As this is the first time when the higl voltage applied to the
micro pattern structure is ramped up to the nominal operating point, the task is a very

delicate one. and will take around two davs for cach maodnle

When air enters the chamber during production or transport, a thin film of humidity
might become deposited over the substrate. leading to a high leakage current of up
to a few pA between anodes and cathodes. This will be attempted to be cured, but
experience has shown that up to several days of ushing with nitrogen might be needed

to 'dry’ the chamber.

6.1.1 Description of the Cosmics Set-up

The testing of a single module will span a time of somewhat less than two days, as
described in the next section. Needing a through-put of five chambers per dayv. this
implies that the test stand has to be capable of testing 10 modules simultaneously.
This goal is achieved by having two racks with five chambers each operating in parallel.
One ’rack’ is depicted in Fig. 6.1. Between two scintillators, five MSGCs operate in
parallel, with independent gas and high voltage settings. By monitoring cathode- and
drift current and detecting current spikes, several 'features’ of the MSGC modules can
be tested: A constant high leakage current can reveal moisture in the chamber which
can be cured by letting the chamber dry under nitrogen for some more time. Up to
three days flushing at a rate of 5 [/h might be required. Triggering on the cosmic
rays allows to get a first picture of the dependence of the chamber gain on the voltage
settings while approaching and surpassing the nominal operating point. Insufficiently
robust chambers, that is chambers that tend to spark spontaneously or where sparks
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Figure 6.1: Schematic view ol the cosmics rack: Five MSGCs are sandwiched between
scintillators. Cathode- and drift current are monitored while exposing the chambers to cosmic

rays.

can be induced by the charge liberated by cosmic rays, can be identified.

The gas mixing system designed for the cosmics rack is shown in Fig. 6.2.  Its
purpose is to provide nitrogen, the neon-DME mixture, and eventually a radioactive
gas mixture to a munber of “cosmic racks’. Three main valves and five [low mcters, all
electronically controlled, ensure a constant supply of all the gas mixtures needed for the
costnics racks. Three over-pressure valves (see chapter A4, calibrated for 30 mbar,
can absorb sudden pressure fluctuations when opening a valve or chianging the gas flow
O COLPOSILIOL.

The whole system can be computer controlled, including logging of all operations
and parameter changes, as well as raising warnings and alarms and halting the system
in case parameters like pressure or gas composition exceed their nominal values by
specifiable thresholds.

Also, each cosmic rack has an electronically controlled gas distribution system (Fig. 6.3).
Electronic valves at the chamber input allow to choose one out of the three gases in-
dependently for each module.

To prevent over-pressure, over-pressure valves calibrated for 3 mbar are put in
parallel with the chambers, one over-pressure valve for each gas line. A flow meter
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Figure 6.2: The gas mixing system for the cosmic racks.

in series with them measures whether they are open, and can thus give feedback on
the operation of the gas system to the computer control. This feedback serves a triple

purpose:

1. Detection of pressure build-up in the chambers.
Bv having an exact pressure release point of the over-pressure valves and measur-
ing the flow passing through them. the main gas system can readily be instructed
by how much to reduce the gas flow in order to maintain low pressure in all cham-

bers.

Control of the functioning of the electronic valves.

When a valve at a chamber input is opened, i.e., when another chamber is linked
to a gas supply line, e.g. nitrogen, the flow for this gas is automatically increased
by 3 [/h by the main gas supply system, in order to guarantee a constant amount
of gas flow in all chambers. If the electronic valve would show a failure, and
remain closed, the thereby created over-pressure would be sensed by the flow
meter and an alarm would be issued.

N}
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Figure 6.3: Automatic gas distribution system of the cosmic rack. Every MSGC can be

operated independently.

3. Measurement of the gas impedance of each MSGC.
By temporarily closing all valves at the chamber inputs of the cosmic vack except
one, and instructing the main gas supply system to slowly increase the flow until
a over-pressure valve opens, the exact flow that generates 3 mbar of over-pressure
in the chamber can be determined, which can be used to e.g. detect, whether
gas connections are not made properly or whether a chamber leaks or, inversely,
teatures a too high gas impedance due to a mechanical defect.

6.1.2 The testing procedure

The test procedure can be broken down into into several phases.

1. Flushing the chamber gas volume with nitrogen to remove possible humidity and
solvents that remained from the industrial production.

2. Slowly ramping up cathode- and drift voltage to the nominal working point V, =
520 V, V4 = 3500 V') while monitoring the corresponding currents.

3. Staying at this operating point and monitoring eventual current spikes.

4. Increasing the voltages by 20 % for probing the safety margin.
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Figure O.4: Mechanical gas uterlock between gan 1 and owput ol the MSGC The two
manual valves at the input and output of each MSGC open or close when rotated by 90°.
Their handles are shaped in a way that the output can only be closed once the input is closed,
and that the mput can only be opened after the output. avoiding damage to the chambers

vostlling Do missnanipulation.

5. Changing the gas to the nominal Ne/DME=40/60 mixture and repeating steps
2, 3 and 4.

6. Steps 2 and 3 can be repeated with a radioactive (y-emitting) gas, described

helow

A graphical representation of this test procedurc that spans 42 hours in case of flawless
operation of the chamber module, is depicted in Fig. 6.5.

In order to perform the current measurements on the 5 x 2 high voltage channels of
each cosmic rack and to detect current spikes, a pico-amperometer has been developed
1 which can measure currents down to ~ 100 pA at voltages of up to 7 kV, largely
sufficient for MSGCs. Thus, even smallest precursors to strip or drift plane discharges
can be registered. During the moments where the voltages are increased, small dis-
charges (i.e. discharges of less than a full strip) can be tolerated, whereas the five hours
of continuous operation each at the nominal working point and 20% above must not

1Marcos Gaspar, private communication and http://home.cern.ch/~gasparm
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Figure 6.5: Cosmics test stand, graphical protocol: While monitoring the chamber cirrents,
the HV-operating point is probed for various gases. Gas and high voltage settings as well as

the current monitoring are computer controlled.

reveal anv instabilities.

When running with Ne/DME as opposed to nitrogeu, the chamber is seusitive to
particles. especially heavily ionising fragments created by hadronic showers originating
from interactions of cuergetic cosmic rays in the material surronnding the Cosmic Rack.
The created uge =ignal night miimic a spontawcous discliarg: 0o strip il 1o
Fig. 5.8. These processes though are very rare and we will tolerate one non-destructive
discharge while operating the chambers with Ne/DME. For every chamber a ’spark
profile’ is determined, i.e. a three dimensional histogram showing the discharge size

and frequency as a function of the high voltage.

6.1.3 Radiocactive Gas

A novel way for testing the integrity of the strips of an MSGC module and finding its
gain is under investigation. Radioactive gas can be flushed through the chambers. The
decaying isotopes generate signals in the chamber that can be read out. This gives

o) a rough picture of the gain uniformity of the chamber

e) indicate the position of non-functioning strips.

The absolute gain of the chamber cannot be determined, as the results depend strongly
on the amount of radioactivity within the gas. It was foreseen a part of this thesis
to implement such a system on the Cosmics Rack, but due to unforeseen technical
problems of the Isolde complex, no time for the production of an adequate source was

found yet.
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Figure 6.6: Encrgy loss spectrun of Ke™ () aind Sr% (0) measured by an MSGC. The sigual
obtained with the Krypton source was attenuated by 9 dB before being fed into the ADC,

thus and average sienal comparable to (1) would he a factor 2.8 higher.

The source is used in the followine wav: Tt is placed into the gas system and consists
of a mvlar foil with embedded REE atams These decav info T3 wwith o decae fime
of 86.2 days and are taken away by the gas and transported into the MSGCs. The
metastable Kr5s itself decays with a half life of 1.8 hours thereby releasing a 32 kel
and a 9 keV photon within a time window of 150 ns.

We have performed tests with a Kr® source on the chamber presented in chapter 5.5
and compared it to the Sr”Y source used for the XY-Table. Fig. 6.6a and b show the
energy loss spectrum as recorded by the MSGC.

It has to be noted that with the used chamber it was possible to synchronise
the read-out of the chamber with the Krypton decays, similarly to the setup described
in Fig. 5.16. This will not be possible when using the final APV electronics, which
can only be triggered with an external clock which in the final CMS detector will be
synchronised with the LHC bunch crossing frequency. In order to see whether it is
feasible to use radioactive gas also in that case, it has to be calculated how many
disintegrations we would need per second in order to get an average signal-to-noise
ratio of, say, 5, which is high enough to distinguish a good strip from a broken one.
Thus we ask for a measured average signal of ~ 25 ADC values.

e) The APV electronics is very similar to the PreMux electronics used to date (see
chapter 5.3.2), and all measurements done with the PreMux electronics will be valid
for the APV read-out. For the former we know, that the Sr* peak is at ~ 80 ADC
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counts for one strip. Thus, deducing from Fig. 6.6 the average Kr®® signal would be a
factor 6 higher, around 480 ADC' counts.

005 /

000k I I l |
0 50 mnn 1850 2NN

time [ns]

Fionre 670 Simulated signal ofter preamplification and <hanine 5110 The lower e
represents a signal produced by an avalanche with ~ 40.000 clectrons, which is created by a
MIP under nominal operating conditions, the higher curve corresponds to four times more
input charee. An average signal prodnced hy the photons from the Kr® sonrce wonld he

factor six hicher than the signal produced by a MIP (sce the text).

o) The electrons of the Sr® source deposit a similar amount of energy in the chamber
as a MIP, which can be seen by comparing Fig. 5.28 and Fig. 6.12. In the first case.
the landau curve peaks at ~ 150 ADC' counts. in the latter it is 80 ADC counts for
a single strip, corresponding to 120 ADC' counts for the full avalanche distributed on
more than one strip. Simulations (Fig. 6.8) confirm that result.  Thus, the energy
deposited by the Krypton source is abont six times higher than that deposited by a
MIP. :

e) The shape of the signal that is fed into the sampling circuits of the PreMux and the
APV after pre-amplification and shaping is shown in Fig. 6.7. An average shaped and
pre-amplified signal from the Krypton source would be ~ 1.5 times higher than the
upper curve in that plot, with a peak corresponding to ~ 480 ADC counts. Thus, sam-
pling this signal randomly once within every 500 ns after its creation by an avalanche
process, we would measure an average of ~ 200 ADC' counts, or around 25 when sam-
pling within 4 us 2. The latter corresponds to randomly reading out the chambers
with a continuous activity of the radioactive gas of 250 kBq per strip, or 128 M Bq per

2We scale down 'by eye’, simply continuing the signal to longer times by setting it to zero for times
bigger than 500 ns.
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Cranber (512 strips). The Cosmics Rack will operate up t 10 chambers i parallel,

o vocmivine o 10 fimes hioher activity of the ons

The gas is enriched with Kr® in a small steel cell that measures 10 ¢m in length and
5 c¢m in diameter. Thus, with a gas flow of 10 [/h &~ 3 c¢m?/s, each unit volume of
vas takes ~ 1 min to traverse the source, accumulating 60 times the activity of the
Kivpton of the sonrce. Tt’s way from there to the chambors might take ~ 10 min.
during which about 10% of the Krypton decay.

Thus, a radioactive source of ~ 20M Bq should be adequate for our purposes.
Taking into cousideration a half life of the source of less than three wonths, it should
be substantially stronger. Consequently, we have submitted the wish for a 100 M Bg
Rb* source to Isolde and should obtain it still in the first half of this year.

6.2 XY-Table

The next and most important step in the quality control of the MSGCs is to establish
the response of the detectors to ionising particles. This means determining the gain of
the chamber, measuring the noise to obtain the signal-to-noise ratio and thus ultimately
knowing the detection efficiency (Fig. 5.23), which is crucial for the performance of the

whole tracker.
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The XY-Table can determine the performance of each single strip, in terms of
integrity, i.e. ”is the strip functional along its entire length ?”, noise of the strip and
the corresponding pre-amplifier and gain, thus yielding a gain uniformity curve of the
chamber.

6.2.1 Description of the XY-Table

Motorized arms (x&y-direction)
Sr90 source |

Scintiltator

Fignre 6.9: XY-table — principle of operation: A S0 source is moved acvoss the active
surface of the MSGC. Triggering on electrons traversing the chamber with a scintillator. the

anode strips are read out.

The gain uniformity measurement of an MSGC is performed by scanning a Sr90% source
over the active surface of the MSGC' and recording the response of the single strips.
Several components have been developed and asscimbled (Fig. 6.10):

CAEN HVl_l_ ' )
l ] l

XY-Table

CAEN HV 2
D — pA-meter

I-——‘ VME crate ~| L p-meter

workstation [

T-meter

NIM crate —— | proportional tube

Figure 6.10: Schematic layout of the XY-table test system.
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1. An aluminium tray holds the support for an MSGC module and two motorised
arms that move the 3.7 MBq Sr%-source over the module (Fig. 6.9. It also
houses a 10 x 25 em? scintillator and photomultiplier for triggering as well as the
circuit containing the trigger electronics. With a background rate of ~ 1 Hz,
a single scintillator proved to be sufficient for triggering and no coincidence was
needed. Despite of a thickness of onlv 5 mm, the uniformity of the responsc of

the scintillator is ~ 1%.
The read-out of the chamber electronices (Premux to date) is done with a Sivocco
and a sequencer (CABEN) and a r1C (Chy). Lhis electronics has already beewn
described in chapter 5.3.

o

3. Two gas mixing svstems have heen hiilt - A rather simple one nsing three HITHEC
flow meters was used for all the measurements taken in this thesis, while a par-
allel svetem featuring pressure consore and eas puritv controls is enrrently heine

adapted for use with the XY-table.

4. After being used in the MSGC. the gas is fed through proportional counter in
order to provide a wav of monitoring the gas quality and allow for eventual

renoralisation of tie Mo>GU gatn (e to pressure ol telnpetat e et iols.

5. Sensors are monitored periodically to log atmospheric pressure and temperature.

6. Two high voltage supplies (CAEN SY'127 and CAEN SY694) provide the voltages
Veathoae aitd Vi g for the NMSGO as well as Ligh tension for the proportional tube

and the scintillator.

Drift- and cathode current ave monitored with the same devices as used for the

—~1

cosmics setup described above.

The electronics (with the exception of the HV supplies) is housed in a VME and a NIM
carte. Via Ethernet the FIC in the VME crate is connected to a SUN workstation with
a 9 GB hard disk for temporarily storing the data and analysing it.

Fig. 6.11 shows a picture of the test stand and the user interface.

The whole test sequence is fully automated. With the push of a button the high
voltages are ramped up and a chamber scan is performed. One scan takes up to one
hour. This time depends on the desired precision of the test, i.e. the amount of data
to be taken and on the read-out electronics. To date, the final electronics, which will
require a different read-out scheme, is not yet ready, and thus no effort has been taken
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v cath min : Y drft min :

Veath max Vdnft max :

v cath siep : Vodrift step :
W acintiiator Vopropaicho o
status : | :

. XY-Table remote control.

§

Figure 6.11: The XY-Table with a 10 x 25 em? module under test and a screen shot of the

nser interface.

to maximise the speed of the data acquisition. The event rate is limited to ~ 100 Hz,
which can easily be increased by an order of magnitude with the APV electronics. and
the main bottleneck, the slow Ethernet conncction used for transterring the data to
the analysis station, can be trivially overcome by using a dedicated cable. Once data
acquisition has finished the analysis program is launched, which produces a graphical
output, and the operator is informed via e-nail or his portable phone that the XY-table
is ready to test the next MSGC or that the crrent module has not passed the test

criteria which are described in the following section.

6.2.2 The testing procedure

The XY-table test station addresses several questions concerning the proper functioning
of the MSGC modules. There are mechanical issues, like the quality of the bonding of
all the 512 strips to the read-out electronics, the integrity of the strips along their entire
length, electronics related issues like the noise of each channel and features concerning
the charge amplification in the gas, like the uniformity of the gain across the active
volume of the chamber. The noise of each strip/pre-amplifier combination can also
be determined with a fully equipped cosmics test stand. But as there will be several
test centres, some might opt for a less sophisticated cosmics test stand in order not to
over-strain their financial budget. This option would refrain from reading out all the
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~ 10 MSCCs on the cosmics telescope(s), but only measure chamber currents. In that
case the XY-table would be the main tool to determine the strip and electronics noise.

The test of a chamber is divided into several steps, of which only the first two require
manual intervention. Apart from the installation of a chamber onto the XY-table, the
whole sequence is computer controlled.

oo onto XY-table, o o cas bigh voltage- and read-out cables.

) [ I NG
A A

P NT T rT

S oo t}rw -1|»» Vit -
Do gaddyd (O el b

The gas volume in the chamber is exchanged 30 times, at a flow of 3 {/h.

3. All strips are pulsed at three different distances to the clectronies to chieck the
electronics for uniform behaviour and the integrity of the strips and their con-
nection to the electronics (see chapter 6.4). This takes a few minutes.

1. The chambers are assumed to be tested with the cosmies setup (chapter 6.1)
and proven to reliably stand high voltage. thus cathode- and drift voltages are

ramped up to the operating point in a single step, with AV,up00. = 20 V/s and
AT =200 Vs,

5. Data is taken with a proportional tube that is connected to the gas system
in series with the MSGC module to monitor the gas composition and to give
reference values for the gas amplification.

6. The Sr? source is scanned over the chamber, in one of the modes described in the
next section. Temperature and atmospheric pressure are logged, and fluctuations
in cathode- and drift current are monitored.

7. Once the scan with the radioactive source has finished, the gas is tested again
with the proportional tube to ensure that all strips of the MSGC module were
tested under the same conditions.

8. Cathode- and drift voltages are rampéd down again and the collected data is
analysed offline.

A scan across the strips is performed in steps of 30-50 strips (6 — 10 mm). At each
position the radioactive source illuminates an area — around 80 strips wide — with a
Gaussian intensity distribution. 5000 to 10000 events are recorded at each position.
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Figure 6.12. Sigiad and noise of a single strip as measured by the X -iable. (o) shows the
quasi-landau Fj,ss distribution of the electrons from the Sr%0 source in ADC counts, (b) shows

e voine of 4 ostin Tes the ADC distribution when veading ont o=t withont frpadintine.

A typical test of an MSGC would consist in scanning the radioactive source across the
512 strips. at one given distance from the electronics. This gives all the important in-
formation that is necessary to classify a chamber as being usable in ('MS. Nevertheless,
several further testing schemes can be applied, in case the ‘standard” scan has revealed

imperfections.

A scan along the strips can be performed. either in combination with a scan across the
strips, in order to give a fully two-dimensional picture of the gain of the chamber as a
function of the position in the active volume, or at fixed X-position, i.e., along a given
strip. The latter testing method can be used for determining the attenuation of the
signal along the strips. Although this is not a main issue when using gold strips, it can
be performed periodically to ensure a constant quality of the substrate production and
pattern etching technique of the manufacturer.

It is also possible to irradiate the MSGC at a single point. This can be used in
case critical regions of a chamber are to be investigated, e.g. the edges, or when the
exact position of the defect in a broken strip has to be determined.

Separately, or in combination with any of the above scanning schemes, a high
voltage scan can be performed. The results of such an investigation are analysed au-
tomatically, too, and can verify whether the gain of a chamber exhibits the expected
exponential behaviour with changing cathode voltage or whether unexpected phenom-

€ena occur.
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The difficult working environment at LHC and the necessity for excellent physics perfor-
mance of the CMS tracker put stringent quality requirements on each MSGC module.
In order to guarantee good momentum resolution, not more than 10 channels out of
512, i.e., less than 2 %, must be defect. This number includes broken strips and bond-
ing errors as well as noisy electronics channels. A strip broken in the middle counts as
half a broken strip. and 'noisy’ means that a channel exhibits at least three times the

noise of an average chaunel.

The uniformity of the gain is more difficult to quantify, and thresholds can onlv he
5CL OLLCC SCVCLal Lells O 1o wies ave boei tested ald @ totgly pletuie ol tIe i
distribution of the manufactured modules has been obtained. To date only one chamber
with non-uniformityv has been found (see Fig. 6.16 and compare to Fig. 6.13). and there

tlle poor perloriualice was ubvious at a bisl glauce.

6.2.3 Results of a test

The XY-table gives information on most of the properties of a chamber that are also
determined in a test beam  like averace Tandan distribution of the enerov lnss of parfi-
cles in the chamber. noise of cach strip and thus signal-to-noise ratio of the NISGC' and
the current drawn by the cathodes and drift plane during operation. Tliese parameters
are illustrated in Fig. 6.13-Fig. 6.14.

In Fig. 6.12a the signal distribution of one single strip-preamplifier channel is show
Plotting the peak of this distribution versus the strip number for all strips, we obtain
a characterisation of the gain uniformity of the whole chamber as seen in IFig. 6.13 In
this plot the average sigual is around 80 ADC counts. Dividing this number by the
average noise per strip, ~ 5 ADC counts, does not give a value comparable to the
S/N = 44, typical for the chambers at that working point. Several factors have to be
taken into account:

o) The gain of the gas mixture used in that chamber, Ne/DME = 1/2, is 30% lower
than for the Ne/DME = 2/3 chosen for CMS.

o) The average cluster size is around 2.2 strips, a typical signal looking like Fig. 5.12.
Thus, one strip only sees about 60 — 70% of the whole deposited charge.

o) Finally, cross-talk (chapter 5.4) has not been corrected for, which would give an up
to 10% increase in signal.
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What defines a ’good’” module for CMS 7

The CMS tracker has to fulfil stringent requirements in order to fully exploit the physics
potential that the LHC will offer (chapter 5.6). These translate for the MSGCs in a
high signal-to-noise ratio in order to obtain the necessary hit efficiency (Fig. 5.23) and
A small fraction of malfunctioning strips to not to decrease the spatial resolution of the

chamber.

Quantitatively, these requirements can be summarised in few points:

1. Overall gain (HV-scan) :
The gain at the nominal working point (V; = 520 V, V; = 3500 V') must be such,
that a signal-to-noise ratio of at least 20 with the final APV electronics results.
This requires an average strip response of ~ 80 ADC' counts.
Within statistical accuracy there must not be a noticeable deviation from an
exponential dependence of the gain on the cathode voltage, over a range 440 V<

V. <600 V.

2. Gain/strip — uniformity :
Strip-to-strip variations in amplification have values typically below 15%, includ-
ing the statistical measurement errors of the XY-Table. Thus, a global variation
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valie.

Noise of chamber :
The average noise per strip must not exceed 5.5 ADC counts and the number of
base-line jumps (chapter 5.4) must not exceed 2% of the total number of recorded

events.

Noise — fraction of broken channels :

The sum of broken and noisy channcls must not exceed 2%, where we define a
channel as noisy, when its noise is more than 20% than the average chamber
noise. A strip is marked as (partially) broken, when its noise lies below 90% of
the average chamber noise or when the number of hits it registers is low

(see next point).

It has to be noted, though, that a broken channel does not necessarily reduce the
hit efficiency of the chamber. When an anode breaks, the electrical field lines
change direction in such a way (Fig. 6.17), that all the charge is still collected
on the neighbouring strips and thus, the traversing particle is still detected (see
Fig. 6.18). Nevertheless, the resolution of the chamber around that strip is
reduced, and thus the position of the broken strip should be known in order to
assign a lower weight to the hit when performing the track reconstruction.

31t remains to be seen whether the latter is an issue with the APV electronics.
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detormation [

Figure 6.15: Mechanically deformed module. One case of a module was found where the
drift plane showed a "balloon-like’ inflation with a maximum deformation at the centre of
the chiannber ol over 200 oo 1his can be due to an improper gluing of the deii plane or a

damage through excessive pressure differences during transport.

T Nuamboer of hita/stvip - efficiency :
A look at Fig. 6.14 shows that inefficient strips are casily detected by looking at
the number of hits the strip recorded during a scan. Comparison with Fig. 6.13
shows that a strip can be defined as 'dead’, when it records less than 30% of the
mumber of hite of an average strip.
If this number lies between 30 and 65%, the strip is marked as being only partly
efficient (which counts as 1/2 broken strip).

6. Currents under irradiation :
The radiation flux of the Sr% source, 3.7 M By, is too low to significantly alter the
cathode current drawn by the chamber under irradiation. Nevertheless, cathode-
and drift current are monitored to dctect spontaneous or cosmic rays induced
discharges between strips. Sparking chambers should not be encountered, as
they are singled out with a prior test using the cosmics telescope.

Based on the outcome of each test, the MSGCs will be accepted and mounted into the
tracker structure, or rejected. In the latter case the test can help in deciding how to

improve the chamber performance, if possible.

For each module, the characteristics as described above are automatically stored in a
CMS-wide database [60], for calibration and event reconstruction algorithms.
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Furthermore, comparing MSGO chianacteristies like gain and gain-versus-voltage b
; 1 ) g ) &

haviour obtained from the XY-Table, it is possible to group similar modules onto one
rod (seec below) in order to obtain the most homogeneous performance of the tracker.

6.3 Rod Test Stand

A rod is a carbon-fibre structure (Fig. 1.3) that contaius five or nine " MSGC hmodules
supplying them with low- and high voltage and gas. It also carries the cooling pipes.
All the necessary connectors, including the read-out cables, are interfaced from one
side of the rod. The Rod Test Stand must make sure that all these connections are

done properly °.

The barrel part of the MSGC tracker will consist of 730 rods, which arve supported by
carbon fibre disks. A laser alignment system is planued to give tlic position of cach
rod within the tracker. In order to know the position of each single MSGC module, its
position with respect to the rod has to be known. This is another task the Rod Test

Stand has to perform.

40ne 12.5 em long module and four single or double sided 25 ¢m long modules in the case of

one-dimensional or small angle stereo read-out, respectively.
5As a final version of a rod equipped with MSGCs and the APV electronics will only be available

in 2000, this test stand has been designed but is not operating yet.
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Figure 6.17: Field configuration with a floating strip — still, all field lines end on anodes and

hit efficiency is not greatly influenced

R 3.1 Description nf the Rod Test Stand

The Rod Test Stand is conceptually very similar to the XY-Table. Fixed to a base
plate a 1.50 m long arm that can move a radioactive source over the rod which is
mounted on a precision support. This support defines the exact position of the rod
with respect to the base plate. The measurements the Rod Test Stand has to perforn

are done as follows:
Leak tightness of gas connections and impedance of the rod.

The determination of the gas impedance of the rod is not only important as a check
whether the gas connections are done properly, but serves for combining well matched
rods when constructing the tracker, where always ten rods will be fed in parallel by a
single gas line.

Fig. 6.19 shows the schematic layout of the gas handling circuit. A constant gas
flow of ~ 3 1/h is applied to thc gas input of the rod. This builds up a certain pressure
of a few mbar which can be measurcd, giving a means to establish the impcdance of the
rod. The measurement is repeated with different amounts of gas flow. The pressurc
meter is separated from the gas by a thin membranc of stainless steel with a diamcter
of ~ 20 ¢m, as its own membrane must not get in contact with the aggressive DME.
The error introduced can be corrected for.

In order to measure the leak tightness of the rod, a pressure of a few mbar is built
up in the rod, using two valves at the gas in- and output (Fig. 6.19). The chambers
are protected against excessive over-pressure by an over-pressure valve connected in
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parallel with the rod. A change of pressure over time (on the order of minutes) would

reveal leaks in the rod.
Integrity ol electrical connections.

The electrical components are tested by ramping up the high voltage of the chambers
to the operating point irradiating the chambers with a radioactive source mounted on
motorised arms similar to the mechanism used for the XY-lable, and seeing whether
the recorded data reflects the pattern.

6.3.2 Alignment Capabilities of the Rod Test Stand

The horizontal alignment, i.e. a shift of a chamber vertical to the carbon beams of the
rod and a rotation of the chamber in the plane defined by the two beams (Fig. 6.20),
N7

can be measured by using the radioactive source as well.  Mcasurements with the
Table (Fig. 6.21) have shown that the centre of gravity of the distribution ol Liits from
the Sr% source can be located with a precision of better than 0.06 strips, i.e. ~ 12 um.
Thus, taking into account the uncertainty in alignment of the rod with respect to the
testing equipment, on the order of ~ 10um, and the precision of the mechanical source
positioning, ~ 5um), the position of the MSGC chambers in the direction orthogonal
to the main axis of the rod can be determined with a precision better than 20um.
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flow and measuring the resulting pressure. An over-pressure valve serves as a safety device.

The position of the MSGC modules in the direction along the rod can similarly be
determined for double modules which are assembled in the small angle sterea configu-
ration. For modules with one dimensional position readout, on the other hand, precise
alionment in that direction is not relevant. as these modnles me ot <epsitive to that

coordinate.

This measurements will give an intermediate level of precision of alignment, which will
be complemented by a laser alignment of the rods with respect to the whole CAIS
architecture. The final alignment of the fully assembled tracker will make use of highly
energetic tracks from particles originating in the LHC pp collisions.

6.4 Pulsing

Pulsing is a testing method cwrrently implemented on the NY-Table but caer be ves
carded as a stand-alone technique, uscful for quality assurance, online monitoring and
calibration of NSGCs. Fig. 6.22 illustrates the working principle, Fig. .20 shiows its
realization on the XY-Table. There, each chamber is mounted on a Vetronite frame to
simplify the handling. Onto this support a 1.5 cm wide copper strip is glued, running
at 90 degrees angle to the micro-pattern strips, in a distance of ~ 6 mm to the strips.
A NIM pulse (0.8 V, ~ 4 ns rise time) is injected. By capacitive coupling, a signal is

induced on the strips, which are read out in synchronisation with the strips.
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Figure 6.200 Schiciatic layout ol thie adiguincas weasuroient perforined witl e o tost
stand. Translation and rotation of the coordinates of each chamber with respect of the rod

can be determined.

The response of a chamber to pnlsing is shown in Fig. 6.24a and h. Sendine a NTM
pulse into the pulsing strip induces a signal with an average of around 600 ADC values.
fluctuating only by < 6 ADC counts (Fig. 6.26), which includes the electronics noise,
typically around 5 ADC counts (e.g. Fig. 6.12).

When a strip is interrupted somewhere along its length the charge collected on its
cut-off part is not read ot and does ot coutribute to the measured sigual. Thorelore
comparing the pedestals from the data taken with the pulser reveals defects in the
chamber (Fig. 6.25). Thus, the position of the interruption can be determined assuming
a muniform gain of all 512 read ont chanuels. Using data obtained with the XY Table
one does not even have to rely on this assumption, as the gain of each strip/pre-
amplifier can actually be measured (Fig. 6.13). Thus, the position of interruption can
be determined with a precision of a few percent of the total strip length, i.e. to better
than 2 cm, which is a valuable input to the track recognition algorithms of the CMS

tracker.

G.4.1 Calibration of tl.ec Read-oui iicctioii.cs

In order to disentangle the gain of tie read-out cicctronics ftoa tue gas guia of tiw
MSGQC, it is important to know the conversion factor between charge at the input of
the pre-amplifier and the ADC value at the output of the whole readout chain. Pulsing
can be used to determine this factor, as every pulse injects a well defined amount of
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charge into each pre-amplifier, which is then read out as

Knowing the pulse shape at the input of the pulsing strip, the only unknown is the
capacitance formed by the pulsing strip and the anode strips, Cpg in Fig. 6.22.

In order to determine C'pg, we put an external capacitance Cg in series with the strip,
as shown in Fig. 6.27. Now Eq. 6.1 must read

ADC =k - Cip - Vip, with Cypp = ——1—. (6.2)
Cg ' Cps

By using different values for Cg different amounts of charge are injected into the pre-
amplifiers and we obtain the curve Fig. 6.28 from which we can determine Cpg and
a calibration constant k. It has to be noted, however, that the value for k is not the
conversion factor between electrons collected by a strip and the corresponding ADC
oulpuy, but is only proportiona! (o it. 1uis is duce to the fact thog i tae curient sciaps
the charge is injected as a delta pulse and does not reflect the convolution between
arrival time and cluster size distribution of a real signal. Thus the charge collection
time and the different reduction of charge visible to the ADC due to shaping (the
ballistic deficit) are not taken into account.
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feeding an electric pulse to the pulsing strip 1nduce< a swnal on the anode strips which is

sensed by the read-out electronics.

6.5 Summary of Calibration

The 5540 barrel MSGC modules will be assembled and tested in several centres in
Furope, including CERN, before being aligned in the CMS tracker structure at CERN.
Collection of the data produced by the various test stations is not an easy task. The
Cristal database svstom developed at CERN IGOT will T edant o fo 110 OIS e cker
to overlook and coordinate the work flow a,nd store all the analysed data from the
testing and calibration systems described above.

Once all the modules and rods have been tested. a subset of this data will be
extracted from the database and used for the ouline event reconstruction. Suininariz-
ing, the contributions of the test setups to the online calibration system of the CMS
tracker are:

o) Cosmics setup:
leakage currents for different voltage settings,
current spike rate for different voltage settings.
e) XY-table :
position of broken and noisy strips, signal-to-noisc of cach strip,
gain as a function of Vius04e and Viyipe.
5 Rod test stand
identification of the modules on each rod,
alignment of each module on the rod.
o) Pulsing :
Charge-to-ADC conversion factors of the read-out electronics for each strip.
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subtraction of (b) from («) of Fig. 6.24. Broken strips, i.c. strips that do not pick up a signad

are clearly visible.
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Figure 6.26: Pulse height distribution. A signal of a typical strip when pulsed is ~ 600 ADC

counts after pedestal subtraction, with only a 1% fluctuation, mainly due to the intrinsic noise

of the strip/pre-amplifier combination.
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Fioure 6.27: Calibration of the pulsing setup. A variable external capacitance C'y is con-
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nected in series with the pulsing strip (cf. Fig. 6.22).
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Figure 6.28: Calibration of the read-out electronics. The strip-signal varies with the external
capacitance Cg according to Eq. 6.2. A fit allows to dctermine Cpg.
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PJCNCIOD o Lot L !\ih’lu.\.‘l.ri[) Gas Cliannbers for UAs e bees YOk i Lo several
years by now. During the last two years chambers have been tested in the laboratory
and several test-beams, and a technology was established that looks promising for
application in the challenging radiation environment at LHC.

These MSGCs feature gold strips on a glass substrate of 10 x 25 ¢m? which are
Toadd U3 o wide, Lor anodes and cathiodes, respectively. Usling e ciicct of cleciron

diffusion in the 3 mm gas gap, a resolution of ~ 30 um can be obtained.

The choice of a gas mixture Ne/DME in the ratio 40:60 allows to obtain a gain of
~ 2000 at a moderate operating point of (Veynoge = —520 V, Vypiyy = —3500 V), while
sufficiently quenching UV-photons. At this operating point, the signal-to-noise ratio
with a read out electronics that is fast enough to disentangle the 25 ns bunch crossings
of LHC is such that the maximum efficiency of ~ 98% is guaranteed.

Of highest concern is the survivability of this delicate detector technology under the
high particle flux that will be present in the region of the CMS tracker during op-
eration. Overcoating the MSGC substrate with a thin layer of semiconductive glass
and ’passivating’ all the edges of the micro pattern structure with polyimide allows to
significantly stretch the domain in which discharge free operation in a high rate heavily

ionising environment is possible.

Tests in beams with a particle spectrum comparable to what is expected from the
LHC pp-collisions have been performed. Extrapolating the obtained results to a 10
year long operation of the MSGCs in CMS, the amount of strips damaged during this
time should not exceed 8% of the total number of strips. Whether the amount is even
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less than the 2% necessary to obtain optimal tracker performance will be explored by
a further beam test end of 1999.

A good performance of the MSGC tracker containing over 5000 modules can only be
obtained with a rigorous quality testing and calibration setup, that is able to investigate
all the relevant operating parameters of each single MSGC.

A Cosmics Rack has been designed and is being set up test the robustness of the
chambers to high voltages at and beyond the nominal operating point, and detects

eventual gas leaks of the modules.

A fully automated XY-Table was coustructed which allows to measure the gain of cach
single strip of a module, thereby detecting broken strips, noisy electronics chanuels and
non-uniform behaviour of the chamber to a precision of a few percent. This information
will be used by the track reconstruction algorithms of the CMS tracker in order to assign

dpploptiaie ez e T Fricrn Dodtis HICasUrea DYV e s s

A Rod Test Stand is currently being assembled that allows to determine the integrity
of the barrel rods’ — the superstructures that combine several MSGC modules. This
station, besides checking the quality of the electrical and gas connections among the
modules. measured the exact position of each module with respert to the rod with a
precision better than 20 pm. This information will be used for obtaining a precise three
dimensional picture of where the single modules are located once the CMS tracker is

assembled.

In the year 2000 mass production of the Microstrip Gas Chambers will start, and the
above chain of sophisticated test benches will try to add its little share to the exciting
preparations for the effort to gain understanding in the origin of mass.
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Appendix

\u A”',
S

\
Figure A.1: One simulated LHC bunch crossing as seen by the inner tracker of CMS. (a)

shows all particle tracks of 20 minimum bias events which are created on average in one bunch
crossing. (b) shows a single event, H — 4y decay.
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nominal trajectory

Figure A.3: A particle in an accelerator can be described at any position s along the nominal
beam trajectory by its transverse distance y from that trajectory and its direction y' with

respect to the latter.

A.1 Accelerator Physics

A.1.1 The beta function 5(s)

The transfer matrix M, which allows to calculate the distance and relative motion
(y,7/') of a particle from the nominal orbit at an arbitrary point s on the orbit (see
Fig. A.3) given the respective initial values (yo,¥p) at so, (y,¥") = M (s — s0) - (%0, Yp),
can be parametrized with only one real valued s-dependent function, the beta function.
It can be shown that wherever the beam envelope has a local minimum or maximum,
the beta function is just the ratio of beam size to beam divergence. Since (3 is typically
on the order of m, a beam of ~ mm diameter will have a divergence of ~ mrad.
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A.1.2 The emittance ¢

At any point s, (y,y’) (Fig. A.3) lies on an ellipsis ay? + 2byy’ + cy’? = € with a,b,c
defined by the tuning of the beam. Thus, the so-called emittance € is the area/7 of this
ellipsis, and is constant along the whole beam trajectory due to Liouville’s theorem
of the incompressibility of phase-space. As an accelerator habitually accelerates more
than one particle at a time, a suitably average over all €’s is chosen to define the average
area, i.e. the ’collimatedness’, of the beam.

When particles are accelerated, the emittance decreases inversely proportional
to the momentum. This is called adiabatic damping. In this case, the normalized
emittance ey = (%) € is the invariant of interest.

A.2 Minimum gain required for MSGC’s in CMS

The following is adapted from a calculation done by [61].

Different sources contribute to the Equivalent Noise Charge ENC"

Niotar = \/ﬁgeries + Na2mp7 (Al)

where N, is the noise from the preamplifier and capacitance noise, Nymp = 450 +
45 e~ /pF = 720 e, where we used Cge; = 6 pF'. Nyeries denotes the ”series” noise,

2

N2 . = 4kT RyyripC2 = (A.2)

series et§’
With Rstrip = 500  and 7 = 50 ns we obtain Nsepies = 264 €7, and thus
Ntotal =767 e". (A3)

Deconvolution further increases the noise per strip by a factor /2. With a cluster size
of 1.6 after deconvolution [62] we thus obtain for the cluster noise

Nauster = 1.6 X /2 x 767 = 1372 ™. (A.4)

This requires a signal S = 27440 e~ in order to have a S/N = 20. Two factors
decreasing the signal strength are a crosstalk of 6% between strips and thus 9.6% per
cluster ! and the ballistic deficit due to the finite integration time of the electronics,

116 cathodes are grouped together, thus, 1/16%* of the current needed to generate the signal is
'borrowed’ from each cathode, inducing a signal of opposite sign on the corresponding anodes.
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reducing the signal by a factor 0.65.

We thus have to require a total of 27440 x 1.096 x 1/0.65 e~ per avalanche produced
by each traversing particle. With ~ 40 e~ of primary ionization this requires a gain of
1172. Introducing a safety factor of /2 for optical link and digitization noise as well
as gain variations and possible not yet identified sources of noise we require a gain of
V2 x 1172 & 1600 for the MSGC.

A.3 The over-pressure valve

The MSGC modules used in CMS are built on a 300 um thin glass substrate which
covers an are of 10 x 25 cm?. This substrate is very delicate and should not be exposed
to sudden mechanical deformations as can be induced by pressure differences between
the gas volume enclosed by the MSGC and the outside world. Already a small Ap of
a few 10 mbar can be sufficient to break a chamber.

Thus, extreme care has to be taken that a gas system that supplies MSGC
modules does not create the danger of destroying the chambers with pressure bursts.
Also, mechanical mis-manipulation, like accidental blocking of the gas-outlet of an
MSGC module should not damage the chamber. Such a security device must not
depend on computer programs or even electricity but must work autonomously.

— 6
8 E
Cover Es B b
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4 {
3 B -
. ) B ,/'+
Exhaust E o
—» 1 :_ ,/'
O:I/IllllllllllllllJlL
0 0.2 04 0.6 08 1
weight [g]

Figure A.4: The over-pressure valve (a). A steel ball closes the connection between the gas
in- and output under its own weight of ~ 1 g, acting against the gas pressure at the input.
By changing the size, i.e. the weight of the ball, the point at which the valve opens can be
changed. The maximum sensitivity is as low as 2 mbar (b).

Fig. A.4 shows the simple and fail-safe solution to the above problem. A ball of a few
mm in diameter closes a conical hole. When gas overpressure and gravitational pull on
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the ball become equal, the hole opens and the gas can escape. By varying the density
and the size of the ball, this release point can be regulated. Pressure thresholds as low
as 1 mbar can be reached. Advantages of this system over appropriate pressure disks
are the infinite reusability, simplicity and no need of (re-)calibration of the device.

A.4 Gain Dependence on Vi node and Vi

Measurements referred to in chapter 5.5 taken on an MSGC prototype are summarized
here. The chamber itself and the DAQ procedure have already been described in that
chapter. The gain of the chamber was determined for different drift- and cathode
voltages in a number of different Ne/DME concentrations.

* V.=

A V,=3000V c=60V
f V.=620V

O v,=2600V 0 V=600V
O Vp=2200V A V=580V
0O V.=560V

Y vV =1800V O Ve=540V
A V =1400V Y V.=520V
H VvV, =1000V A V=300V
b~ W V. =480V

Figure A.5: Legend for Fig. 5.14, A.6 and A.7

The legend explaining the various symbols is shown inFig. A.5). The figures for the
mixture Ne/DME=33/67 (Fig. 5.14) have already been shown in the text (chapter 5.5).
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Figure A.6: Gain in Ne/DME mixtures with Ne=25, 42 and 50 %, respectively.
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Figure A.7: Gain in Ne/DME mixtures with Ne=58, 67 and 75 %, respectively.
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