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To my parents

I am among those who think that science has great beauty. A scientist in his
laboratory is not a mere technician: he is also a child placed before natural
phenomena which impress him like a fairy tale. We would not allow it to be
believed that all scientific progress can be reduced to mechanisms, machines,
gearings, even though such machinery also has its own beauty. Neither do I
believe that the spirit of adventure runs any risk of disappearing in our world.
If I see anything vital around me, it is precisely that spirit of adventure,
which seems indestructible and is akin to curiosity [---].

(Marie Curie Sktodowska, 1937)
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Chapter

General Introduction

This Doctoral Thesis takes place in the framework of the upgrade of the Muon
System of the Compact Muon Solenoid (CMS) experiment, one of the two
general-purpose detectors measuring proton-proton and heavy-ion collisions
at the Large Hadron Collider (LHC) at CERN laboratory, in Geneve. To
extend the sensitivity for new physics searches, a major upgrade of the LHC
machine has been decided and is being prepared, the High Luminosity LHC
(HL-LHC). The instantaneous luminosity of LHC is expected to exceed the
nominal value and reach 2.5 x 10** em~=2s71, after the second Long Shutdown
(LS2) foreseen in 2019-2020. A further increase is planned during the third
Long Shutdown (LS3) in 2024-2026, up to 5 x 10** cm™2s71, i.e. a yield five
times greater than the initially design value of the current LHC. The increase
of the energy and luminosity during the future upgrades of the LHC machine
will deeply affect the performance of the CMS Muon System due to the harsh
background environment and the high pile-up.

The CMS collaboration is currently improving the Muon System to maintain
the high level of performance achieved during the first period of operation (Run
1) also in the challenging environment of the high-luminosity LHC. The Muon
System of CMS experiment was originally designed as a highly hermetic and
redundant system that employs three gas-based detectors: Drift Tubes (DTs),
Cathode Strip Chambers (CSCs), and Resistive Plate Chambers (RPCs). Is
was designed to operate in the initial LHC environment with an instantaneous
luminosity up to 10** em=2s~!, and provided excellent triggering, muon identi-
fication, timing, and momentum measurement achieved during the entire Run
1 period. Precision measurements and Level 1 (L1) triggering are provided by
Drift Tubes in the barrel, covering acceptances up to |n| < 1.2, and Cathode
Strip Chambers in the endcaps covering 1.0 < |n| < 2.4. Additionally, Resistive
Plate Chambers provide redundant trigger and coarse position measurement
in both barrel and endcap regions, but were not implemented beyond |n| > 1.6
due to concerns about their capability to handle the high background parti-
cle rates. This imposes severe restriction on the gaseous detection technology
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1. General Introduction

that can be used: new detector requirements include a high rate capability
O(MH z/em?), a good spatial resolution O(100 um) for tracking, a good time
resolution for triggering, and in addition, radiation hardness.

In order to cope with very high operation condition, high pile-up and back-
ground environment in particular in the forward region, the CMS Collabo-
ration is planning to install a detector based on the Gas Electron Multiplier
(GEM) technology to upgrade the CMS Muon System, instrumenting the non-
redundant CMS high 7 region with detectors that could withstand the hostile
environment and high luminosity rates at the LHC and its future upgrades.
GEMs are gas-based detectors, characterized by a detection efficiency more
than 98% even for rate exceeding few M Hz/cm?, high spacial resolution of
order ~ 100 um, and good time resolution of order ~ 8 and ~ 5 ns at the
efficiency plateau for Ar/CO, (70/30) and Ar/CO/CF, (45/15/40) gas mix-
ture, respectively. Additionally, the gas gain is observed to be stable up to a
several M Hz/cm? of incident particle rate by demonstrating that the triple-
GEM detectors have a high rate capability and will be suitable to operate in
the forward muon region of CMS experiment, where a maximum rate on the
order of 50 kHz/cm? is expected. Despite being invented just in 1997 by F.
Sauli, the triple-GEM technology has become a widely used detection tech-
nology for high-rate experiments like COMPASS, LHCb or TOTEM and are
foreseen for new experiments or upcoming upgrades, such as the CMS Muon
System or the ALICE TPC upgraded.

The triple-GEM detectors are approved to instrument two forward region of
the Muon System of the CMS experiment at 1.6 < n < 2.4, called GE1/1 and
GE2/1 station during the second and third Long Shutdown, respectively. The
GE1/1 and GE2/1 detectors are "super-chambers', each made of a double layer
of trapezoidal triple-GEM detector. They will cover slightly more than 10° in
GE1/1 station and 20° in GE2/1 station, overlapping in ¢ just like the corre-
sponding CSC detectors in ME1/1 and ME2/1 stations, complementing them
and providing redundancy and enhanced triggering and tracking capabilities
in the region which currently suffering from the highest background rates and
a non uniform magnetic field. Therefore, 36 super-chambers will be installed
for the GE1/1 station and 18 for the GE2/1 station in each muon endcap in
order to ensure the full azimuthal coverage. In order to gain first operational
experience with the new subsystem and also to demonstrate the integration
of GE1/1 detectors into the trigger, a demonstrator, consisting of five GE1/1
super-chambers, has already been installed in CMS during the year-end techni-
cal stop 2016/2017. In addition to GE1/1 and GE2/1 station, the MEQ station
is approved to be instrumented with triple-GEM detector. Indeed, with pixel
tracking extension close to 7 < 4 and the replacement of the endcap of the
electromagnetic and hadronic calorimeters during the third Long Shutdown,
comes the opportunity to extend the muon coverage beyond the present limit
of n < 2.4 with the addition of a muon gas-based detector installed in a space
of ~ 30 em freed behind the new end-cap calorimeters. The MEO detector
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station comprises 36 module stacks (18 per endcap), each composed of six lay-
ers of triple-GEM detectors, compared to the two-layer design of GE1/1 and
GE2/1, covering the region 2 < n < 2.8, in order to allow proper rejection of
neutron background, particularly intense in that region. The large n coverage
foreseen would lead to an improvement of the acceptance, with a consequent
boost in the signal over noise ratio in the signature with muons, especially with
the multiple-muon final states, and better hermeticity for signature without
muons.

The Doctoral Thesis subject has been proposed by the CMS GEM Collabora-
tion and three main research projects have been conducted in this context:

The first project, conducted in the framework of the LS2 GE1/1 detector mass
production, is focused on the production and quality control of the triple-
GEM detectors for the CMS-GE1/1 station, to be installed in the CMS Muon
System during the second Long Shutdown in 2019/2020. The aim of the LS2
GE1/1 detector mass production is to assembly, certify and characterize the
CMS GE1/1 triple-GEM detectors using the large amount of data acquired
during the 18 months of quality certification tests at the CERN production site.
The Quality Assurance (QA) and the Quality Control (QC) are key elements
to ensure the delivery of fully efficient GE1/1 detectors yielding their best
performance when installed in the Muon Spectrometer of the CMS experiment.
The final detector quality and performance depend on the production quality
and on the accuracy of the detector assembly procedures. For this reason, a
standardized QA and QC protocol for the GE1/1 chamber and super-chamber
assembly and certification has been carefully prepared for each level of the
mass production in order to prevent any mechanical or electrical issues that
might affect the detector performance. The quality control tests involve all
the principal GE1/1 detector components and focus on the following main
aspects: Gas Tightness, Electric Test, Noise, Effective Gas Gain and Response
Uniformity Measurement.

The second project has been focused on the long-term operation of triple-GEM
detectors, in particular the study of the aging phenomena. The innermost
region of the forward CMS Muon Spectrometer is characterized by a harsh
environment, primarily composed by neutrons and photons. Aging is one of
the most critical limitations of the use of gaseous detectors in strong radiation
environments; it includes all the processes that lead to a significant and per-
manent degradation of the detection performences: gain drop, non-uniformity,
dark current, discharge, etc. Long-term operation in high-intensity experi-
ments of the HL-LHC era not only demands extraordinary radiation hardness
of construction materials and gas mixtures but also very specific and appropri-
ate assembly procedures and quality checks during detector construction and
testing. For this reason, it will be of primary importance the analysis of the
behavior of the new detectors in neutrons and gamma fields, in order to verify
the proper operation in such a huge environment. To evaluate the potential
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detector performance deterioration over the lifetime of an experiment, detec-
tor prototypes are subject to accelerated aging tests performed at a higher
instantaneous radiation rate. Similarly to several gaseous detector, the triple-
GEM detector might be subject to aging effect when operating in a high-rate
environment. For this reason, several aging tests of full size CMS-GE1/1 triple-
GEM detectors have been carried out in parallel at CERN Gamma Irradiation
Facility (GIF++), using for the irradiation an intense 14 T'Bq (2015) 37C’s
source emitting 662 keV ~-rays, and at the CMS-GEM QA /QC Lab. using as
irradiation source a 22 keV' X-rays source. Both detectors are operated with
Ar/CO, (70/30) gas mixture at an effective gas gain of 2 x 10*. The aim of
this aging test campaign is to validate the triple-GEM technology developed
for the CMS-GE1/1 project, using large GEM-foils based on the single-mask
photolithography technique produced by the CERN PCB workshop, also for
CMS-MEOQ project which is expected to integrate an accumulated charge of
283 mC'/em? in 10 years of HL-LHC. An additional aging test on the triple-
GEM technology based on the double-mask photolithography technique de-
veloped by the Mecaro company (Korea) has been carried out in parallel at
GIF++ facility. The detector is operated with Ar/CO, (70/30) gas mixture at
an effective gas gain of 2 x 10%. The large GEM-foils based on the double-mask
technique are not yet tested from the aging point of view. The aim of this ag-
ing test campaign is to validate the large GEM-foils based on the double-mask
photolithography technique produced by the Mecaro company for CMS-GE2/1
project by integrating a minimum of charge per unit area of about 9 mC'/cm?,
which represent a 10 years of the total GE2/1 operation at HL-LHC with a
safety factor three, and future applications.

The third project included a systematic investigation of the discharge probabil-
ity with the triple-GEM detectors under neutron irradiation in Ar/CO (70/30)
gas mixture. Still on the subject of the capability of the new detectors of work-
ing in intense neutrons and photons environment, the CMS-GEM Pavia group
performed several neutron tests at CERN CHARM (Cern High energy Ac-
celeRator Mixed Field facility): it provides neutrons, produced in spallation
reaction of the Proton Synchrotron (PS) beam with a copper target, with an
energy spectrum similar to CMS Muon System, for an integrated flux of about
10°-10° n/em? - s in the irradiation position. The aim of these neutron tests
has been the study of neutron sensitivity and neutron-induced discharge prob-
ability of a triple-GEM detector irradiated by neutrons. These measurements
have been crucial in the choice of technology to be installed on the detector in
order to preserve adequate detector performance and its discovery potential in
high luminosity environment of the HL-LHC era.

The aging and the discharge probability studies have been performed in the
framework of an R&D activity on detectors for the innermost region of the for-
ward muon spectrometer of the CMS experiment. These long-term operation
test campaigns have demonstrated the robustness and the radiation hardness
of the triple-GEM technology, which could tolerate the radiation dose fore-
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seen in 10 HL-LHC years of operation in the MEO environmental of the CMS
experiment. Therefore, the triple-GEM technology, based on the single-mask
photolithography technique produced by the CERN PCB workshop, is fully
validated for CMS-MEQO upgrade project. The results obtained during the
three years of Ph.D. have been contributed to the success of the CMS-MEOQ
upgrade project and its approval by the CMS and LHCC Collaboration.
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Chapter

Large Hadron Collider

By colliding the two oppositely directed beams of charged particles with high-
energy in a circular accelerator, it is possible to reconstruct similar conditions
which were at the first moments of life of our Universe. The higher the energy,
the farther we can see in the past, the more likely, we can observe the exotic
interactions and discover the new physics laws. Large Hadron Collider (LHC)
and its experiments were built by the European Organization for Nuclear Re-
search (CERN) [1] from 1998 to 2008. They are the unique objects and one
of the greatest achievements of human engineering. Since 2008, the develop-
ment of high-energy physics has been determined by the results obtained in
the experiments at the LHC. The LHC and its experiments allowed scientists
to verify the predictions of the elementary particles physics theories, by finding
the evidence of the existence of the long-theorized Higgs boson and by search-
ing the large family of new particles predicted by the theory of supersymmetry
as well.

2.1 Large Hadron Collider

The Large Hadron Collider (LHC) [2] [3] [4] [5] is a proton-proton supercon-
ducting accelerator and collider installed in the existing 26.7 km tunnel that
was constructed between 1984 and 1989 to host the Large Electron Positron
(LEP) collider [6] [7] [8]. The LEP tunnel has eight straight sections and eight
arcs and lies between 45 m and 170 m below the surface. The approval of the
LHC project was given by the CERN Council in December 1994. At that time,
the plan was to build a machine in two stages starting with a center-of-mass
energy of 10 TeV (be upgraded later to 14 TeV'), but later it was approved
the construction of the 14 T'eV machine in a single stage.

The choice of proton beams is mainly dictated by the following considerations
2] [3]:

o hadron allow to explore a wide range of energies with fixed-energy beams:
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2. Large Hadron Collider

they are the natural choice for a discovery machine. This is because of
the fact that protons are not elementary particles, and in hard collisions,
the interaction involves their constituents (quarks and gluons), which
carry only a fraction of the proton energy;

o protons due to their higher mass imply a smaller energy loss from syn-
chrotron radiation with respect to electrons, since in a circular collider of
radius R, the energy loss per turn is proportional to (E/m)*/R, where E
and m are the energy and mass of the particles accelerated, respectively.

Since only a fraction of the proton energy contributes to the hard scattering,
the center-of-mass energy of the beam must be much higher than the mass of
the particle that has to be produced. It can be noted that the Higgs cross
section increases steeply with the center-of-mass energy, while the total cross
section remains almost constant. It is clear that the highest center-of-mass
energy should be used.

CERN's Accelerator Complex

I ChS
/ \szﬂ:j_\

ALICE g LHCD

TT44

=PS

Leir

2008 [ 78 m)

o i COMErSIOn

CrLSs O

LI

Figure 2.1: General view of the CERN accelerator complex and location of its
main experiments [5].

Before begin injected to the LHCs main ring, the charged particles beams are
gradually accelerated in the different stages of the CERN accelerating complex
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2.1. Large Hadron Collider

(see Figure 2.1). First of all, protons are extracted from hydrogen stored in
a gas cylinder by stripping orbiting electrons from the atoms. At this early
stage, the protons have an energy around 100 keV and are pulsed every 100 us.
They enter the 30 m long linear accelerator called Linac2, where they acquire
an energy of 50 MeV. Protons are then injected into the Proton Synchrotron
Booster (PSB), a four ring synchrotron that accelerates single bunches up to
1.4 GeV. Two bunches of protons are transferred to the Proton Synchrotron
(PS), the oldest CERN accelerator still in service. In the PS, the large PSB
bunches are split into smaller bunches and accelerated to 28 GeV', before being
split again to achieve the final 25 ns bunch spacing that will be maintained
up to the LHC. The last step of pre-acceleration is made by the 6.9 km Super
Proton Synchrotron (SPS), where the beams reach the injection energy of
450 GeV. The SPS is filled with 3 to 4 cycles of the PS (out of the 11 that
would fit), as it is not capable of accelerating more than 4 x 10 protons at a
time. After acceleration, the proton bunches are then transferred to the LHC
ring for acceleration up to 7 TeV. It takes 12 cycles of the SPS in order to fill
the LHC. The LHC rings can contain up to 2808 bunches moving in opposite
directions. Every second a proton bunches cross the 27-kilometer ring of 11000
times. Before the particles collide in the four main interaction points (ATLAS
[9], CMS [10], ALICE [11], and LHCb [12]), they will circulate around the ring
about 5 hr 24 min.

In addition, when LHC operates as a heavy ion accelerator, lead ions are first
accelerated by the linear accelerator LINAC 3, and the Low-Energy Ion Ring
(LEIR) is used as an ion storage and cooler unit. The ions then are further
accelerated by the PS and SPS before being injected into LHC ring, where they
will reach an energy of 2.76 TeV per nucleon (or 5.75 T'eV per lead ion). The
main parameters of the LHC machine and the particle beams are presented in
Table 2.1.

‘ Parameters p-p collisions ‘ Pb-Pb collisions
Center-of-mass energy (TeV) 14 1148
Number of particles per bunch 1.110M ~ 8 x 107
Number of bunches 2808 608
Design luminosity (cm=2s71) 10%* 2 x 10%7
Bunch lenght (mm) 53 75
Beam radius at interaction point (pm) 15 15
Time between collisions (ns) 25 124.75 x 103
Bunch crossing (MHz) 40.08 0.008
Dipole field (T) 8.3 8.3

Table 2.1: Main parameters of the LHC and its beam [3].

To hold and focus the particles inside LHC vacuum tubes, 1632 superconduct-
ing magnets were installed (see Figure 2.2a). In order to achieve a center-of-
mass energy of /s = 14 TeV and luminosity of 103 em=2s7!, these magnets
must be cooled up to 1.9 K. It is the temperature at which helium becomes
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Figure 2.2: Pictures of the superconducting magnets in the LHC tunnel (left)
and its cross-section (right) [3].

superfluid. After that, the magnets can create a magnetic field of 8.3 T. The
innovative design of two-in-one magnets allows both transport tubes of beams
to be located in a single cryostat (see Figure 2.2b), which significantly reduces
the size and cost. The total amount of helium, about 96 tons, allow to cool
the LHC accelerator with a mass of 37000 tons. Thus, the LHC is one of the
largest cryogenic systems in the World.

2.2 LHC Main Characteristics

The most important performance parameters of LHC are the beam energy and
the luminosity.

The energy available for the production of new effects is the most significant
feature. It is chosen based on the physical tasks which must be solved during
the operation LHC. The range of LHC physics tasks is very wide and a brief
description will be given in the Section 2.4, where the main LHC experiments
and their main tasks will be presented. In the LHC collides two opposite beams
which have the energy depend on the operation phase of the collider. The total
energy at the collisions determines as the center-of-mass energy (y/s) which
depends on the energies F, and Fy of the particles of the two beams and of
their momenta p; and p,. Taking into account that the LHC is a collider, then
p1 = —pa. The center-of-mass energy is given by:

Vs Z\/<E1 + E)? — (Py + p1)? Z\/(E1 + Ej)? (2.1)

The collider’s luminosity £ is the second most important parameter. The
number of colliding particles increases with increasing luminosity. The instan-
taneous luminosity is defined as the number of collisions per unit time and
cross-sectional area of the beams:

_ NlNanfrev

£ A

(2.2)
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where N; and N, are the number of particles in the two colliding bunches,
A is the overlap area of the two bunches transverse to the beam, n, is the
number of bunches in one beam, and f,., is the revolution frequency of one
bunch (with a design value of 11245 Hz). At the LHC proton-proton collisions
Ny, = Ny = N, and, since the area of overlap is difficult to measure directly
in an accelerator, for a Gaussian beam distribution £ can be written as:

8

= N? — L F 2.
L pnbfrev 471'6”5* ( 3)

where 7 is the relativistic Lorentz factor, €, is the normalized transverse beam
emittance (with a design value of 3.75 um), f* is the so-called betatron function
at the interaction point [13], and F'is the geometric luminosity reduction factor
due to the crossing angle at the interaction point.

The luminosity integrated over a time period refers to the number of bunch
crossings during this period. It is often expressed in inverse femtobarn fb—1.
The integrated luminosity multiplied by the interaction cross-section gives the
total number of events produced during a time period. This parameter char-
acterizes the efficiency of obtaining physical information from the LHC.
dN

R = pr Lo (24)
The first year LHC operated at £ ~ 6 x 10?3 em~2c™!, center-of-mass energy
Vs = 7 TeV and integrated a luminosity of 5.1 fo~!. The gradual increase
of the luminosity has led to the fact that by 2017, it reached the value £ ~
1 x 103! em~2s7! and nowaday the center-of-mass energy is /s = 14 TeV with
an integrated luminosity of 100 fo~!. Such a high luminosity is necessary to
study the extremely rare events with a small cross-section which characterizes
the new physics [14].

2.3 The Physics at the LHC

The LHC at CERN is the most powerful particle accelerator in the World
at the moment. It operates at 14 T'eV center-of-mass energy, and a design
luminosity of 10** ¢m~=2 s~!. This energy and luminosity values are needed
in order to investigate a range of energy (mass) never explored before and
to confirm or deny the Standard Model theory. The main goal of LHC is to
study the physics of elementary particles, such as Higgs boson, at the highest

energies accessible to the accelerators.

2.3.1 The Standard Model

The Standard Model (SM) is a theory that describes all the elementary parti-
cles actually known and the forces (except for the gravity) between them [15]
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[16] [17]. It describes matter as composed by fermions (half-integer spin parti-
cles), divided into main groups: leptons including electrons, muons, taus and
the related neutrinos, and quarks. In Table 2.2 a classification of SM fermions
is given.

| Fermions | 1* Fam. | 2* Fam. | 3" Fam. | Charge | Interactions |

u c t +2/3
Quarks d 5 b —1/3 All

e I T —1 Weak, E.M.
Leptons U, vy vy 0 Weak

Table 2.2: Fundamental particles in the Standard Model [15].

In the SM the interactions between particles are described as an exchange of
bosons, the mediators of fundamental forces. Bosons are integer spin particles
that mediate the fundamental interactions. In particular, the SM describes
only three of the four known forces: electromagnetic, weak and strong. Grav-
itation is not described by SM because is not relevant at the scale of distance
common in the particle physics. The fundamental interactions are described
in Table 2.3.

‘ Electromagnetic ‘ Weak Strong ‘
Quantum Photon (7) W= and Z Gluons
Mass GeV/c? 0 80-90 0
Coupling Constant | a(Q? =0) ~ 1/137 | Gp ~ 1.2 x 1075GeV "2 | a,(myz) ~ 0.1
Range (cm) 00 10°° 10713

Table 2.3: Fundamental Interactions in the Standard Model [15].

The Standard Model describes these interactions with two gauge theories:

 the theory of the electroweak interaction, or Electroweak Standard Model,
that unifies the electromagnetic and the weak interaction;

o the theory of strong interactions or Quantum ChromoDynamics (QCD).

2.3.2 Electroweak Symmetry Breaking in the Standard
Model

The Quantum FElectrodynamics is based on the invariance of the QED La-
grangian for local gauge transformation with respect to the U(1) symmetry
group [15] [16]. This symmetry leads to the existence of the photon, that is
the massless field vector of the electromagnetic interaction. If we extend the
symmetry to the group SU(2) x U(1) we can unified the weak and electromag-
netic interactions in a single one, it will be the electroweak interaction. There
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are two quantum numbers associated to this interaction: the weak isospin (/)
and (Y) that satisfy the relation:

Q=1+ )2/ (2.5)

where I3 is the third component of the weak isospin and () is the electric

charge. The request of invariance for local gauge transformations with respect

to the SU(2) x U(1) group introduces four massless vector fields W*? and B,

that couple to fermions with two coupling constants g and ¢’. In order to have

the physical field, we have to re-organize the four massless fields in a linear
combination. This gives us two charged bosons:

1 .
Wh2s = \/Q(Wj +ilW?) (2.6)
while the neutral bosons v and Z correspond to
A, = Bycosty + W sinby (2.7)

2, = —B,sinby + chos@w (2.8)

The two neutral bosons are obtained by mixing the neutral fields Wj’ and B,

with a rotation defined by Weinberg angle fy,. In particular, the A, field is
identified with the electromagnetic field tensor. The unification can be done
if the two coupling constants are equal:

gsinby = gcosby = e (2.9)

that represents the electromagnetic unification.

The four bosons obtained are massless. If we try to introduce a mass term
for the gauge bosons in the SU(2) x U(1) Lagrangian, we will destroy the
invariance of local gauge transformations. In order to keep the mass, we have to
use the Brout-Englert-Higgs (BEH) mechanism, that permits to have massive
fermions, W+ and Z leaving the photon v massless. The BEH mechanism
introduces the Higgs field, a doublet of complex scalar field:

_l’_ .
¢ = <¢ ) = \F@l N Z.@) (2.10)
¢° 2\ 3 + iy
where the ¢t and ¢° are the charged and neutral fields, ¢, ¢1, ¢3 and ¢4 are
complex of the scalar fields.

The Lagrangian of this field must be invariant under SU(2) x U(1) local gauge
transformations and include a potential term
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where

V(¢) = —12¢'¢ + Mo'9)” (2.12)

and D, is the covariant derivative for local gauge transformations. The po-

tential written above depends on the pure imaginary parameter p and the real
and positive parameter X\. By minimizing V' (¢), the fundamental state of the
system is obtained.

At A > 0 and p? < 0, we have a lowerly limited Lagrangian density and a
minimum of the potential that is not unique, but an infinite set of minimum
points dislocated on a circumference on the complex plane, as shown in the
Figure 2.3.

Figure 2.3: Form of potential V' as a function of ¢ on the complex plane [16]

Under these condititons (A > 0 and p? < 0) the potential has a minimum for

(2.13)

So—r@t+drdtea) ==L

ot T T o T 2
The minimum is not found for ¢; but for a manifold of value: this effect is called
spontaneous symmetry breaking. The coupling between boson fields and the
non-zero vacuum value of the Higgs field gives masses to the bosons. An
important result is that the fundamental state of the potential doesn’t have the
same symmetry properties as the Lagrangian while the minimum of Higgs field
is invariant for U(1) transformations. This means that the electromagnetic
symmetry remains unbroken and photon remains massless.

Using the Higgs mechanism, we have three massive gauge bosons, correspond-
ing to nine degrees of freedom. Since the initial number of independent fields
is ten (three massless bosons X two polarization states + four real ¢; fields),
one additional scalar gauge boson should appear as a real particle. This “new”
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boson is called Higgs boson and his mass depend on v and A. The value is
related to the boson masses by the relation:

1
my+ = igv
gv (2.14)
m ==
Z 2cosby,

However, the A parameter is a characteristic of the field ¢ and we cannot
determine it from other constrains: this implies that the Higgs mass can not
be obtained theoretically. The fermion masses are generated with a similar
mechanism, but like free parameters of the theory (6 masses of quarks and 3
for leptons, assuming neutrinos to be massless). This brings the number of free
parameters of Standard Model to 17, the others are 4 parameters of Cabibbo-
Kobayashi-Maskawa matrix that describes the mixing of quark flavours, the
coupling g and ¢, the parameter of the Higgs vacuum expectation value and
the Higgs mass. Nowadays, the parameters have been determined from ex-
perimental results and in 2012 the Higgs boson experimental mass close to
125 GeV has been observed by the ATLAS and CMS experiments.

2.3.3 Search for Higgs Boson at LHC

The LHC is providing p-p collisions at high center-of-mass energy. The search
for the Standard Model Higgs boson is one of the major physics goals at this
collider. But the production of the SM Higgs boson is a very rare process at the
LHC, largely dominated by the production of quarks and gluons. The cross-
section of the different processes as a function of the center-of-mass energies
in proton-(anti) proton collisions are shown in Figure 2.4. Taking into account
this, it is clear that the production of bb-pairs are the dominant process while
the production of gauge or Higgs bosons is several orders of magnitude smaller.

2.3.3.1 Phenomenology

The main mechanisms of the Higgs boson production at LHC in the proton-
proton collisions are presented below:

o gluon — gluon fusion (99 — H), is a dominant mechanism regulated by
strong interaction. The leading order includes a heavy-quark loop with
the main contribution given by the top quark, as shown in the Feynman
diagram in Figure 2.5a. It also is the main Higgs production mode at
the LHC and represents about 87% of the total Higgs production at
the center-of-mass energy /s = 14 TeV and for the Higgs mass around
mg = 125 GeV.

» vector boson fusion (VBF) (¢q¢ — qqV'V — qqH) is the second most
dominant production mode at the LHC. This production mechanism
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proton - (anti)proton cross sections
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Figure 2.4: Cross section and event rates of several processes as a function of
the center-of-mass energy of proton-(anti) proton collisions [18].

occurs as the scattering between two ¢g with weak boson (W% and Z)
exchange in the t-channel and with the Higgs boson radiated off the weak-
boson propagator. The main characteristic of this process, as shown in
the corresponding Feynman diagram in Figure 2.5b, is the production
of two small angle jets. The Higgs VBF production cross section is
somewhat smaller (~ 20%) than the gluon fusion one.

 associated with vector boson (qq@ — V* — VH, see in Figure 2.5c)
production, called Higgsstrahlung, is the most promising channel (about
5% of the overall Higgs production). This channel is the associate pro-
duction Higgs with virtual boson decays into a real boson W= or Z for
mpy < 135 GeV, where the bb-decay is dominant. This is due to the
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possibility to trigger on the leptonic decay of the vector boson.

e associated with top quarks (gg/qq — Htt/bbarb, see in Figure 2.5d).
This channel is radiated off one of the two tops in the ¢q, gg s-channel
or off the top propagator in the gg t-channel. It can be important in the
low-mass region at high luminosity LHC condition. In this production
mode represents about 1% of the total Higgs production at the center-
of-mass energy /s = 14 TeV.

Figure 2.5: The Feynman diagrams for the main production mechanisms of
the Higgs boson: (a) gluon-gluon fusion; (b) vector boson fusion (VBF); (c)
associated with vector boson; (d) associated with pairs of top quarks [18].

The Higgs boson is an unstable particle and therefore can only be revealed
through its decay products. The branching ratio is defined for a possible decay
channel, such as the probability of decaying in that particular decay channel
with respect to the total probability of decay in all permissible channels. The
branching ratio and the cross-section at /s = 14 TeV of the various decay
modes of the SM Higgs boson are shown in Figure 2.6. At the leading order,
according to the Standard Model, the Higgs boson can decay into: H — ~7;
H—-WW*or — ZZ* H— 2l (I =p,7); H— bbor H— gg and etc.

17



2. Large Hadron Collider
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Figure 2.6: (a) Higgs production cross section and (b) branching ratios as a
function of the Higgs mass at the center-of-mass energy/s = 7, 8, 14 TeV
[19].
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2.3.3.2 Discovery of Higgs Boson at LHC

On July 2012 in the 36" Conference on High Energy Physics (ICHEP 2012,
Australia) ATLAS and CMS experiments announced the discovery of a new,
neutral particle of mass of about 125 GeV. The properties of the new particle
were shown to be consistent with those predicted for the SM Higgs boson.
Thus, with the discovery of the Higgs boson, the picture appears complete: all
fundamental constituents of the Standard Model have been realized in nature,
and the major task of the Large Hadron Collider and its detectors was achieved.

Results were received by using data samples collected by the CMS and ATLAS
during the first operation of the LHC at the integrated luminosities of 5.1 fb~*
and /s = 7 TeV and 19.7 fo~! at/s = 8 TeV. The search was performed
in the six different decays: vy, Z2Z, WHW =, 777=, bb and p*p~ and the
five different production modes, where the boson produced in vector boson
constitutes two very distinguishable final states [20] [21]. Each experiment
produced an observation compatible with the predictions of production and
decay of a SM Higgs boson. ATLAS and CMS each observed a significance of
5.9 and 5.8 standard deviations respectively. Both of these experiments saw
the highest contribution to this measurement from the ZZ* — 4l and v~ final
states, which also correspond to the two final states with the highest resolution
on the mass of this newly discovered particle. A combination of ATLAS and
CMS results in these channels was performed to provide a combined measured
mass of the Higgs boson of my = 125.09 £ 0.21(stat.) £ 0.11(syst.) GeV [21].
The joint ATLAS and CMS results were used to produce observations of the
vector boson fusion production process and for the H — 777~ decay process
of 5.4 and 5.5 standard deviations, respectively.

2.4 LHC Experiments

In June 1995, the LHC Committee approved the construction of two new
detectors designed to operate on the accelerator: ATLAS (A Toroidal LHC
ApparatuS) and CMS (Compact Muon Solenoid). The general principles of
operation of the ATLAS and CMS experiments are the same and aim at de-
tailed studies of the known physics and search for new physics beyond the
SM. They maximally cover the space around the interaction point of colliding
proton beams (so-called 47 detectors). The decision to build two detectors for
physical research was related to the need for the confirmation of each discovery
by independent experiments. Independently created experiments should en-
sure the reliability of the obtained physical results. Each detector has its own
area of intersection beams called interaction point (IP). There are four such
areas at the LHC. Two of them are designed for ATLAS and CMS detectors
(IP1 and IP5). The two remaining ones are intended for other experiments
such as ALICE (A Large Ion Collider Experiment) and LHCb (The Large

19



2. Large Hadron Collider

Hadron Collider beauty experiment), IP2 and IP8 respectively. In the ALICE
experiment, a study over lead-ion collisions is done in order to improve the
understanding of the quark-gluon plasma, which is postulated to have existed
during the early universe. The LHCb experiment is specialized in studying
the bottom-quark physics and CP violation in order to better understand the
matter-antimatter asymmetry in the universe. The schematic views of the
LHC main experiments are shown in Figure 2.7.

LHC experiments and Detecfors

\SATLA

EXPERIMENT
vabe: 7900 ¢

Figure 2.7: The LHC main experiments: ATLAS, CMS, ALICE and LHCb

In addition to the four main experiments, single-purpose experiments such as
TOTEM (TOTal Elastic and diffractive cross section Measurement), which
is installed near ATLAS and CMS respectively, LHCf (The Large Hadron
Collider forward) and MoEDAL (Monopole and Exotic Detector At the LHC)
were designed. LHCf aims at studying particle showers close to the beam pipe
in order to test models of particle showers as present in astroparticle physics.
TOTEM is measuring up to high pseudorapidity in order to study the total
cross section of proton collisions. MoEDAL is designed to directly search for
magnetic monopoles and other highly ionizing stable or metastable particles
arising in various theoretical scenarios beyond the Standard Model. More
details about these experiments can be found in [22], [23], [24] and [25].
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The CMS Experiment

The Compact Muon Solenoid (CMS) is one of the four main experiments and a
multi-purpose apparatus operating at the Large Hadron Collider. Its scientific
goals are to describe the features of all known particles, including the latest
discovered Higgs boson, as well as search for new physics beyond the Stan-
dard Model at the TeV energy scale. The CMS experiment is a worldwide
collaboration that includes more than 4300 scientists and engineers from 186
institutes and 42 countries.

3.1 Overall Design

The CMS detector system, located at the underground cavern (IP 5) near
Cessy in France, is in shape of a cylindrical barrel closed by two endcap disks,
with a full length of ~ 21 m, a diameter of ~ 15 m and a total weight of about
14000 tonnes. Its main distinguishing features are a compact solenoid with
the high magnetic field of 3.8 T'.

The CMS detector is designed to follow the traditional scheme of the sub-
detectors location: the first layer (close to the interaction point) is an inner
tracking detector followed by Electromagnetic and Hadronic Calorimeters and
Muon Spectrometer on the outside. All detector components were chosen
to meet the LHC physics programme requirements. In Table 3.1 the main
characteristics of the CMS sub-detectors and their functions are presented.
The overall view of the CMS detector is shown in Figure 3.1 where we can
distinguish the barrel region and the endcap stations.

The CMS coordinate frame is a right-handed system where the z-azis pointing
radially inward that is, toward the center of the LHC ring, the y-axis points
upwards and the z-axis is parallel to the beam and points toward the Jura
mountains from LHC Point 5. Reconstruction algorithms, however, use a
spherical coordinate system based on the radial distance R = /22 + y2 from
the z-azis, the azimuthal angle ¢ with respect to the y-azis and polar angle
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3. The CMS Experiment

Sub-detector

‘ Composition Functions Main craracteristics ‘

Inner tracker

isolated track efficiency € > 95%

within jets € ~ 90%;

primary vertex resolution: 10-20pm;

pr resolution: Apr/pr = 1% (0.1 TeV),

silicon strip and
pixel detectors

the charged particles
momentum measur-
ing and reconstruc-
tion of their trajec-

tory 10% (TeV); coverage n < 2.5
Electromagnetic PbW Oy crystals high precision | energy resolution:
Calorimeter measurements of | (£)2= (&7’5’)2 + (45)2 1+ 0.55% (barrel);
the eclectrons and | ()2 = (%)2 + (32)? + 0.55% (endcap);
photons coverage 1) < 3;
Hadron Calorimeter | Cu-Zn scintilla- | hadrons energy mea- | energy resolution:
tors surement and  the | ()2 = (%2/70)2 +4.5% (barrel);

indirect
ment of the presence
of  non-interacting,
uncharged particles
such as neutrinos

measure- | coverage 7 < 3;

Muon Spectrometer

efficiency € ~ 90%
Apr/pr = 815% (0.01 TeV)/20-40% (TeV)
coverage ) < 2.4

gaseous detectors | precise muon detec-
tion and identifica-

tion

Table 3.1: The main characteristics of the CMS sub-detectors and their func-

tions [33], [34].
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Figure 3.1: Overall view of CMS detector.

with respect to the beam line. However, taking into account that the particles
produced by proton collisions are strongly pressed to the collision axis and
distributed over the angle 6 very unevenly, it is customary to use a different,
more convenient, kinematic variable called pseudorapidity (n). The n value is
determined by the formula [33], [34]:

6
n= —ln(tcmi) (3.1)
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3.2. The Superconducting Magnet

The benefit of this kinematic value is that hadrons generated in proton colli-

sions are much more uniformly distributed in velocity than in angle 6, which
makes the analysis of a complex event easier and more clearly. The CMS
coordinate system is shown in Figure 3.2.

RO

Figure 3.2: The CMS coordinate system.

3.2 The Superconducting Magnet

A magnetic field is essential for identifying the particles emerging from colli-
sions: it curves their trajectory allowing to calculate their momentum and to
establish whether they have a positive or negative charge. The stronger the
field and the larger the volume on which it acts, the higher the resolution of
the detector.

The heart of the CMS detector is the magnet, which consists of a 12.5 m
long, 6 m inner diameter, 3.8 T" superconducting solenoid and of a 12000 tons,
1.5 m thick iron yoke. Various detectors are located both inside the bore of the
magnet coil (inner tracker, calorimetry) and outside the coil into the gaps of
the segmented return yoke (muon detection). In Figure 3.3 a schematic view
of the CMS solenoid is shown as well as the picture of the steel return yoke and
muon chambers around the magnet are presented. Other main parameters of
the CMS superconducting magnet are given in Table 3.2 [33], [34].
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3. The CMS Experiment

Figure 3.3: A schematic view of the CMS solenoid (left), and the photograph of
the CMS magnet and the return yoke with the barrel muon chambers installed
at the Underground Experimental Cavern (right).

‘ Parameter ‘ Value ‘
Magnetic length 125 m
Free bore diameter 5.9 m
Number of turns 2168
Central magnetic induction 3.8T
Maximum induction on conductor | 4.6 T
Nominal current 19.1 kKA
Average inductance 142 H
Stored energy 2.6 GJ
Operating temperature 4.5 K

Table 3.2: Parameters of the CMS superconducting solenoid.

3.3 Tracker System

The main goal of the inner tracker is to reconstruct high-py charged particles
(electrons and muons) tracks in the region |n| < 2.5 with high efficiency and
good momentum resolution, to measure their impact parameter and to recon-
struct secondary vertices [26] [27] [28]. It surrounds the interaction point and
features high granularity and fast response, as in the LHC design luminosity of
1034 em =257 there will be on average about 1000 particles from more than 20
overlapping proton-proton interactions traversing the tracker for each bunch
crossing. The trajectories can, therefore, be identified reliably and attributed
to the correct bunch crossing. Tracker has a cylinder shape with 5.4 m long,
2.4 m of the diameter. The magnetic field (3.8 T") is maintained throughout all
the volume of the tracker system. The CMS tracker is constructed using the
two type of detector technologies: pixel and microstrip. A general overview
of the CMS tracker system is given in Figure 3.4, with its subsystems Pixel,
Tracker Inner Barrel (TIB) and Tracker Inner Disks (TID), Tracker Outer
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3.3. Tracker System

Barrel (TOB) and Tracker Endcaps (TEC).

Outer Barrel
Inner Barrel (TOB)

(TIB) End Cap

/{TECJ

Inner Disks
(TID)

24 m

Pixel

Figure 3.4: Overview of the CMS inner tracking system [26].

Pixel Detector. The inner pixel detector is installed within a distance of
20 ¢m from the beam pipe. It provides high-resolution three-dimensional mea-
surements for the charged track reconstruction. Its excellent resolution allows
the measurement of track impact parameter, the identification of b and t-jets
and the reconstruction of vertices in the 3D-dimensions. In overall, the pixel
detector consists of three barrel layers (BPix) with two endcap disks (EPix)
on each side of the barrel as shown in Figure 3.5a. The 53 ¢m long BPix layers
are located at mean radii of 4.4, 7.3, and 10.2 em. The EPix disks extending
from 6.1 to 15.0 ¢m in radius are placed on each side at z = £+ 34.5 ¢m and
z =4 46.5 cm [26] [27].

Figure 3.5: CMS pixel detector: (left) 3D-dimentional view and (right) photo
of the detector [26].
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3. The CMS Experiment

It covers an area of about 1 m? and consists of 1440 segmented silicon sensor
modules with a total of 66 million readout channels with size 100 pm by 150 pum
which are implemented into 285 mm thick n-type bulk and p-type backside.
They are oriented with the smaller pitch in the azimuthal direction in the
barrel and in the radial direction in the disks. The range —2.5 < |n| < 2.5
covered by the pixel detector matches the acceptance of the central tracker.
The spatial resolution of the pixel detector is in the range of 15 - 20 pm [26]
[27].

Microstrip Detector. In addition to the pixel detectors, the inner tracker
is composed of several layers of silicon microstrip detectors: four-layer Tracker
Inner Barrel (TIB), six-layer tracker outer barrel (TOB) and on each side
three-disk Tracker Inner Disks (TID) and nine-disk Tracker Endcaps (TEC).
The full tracker consists of about 15148 microstrip detectors, with a pitch size
ranging from 80 pum to 180 wm. Some of the modules are composed by two
detectors mounted back to back with the strips rotated by 100 mrad. These
double-sided ("stereo") modules also provide a measurement in the coordinate
orthogonal to the strips [26] [27].

3.4 Calorimeter System

In accordance with the standard layout, in the CMS detector two types of
calorimeters were installed: the internal (electromagnetic) and the external
(hadron). In particular, the first one measures the energy of electrons and
photons, while the second one measures the energy loss by all the hadrons (i.e.
jets formed by the quark hadronization).

Electromagnetic calorimeter. The CMS electromagnetic calorimeter (CMS
ECAL) [29] [30] [31] is a hermetic homogeneous calorimeter made of lead
tungstate crystals (PbWO4). The ECAL subdetector covers the pseudora-
pidity range |n| < 3.0 with 61200 PbWW O, crystals in the barrel, read out by
Avalanche Photodiodes (APDs) (see Figure 3.6a (top)), and 7324 crystals in
the endcap region, read out by Vacuum Phototriodes (VPTs) (see Figure 3.6a
(bottom)).

The use of high-density crystals such as PbW O, allows the design of a col-
orimeter which is fast, has fine granularity and is radiation resistant. One of
the driving criteria in the design was the capability to detect the decay into
two photons of the Higgs boson H — 7. This capability was enhanced by
the good energy resolution provided by a homogeneous crystal calorimeter.

In order to avoid cracks, crystals are mounted slightly turned, so that the
crystal axes make a 3° angle with respect to the direction of the nominal
interaction point in both the azimuthal ¢ and n projections. The length of the
crystals is 230 mm in the barrel and 220 mm in the endcaps, corresponding to
25.8 Xy and 24.7 X, respectively. Crystals are trapezoidal, with a square front
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3.4. Calorimeter System

face of 22 x 22 mm? in the barrel and 30 x 30 mm? in the endcaps, matching
the Moliere radius. All crystals are collected in a matrix forming the so-called
Super Module and Supercrystal.

ECIAL Barrel
Super Model
(1700 crystals)

(b)

Figure 3.6: CMS Electromagnetic calorimeter: (left) PbW O, ECAL crystals
with photodetectors attached a barrel crystal with APD capsule (top) and an
endcap crystal with a VPT (bottom), and (right) General CMS ECAL layout:
Barrel Super Module (yellow), Endcap crystal (green) and Preshower detectors
(pink) [29].

In addition to the barrel and endcap crystals, the Preshower detector has
been installed, consisting of two lead radiators and two planes of silicon strip
detectors, with a total of 3 Xy. The principal aim of the CMS Preshower
detector is to identify neutral pions in the endcaps within a fiducial region
1.653 < |n| < 2.6. It also helps the identification of electrons against minimum
ionizing particles, and improves the position determination of electrons and
photons with high granularity, providing a good measurement of two-photon
invariant mass. The CMS ECAL layout is shown in Figure 3.6b.

Hadron calorimeter. The CMS hadron calorimeter (CMS HCAL) [32] mea-
sures the energy of the hadrons jets created by the proton-proton interaction.
It plays a main role in the identification of neutrinos and exotic particles that
do not interact with the detector and whose signature is a non zero transverse
energy balance. Due to the fact that the HCAL is placed inside the magnet,
materials with short interaction lengths need to be used. Therefore, the main
materials, from which the HCAL is made, are the scintillator and the layers
of the absorber, mainly brass. The innermost and outermost ones are made of
stainless steel whereas the others also consist of brass. A good hermiticity is
also requested in order to accurately measure the transverse missing energy.

The HCAL consists of a barrel region up to |n| < 1.3 (Hadron Barell, 5.4
to 10.6 A7), an endcap region up to |n| < 3 (Hadron Endcap) and a forward
region further down the beam pipe at 11.2 m that increases the coverage up
to |n| < 5.2 (Hadron Forward). The limited space for stopping power in the
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1l

== imml=l= /

Figure 3.7: A quadrant of the CMS detector with locations of the calorimeters:
hadron barrel (HB), endcap (HE), outer (HO) and forward (HF) [32].

barrel region is overcome with an additional calorimeter outside the solenoid
up to || < 1.3 (Hadron Outer) that uses the coil and a 19.5 e¢m layer of steel
yoke as the absorber [32]. Figure 3.7 shows the quadrant of the CMS detector
with locations of the calorimeters: hadron barrel (HB), endcap (HE), outer
(HO) and forward (HF).

In addition, between the brass absorber plates with ~ 5 ¢m for HB, ~ 8 ¢m
for HF, the scintillator tiles with a segmentation depending on n from A 7 x
A ¢ =0.087 x 0.087 to 0.17 x 0.17 produce the optical signal that embedded
wavelength-shifting fibers take to hybrid photodiodes [32]. The total amount
of light summed over the layers of tiles within a given region is a measure for
the passing particle energy.

3.5 CMS Muon Spectrometer

Muon detection is a powerful tool for recognizing signatures of interesting
processes over the very high background rate expected at the LHC with full
and high luminosity. For example, the predicted and confirmed decay of the
Standard Model Higgs boson into ZZ or ZZ*, which in turn decay into 4
leptons, has been called "gold plated" for the case in which all the leptons are
muons. This example and others from SUSY models emphasize the discovery
potential of muon final states and the necessity for wide angular coverage for
muon detection. Therefore, as is implied by the experiment middle name, the
detection of muons is of central importance to CMS: precise and robust muon
measurement was a central theme from its earliest design stages. The muon
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3.5. CMS Muon Spectrometer

spectrometer has 3 functions: muon identification, momentum measurement,
and triggering. Good muon momentum resolution and trigger capability are
enabled by the high-field solenoidal magnet and its flux-return yoke. The latter
also serves as a hadron absorber for the identification of muons.
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Figure 3.8: Longitudinal view of one quarter of the present CMS Muon Spec-
trometer [33].

The CMS Muon Spectrometer [33] [34] has been designed to have the capa-
bility of reconstructing the momentum and charge of muons over the entire
energy range of the LHC. Due to the shape of the solenoid magnet, the muon
spectrometer is naturally divided in the cylindrical barrel part and two pla-
nar endcap regions. Nowadays, three types of gaseous detector are installed for
muon identification, the total surface coverage is around 25000 m?. The layout
of the CMS Muon Spectrometer is presented in Figure 3.8 The gas ionization
technology was chosen since the detectors must be relatively inexpensive, reli-
able and robust.

In the barrel region, where the neutron-induced background is small, the muon
rate is low, and the 3.8 T magnetic field is uniform and mostly contained in the
steel yoke, drift chambers with standard rectangular drift cells are used. The
barrel Drift Tube (DT) chambers cover the pseudorapidity region || < 1.2 and
are organized into four stations which are labeled MB1, MB2, MB3, and MB4
in Figure 3.8. In the two endcap regions of CMS, where the muon rates and
background levels are high and the magnetic field is large and non-uniform, the
muon system uses Cathode Strip Chambers (CSC). With their fast response
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3. The CMS Experiment

time, fine segmentation and radiation resistance, CSC’s identify muon in the
range 0.9 < |n| < 2.4. There are four stations of CSCs, which are named
ME1, ME2, ME3 and ME4 as shown in Figure 3.8, in each endcap, with
chambers positioned perpendicular to the beam line and displaced between
the flux return plates. In both the barrel and endcap regions (|n| < 1.9), a
third system, composed by Resistive Plate Chamber (RPC) (marked as RBI1,
RB2, RB3 and RB4 - for barrel and RE1, RE2, RE3 and RE4 - for endcap)
is present. This type of detector provides an independent measurement for
triggering purposes with a coarser space resolution but a fast time response
for unambiguous assignment. All the above muon detectors contribute to the
Level-1 Trigger System, providing independent and complementary sources of
the information.

3.5.1 Drift Tube

In the barrel the muon detector does not operate in particularly demanding
conditions [33] since the occupancy in this region is low and the magnetic field
is well contained in the iron plates of the magnet return yoke. For this reason,
the Drift Tubes (DT) [33] was chosen. DT system covers the region |n| < 1.2
and consists of 4 coaxial stations (MB1 to MB4), forming concentric wheels
(Wheel 0, Wheel £ 1, Wheel £ 2) which are segmented in 12 sectors around
the beam line (total of 250 DT chamber).

(a) (b)

Figure 3.9: Illustration of the Drift Tube Chamber: (left) schematic view of a
DT chamber and (right) the one section of the DT with electric field [33].

The basic detector element is a drift tube cell, whose section is shown in Figure
3.9a. Cells have a size of 42 mm x 13 mm. A layer of cells is obtained by two
parallel aluminum planes and by "I" - shaped aluminum beams which define
the boundary of the cells and serve as cathodes. I-beams are insulated from the
planes by a 0.5 mm thick plastic profile. The anode is a 50 pum stainless steel
wire placed in the center of the cell. Additional field shaping is obtained with
two positively-biased insulated strips, glued on the planes in correspondence
to the wire. Typical voltages are +3.6 KV, +1.8 kV and —1.2 kV for the wires,
the strips, and the cathodes, respectively [33].
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3.5. CMS Muon Spectrometer

In addition, the four staggered layers of parallel cells constitute a Super Layer
(SL), which allows to resolve the left-right ambiguity of a single layer and
provides the measurement of a two-dimensional segment (see 3.9a). Also, it
measures the bunch crossing time using a generalization of the mean-timer
technique: this permit to originate a segment that does not need any exter-
nal input (trigger). A chamber is composed by two SL measuring the r — ¢
coordinates, with the wires parallel to the beam line, and an orthogonal SL
measuring the r — z coordinates. The latter is not presented in the outermost
MB4 station because MB4 only has the 8 layers measuring the ¢ coordinate
[33].

The DT are gaseous detectors and their working principle is based on the
produced ionization of the gas volume of the detector caused by the passing
of a charged particles (see 3.9b). The used gas mixture is a Ar/CO, (85/15)
which provides good quenching properties and a saturated drift velocity, of
about 5.6 cm/ps. The maximum drift time is, therefore, ~ 375 ns, i.e. 15
bunch crossing. A single cell has an efficiency of about 99.8% and a resolution
of ~ 180 um [33].

3.5.2 Cathode Strip Chambers

The Cathode Strip Chamber (CSC) [33] is one of a type of the gaseous particle
detectors, combining cathode strips running along 7, and perpendicular anode
wires measuring the 7 coordinate. These multi-wire proportional chambers
have the good spatial and time resolution and can operate at high occupancy
levels and in the presence of the large inhomogeneous magnetic field. For this
reason, they were adopted for the endcap region. General view and picture of
the CSC chambers are shown in Figure 3.10 and Figure 3.11.

CMS CSC system uses of 540 chambers covering the endcap region of 0.9 <
In| < 2.4. CSC chambers are arranged in four disks (stations) placed be-
tween the iron disks of the yoke (see Figure 3.8) and directed perpendicular
to the beam line. The innermost station consists of three concentric rings
(ME1/1, ME1/2 and ME1/3), the first being closer to the interaction point.
The other stations are composed by two disks only (ME2/1, ME2/2, ME3/1,
and ME3/2). The rings are formed by 18 or 36 trapezoidal chambers with
two different sizes covering either 10° or 20° in the azimuthal angle ¢ direction
with a small overlap in ¢ (the exception of the outermost ring of ME1/1).

CSC chamber consists of 6 gas gaps 9.5 mm thick (see Figure 3.10), each
composed by an array of anode wires between two cathode planes. The wires
are held at a potential value from 2.9 kV to 3.6 kV. One of the cathode
planes is segmented into strips orthogonal to the wires, disposed in the radial
direction to measure the phi-coordinate. The strip pitch range is 8.4-16 mm
and the distance between wires is 2.5-3.16 mm depending on their location in
the chamber. The avalanche produced by crossing particle in the Ar/CO,/CF,
(40/50/10) gas volume induces a charge in several adjacent strips. A precise
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wire plane (a few wires shown)
cathode plane with strips
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cathode

7 trapezoidal panels forming 6 gas gaps
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Figure 3.10: Illustration of the Cathode Strip Chamber: (left) the layout of a
CMS CSC with local chamber coordinates and (right) the cross-sectional view
of the gas gap in a CSC, with a schematic illustration of the gas ionization
avalanche and induced charge distribution on the cathode strips [33].

Figure 3.11: Pictures of the CSC chambers installed at CMS detector [33].
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spatial measurement is obtained by interpolating the strip signals achieving a
resolution of about 50 um. The r coordinate is measured by the wires which,
to reduce the number of channels, are read out in groups of 5 to 16 with a
resolution of 0.5 em [33].

3.5.3 Resistive Plate Chamber

The Resistive Plate Chamber (RPC) [33] is the third type of gaseous detector
installed both in the barrel (along with DTs) and endcap regions (along with
CSCs), covering |n| < 1.9 (see Figure 3.8). A total of 1056 RPC detectors
with total active area of 3500 m? is used in the CMS Muon Spectrometer.
The RPC system is complementary to the DT and CSC systems and adds
robustness and redundancy to the muon trigger. In the barrel region the
RPC system is distributed in five wheels (Wheel 0, Wheel + 1, Wheel =+ 2)
around the beam pipe. Each wheel is divided into 12 sectors, covering the
full azimuthal dimension. Each sector consists of four layers of DTs and six
layers of RPCs, with a total of 480 RPC stations: the first four are attached
to each side of MB1 and MB2, and the other two are attached to MB3 and
MB4 DT chambers. Each barrel RPC station is composed of two or three
adjacent RPC partitions, called “rolls”, making a total of 1020 rolls for the
barrel RPC system. This geometry difference is driven by the need to have
the adjustable trigger on muons with different transverse momentum pz. The
endcap region has 576 trapezoidal shapes of chambers, covering 10° of the
azimuthal angle. RPC chambers are installed in 8 disks (4 for the positive
side and 4 for the negative side from the interaction point). Endcap RPCs are
divided in 3n-partitions or in the total of 3 rolls.
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Figure 3.12: Principle scheme of a double-gap RPC chamber [33].

The RPCs used by CMS are double-gap chambers composed by four 2 mm
thick HPL (High Pressure Laminate) planes externally coated with graphite,
as shown in Figure 3.12. Insulated copper strips are placed in the middle, to
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collect the signal induced in the gas mixture 95.2% CyHy Fy (tetrafluoroethane),
4.5% i — CyHyg (isobutane) and 0.3% SFg (sulphur hezafluoride) by crossing
particles. The readout strips have different geometry depending on which part
of the system they are in: the barrel chambers have rectangular shaped strips,
while in the endcap chambers their shape is trapezoidal. The pitch of the
strips depends on the distance to the beam pipe varying from 1.5 ¢m for the
innermost stations to 4 c¢m for the outermost stations.

The two innermost electrodes are kept at -9.6 kV and the RPCs operate
in "avalanche" mode, rather than in the more common for this technology
"streamer” mode, obtained with a lower electric field and allowing to sustain
higher rates. However, in this case, the gas multiplication is reduced, and im-
proved electronic amplification is required. The two-gap design is adopted to
increase the charge induced on the strips. The spatial resolution provided by
RPC is limited by the strip pitch but are characterized by an excellent time
resolution, of the order of few nanoseconds.

3.6 CMS Trigger Systems

The LHC delivers proton-proton collisions at a rate of 40 M Hz and the data
produced by the CMS experiment are orders of magnitudes too large to be
stored. The typical size of one event recorded by the CMS detector is about
1 M B, and it would be technically impossible to stream about 40 T'B/s to disk.
However, even if possible, the added scientific value would be questionable since
most of the events only contain low-energy glancing collisions rather than in-
elastic hard scattering processes. The required reduction of the event rate is
achieved by the so-called trigger system [35] [36] [37]. The aim of the trigger
is the selection of potentially interesting events and the reduction of the rate
to a manageable value of a few hundred Hz. While most high energy physics
experiments use three trigger levels, the CMS trigger system implements a
two-stage (Figure 3.13), rate reduction which provides additional flexibility.
The first is the Level-1 (L1) [36] trigger, which is largely based in Field Pro-
grammable Gate Arrays (FPGAs) and Application Specific Integrated Circuits
(ASICs), and therefore uses the coarse and crude information to reduce the
rate from 40 M Hz to 100 kHz. The second is the High-Level Trigger (HLT)
[37], which is a software-based system, implemented in computing facility with
approximately 16000 CPU cores, that reduces the L1 trigger rate to a viable
level for storage of about 100 Hz.

3.6.1 Level-1 Trigger

The Level 1 Triggers (L1) are hardware based online triggers, meaning that
they decide whether to save the events or not, directly after they have been
recorded by the detector. In fact, the decision has to be made within 3-4 us
after each collision, because the data saved in the buffer are overwritten after
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Figure 3.13: The architecture of the CMS Trigger System [35].

this period. The L1 triggers lead to a reduction of the event rate from 40 M H z
to 100 kH z, which is low enough to be saved and transferred to a computer
facility.

A schematic of the architecture of the Level 1 Trigger is shown in Figure 3.14
and consists of the following components:

o The Calorimeter trigger preserves the local energy sums from the ECAL,
HCAL and HF individual readout cells or towers and reconstructed can-
didates of electrons, photons, taus, and jets. This information is the
Trigger Primitive Generator (TPG) which is transferred to the Regional
Calorimeter Trigger (RCT), which identifies electrons, s, 7s and hadron
jets candidates. The formed trigger primitives with sums of transverse
energy from RCT are sent to the Global Calorimeter Trigger (GCT),
where the best four candidates from each category go to the last step in
the L1 hierarchy, i.e. the 1.1 Global Trigger.

e The Muon Trigger which is focused on p preselecting. Information from
DT, CSC, and RPC is used to drop events with low-quality muons. The
trigger information from the different muon chambers is send to the
Global Muon Trigger (GMT). Then the Global Muon Trigger collects,
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Figure 3.14: Architecture of the Level 1 Trigger [36].

combines and converts the information from all three systems into the
same 1), ¢, and pr scale in order to correlate the muon tracks. Finally,
estimates only the four best muon objects and sends them to the L1
Global Trigger.

o The Global Trigger is the last step in the L1 Trigger architecture. It
decides whether to reject or accept the event information received from
the GCT and GMT to be further analyzed at the HLT. This decision is
based on the various algorithms and readiness of the sub-detectors and
the DAQ system, which is in turn determined by the Trigger Control
System (TCS).

3.6.2 High-Level Trigger

The High-Level Trigger (HLT) is implemented software running on a farm of
commercial computers which includes about 16000 CPU cores and reduces the
L1 Trigger output rate to the sustainable level of storage and physics analysis
of about 100 Hz. The HLT software consists of a streamlined version of the
offline reconstruction algorithms.

The HLT menu in CMS has a modular structure, which is graphically depicted
in Figure 3.15. The HLT modular design is such that it allows logically inde-
pendent trigger path, which to a large extent could be run in parallel. Each
trigger path is the sequence of software modules and classified based on their
function, there are reconstruction modules (producers) and filtering modules
(filters). The latter usually accept or reject events based on the properties
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Figure 3.15: Schematic representation of a HLT menu in CMS and of the HL'T
paths in it [37].

of physics object or kinematic variables. The HLT modules are organized in
ascending complexity, such that the faster algorithms are executed first and
thus the filters can reject events at an earlier stage.

The reconstruction modules and selection filters of the HLT use the software
framework that is also used for offline reconstruction and analyses. Upon
completion, accepted events are sent to another software process, called the
storage manager, for archival storage. The event data are stored locally on
disk and eventually transferred to the CMS Tier-0 computing center for offline
processing and permanent storage. Events are grouped into a set of non-
exclusive streams according to the HLT decisions.

3.7 Overview of CMS Upgrade Project

The period between 2011 and 2012 was marked as the first major physics run
where the LHC collider continuously worked at the peak the luminosity of
7.6 x 10?3 em™2s71, i.e. more than 75% of its design luminosity, and delivered
an integrated luminosity of 30 fb~! to ATLAS and CMS. At the time of the
finalization of this Doctoral Thesis, the LHC machine works at luminosity
value of 1 x 10** em~2s71 and by 2027 LHC will foreseen to increase this value
up to 5-7 x 10** em 257! five times more those value for which CMS was
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designed. All the system of CMS detector requires upgrades to preserve the
efficiency, resolution, and background rejection of the detector at the higher
luminosity. The scientific goals now ahead of the LHC experiments concern
precision Higgs studies and the search for new physics; both motivations bring
indeed a powerful demand for higher luminosities.

3.7.1 Schedule of the Upgrades

In order to open full physics potential, the LHC needs to be upgraded gradu-
ally, both the accelerator complex and its experiments. There are two major
aspects of the LHC upgrade: the increase of the center-of-mass energy and
the increase of the instantaneous luminosity to search very rare physics phe-
nomena. The summary of the present schedule of the LHC upgrade with the
various shutdowns and the expected improvements of the beam performance
is shown in Figure 3.16 and the projected LHC instantaneous and integrated
luminosity as a function of time up to 2037 in Figure 3.17.

Run 1 | | Run 2 | | Run 3

13-14 TeVW enengy
aplice consclidation [ el !
7Tey BTV Burian ¢olimasses "'}_}',:'.L’,‘,‘, 4 e
T — RIE prafect el Eng. P1-PS

Pans | eoe

" m o o' ez
Figure 3.16: The LHC upgrade schedule [38].

The LHC is currently in its first cycle, called Phase-1 [38]. The first upgrade
was successfully performed during Long Shutdown 1 (LS1) between 2013 and
2014: the magnet interconnections were improved that allowed to increase the
center-of-mass energy from 7 TeV to 13 and soon 14 TeV. Moreover, the
bunch-spacing has been reduced to 25 ns and luminosity reached the design
value of 10%* em~2s~! with 25 pile-up interactions. After LS1, the LHC Run-2
was started and the operation was continued until the integrated luminosity
of 150 fb=!. The second long shutdown (LS2) will take place starting from
beginning 2019 to the end of 2020. The accelerators will stop again to upgrade
the injector chain in order to increase the luminosity up to 2 x 103* em=2s71.
The LHC is expected to start the Run 3 in 2021 and operate continuously
until 300 fb~!. Also, this period will be used to upgrade all detectors for
running at this new value of luminosity and at an expected average pile-up
of 50. During the LS2, CMS experiment foresees to replace the pixel detector
and to upgrade the trigger as well. Finally, the next phase of planned LHC
operation called High Luminosity LHC (HL-LHC) or Phase-II [39] will begin
with the third Long Shutdown (LS3) in the period from 2024 to middle of 2026,
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Figure 3.17: Expected LHC instantaneous and integrated luminosity as a func-
tion of time up to 2037. Dates for long-shutdowns (LS) periods are also marked
[38]

where the machines and detectors will be upgraded to allow for pp running at
a luminosity of 5 x 10** em~2s7! and the expected average pile-up of 140.
In the HL-LHC program, the accelerator machines will continuously operate
with the aim of integrating a total luminosity of 3000 fb~!. In particular, the
CMS will completely replace the tracking detector and will make many other
changes to sub-detectors and the trigger and data acquisition systems.

The upgrades of the LHC and its experiments will be allowed to investigate
the properties of the the Higgs boson: it will be measured up to the highest
achievable precision, including its self-coupling, while additional Higgs bosons
and exotic decays will found or excluded. At the higher luminosity, the search
for supersymmetric particles will be intensified and the precision of top and
electroweak measurements will continuously improve. All CMS upgrades are
designed to enable these physics goals by not only mitigating the effects of
radiation damage and higher luminosity but by maintaining the existing per-
formance of the detector in key areas relative to the data taking at 13 TeV .
The upgrade activities foreseen involves muon detectors, hadron calorimeters,
the pixel detector, the trigger and data acquisition, and the beam radiation
monitoring and the luminosity measurement system.

3.7.2 Motivation

During the Phase-I and Phase-II periods, the peak luminosity is expected to
exceed the design value by a factor of two and three, respectively. After that,
a series of problems must be solved to operate successfully throughout these
periods. All these challenges are related to high background environment to
which all CMS subsystems will be exposed to. In the CMS detector, the most of
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the occurring interactions classify as "soft" because they are dominated by the
non-perturbative regime. It means, that they do not make high mass states nor
they are considered for the search of the electroweak and Beyond the Standard
Model (BSM) physics. High mass states, called "hard" collisions, produce
very rarely. For a successful analysis, the CMS detector must distinguish
with a sufficient efficiency between "soft" and "hard" collisions. The "pile-
up' is the occurrence of many proton-proton interactions in a single crossing
corresponding to 25 ns. As an example, in Figure 3.18 a high-pile-up event
with some reconstructed vertices is shown. The presence of such pile-up makes
the discrimination between types of collisions more difficult. Thus, at the
high luminosity, CMS L1 trigger performance will degraded continuously. The
Muon Spectrometer and the hadron calorimeters upgrades will be aimed to
preserve the L1 trigger capability.

'CMS Experiment gt the LAC, CERN
Data recorded: zu!ﬁ-&yﬁ-m 0B:30:28.497820 GMT
Run / Event / LS:

Figure 3.18: A high-pileup events (yellow) with some reconstructed vertices
(green) [39]

When the pile-up occurs in the same crossing as the interesting triggered event,
it is called "in-time pile-up'. On the contrary, when there is signal contamina-
tion from preceding or following crossings, we speak of "out-of-time pile-up".
This is caused by the intrinsic response of the sensor, or because the electronics
takes longer than the 25 ns bunch crossing interval. The contamination is un-
likely if the occupancy of a given channel is small: increasing the segmentation
of a detector is, therefore, one way to counteract out-of-time pileup.

Also, the integrated luminosity will be affected by the resolution and efficiency
of the detector. Ionizing radiations is one of the main sources of detectors
damage. The development of radiation hard or radiation tolerant sensors and
electronics is a major Research and Development (R&D) effort for experiments
installed at LHC. Most CMS detectors can sustain the integrated luminosity
of Phase-I with at most slight degradation. But for Phase-II, the replacement
of damaged detectors operated during Phase-I will be necessary.
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It is also worth noting other effects, not related with pp-collision which can be
a motivation for upgrade studies.

o (Cosmic rays: The cosmic rays are continuously passing through the de-
tector. Occasionally, they will occur in time with a trigger and may be
overlaid on the event and be recorded as part of the crossing data. Some
may pass through the pixel detector and be close enough to beam spot
to mimic genuine tracks from interactions.

e Beam halo: Machine-induced secondary particles are produced in show-
ers which are initiated by collisions of the beam with the material of
the beam pipe or collimator. In addition to these scattering processes,
charged particles are deflected by the magnetic field of the beam optics.
These so-called beam halo particles are one of the main sources of beam
background at the LHC. These particles are especially troublesome for
large area systems such as the muon detectors.

o Beam-gas interactions: The protons in one of the beams can hit a resid-
ual gas molecule inside the vacuum pipe and interact with them. The
collision products may reach the detector a direct path or may strike
other material producing more secondaries that eventually reach the de-
tector.

o The residual radiation: The particles passing through CMS can activate
the elements of the detector producing various radionuclides. Their decay
products may cause signals in some detectors.

All these effects also worsen the operation trigger and affect the quality of the
identification and reconstruction of the rare events.

3.7.3 Overview of the expected CMS upgrades during
the technical stop, LS2, and LS3

The basic goal of the CMS experiment upgrade is to maintain the excellent
performance of the detector subsystems in terms of efficiency, resolution, and
optimize the reconstruction of the particles at higher luminosities.

Traker. The CMS pixel detector is the innermost sub-detector, located close
to the collision point. This detector provides important information to recon-
struct the tracks and vertices of charged particles. The present pixel detec-
tor was designed to work efficiently at maximum instantaneous luminosity up
tol x 10** em 257! only and cannot operate for HL-LHC program. The up-
grade plan of the pixel systems will be executed during Phase-I and Phase-II.
During the Phase-I, the upgrade of the pixel tracker was focused on the re-
placement of the present pixel detector during the end of year technical stop
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of 2016/2017. Due to the fact that the entire tracker will suffer significant ra-
diation damage by LS3, the tracker must be completely replaced for Phase-II.
The granularity of both the outer tracker and the pixel systems will be in-
creased by a factor 4. In the outer tracker, the lengths of silicon sensor strips
will be shortened without modifying the pitch. Design improvements will lead
to a much lighter outer tracker, improving, therefore, the pr resolution and
providing a lower rate of y—conversions. Moreover, the module design will
provide track-stub information to the L1 trigger at 40 M Hz for tracks with
pr > 2 GeV/c, ensuring meaningful power rejection at the earliest stage of the
event selection. The pixel system will implement smaller pixels and thinner
sensors for improved impact parameter resolution and better two-track sepa-
ration. The system coverage will be extended to almost |n| = 4, thanks to the
addition of up to 10 additional pixel disks in each of the forward regions [39].

Calorimeters. The hadron calorimeter upgrades for Phase-I was planned
to modify the HCAL Barrel (HB), the HCAL Endcap (HE) and the HCAL
Forward (HF). HF was designed to measure hadronic energy from jets in the
region of 3.0 < |n| < 5. HF calorimeter is a Cherenkov calorimeter comprised
of a steel absorber through which quartz fibers are run to collect the Cherenkov
light. The light from the quartz fibers is then sent to Photomultiplier Tubes
(PMTs) from which an electric signal is produced that is read out and digitized
by the front-end electronics. During Run 1, anomalous signals were identified
caused by muons or particle showers producing Cherenkov light in the windows
of the PMTs. These produce unwanted signals, which are difficult to reject at
increasing luminosity. In order to provide a more robust method of rejection,
the Phase I upgrade of the HF calorimeter has been done. The upgrade was
made in two steps: a replacement of the current phototubes with a multi-
anode version which has a thinner window and the replacement of the front-end
electronics responsible for the readout. The main problem of the HE and HB is
related to the operation of the Hybrid Photodiode which was chosen for their
magnetic field tolerance and gain greater than 2 x 10. In this case, the high
voltage applied to these devices led to electrical discharges, which are a source
of high-amplitude noise and a risk to the longevity of the HPDs themselves. For
this reason, the Collaboration decided to substitute them, together with their
electronics, with Silicon Photomultiplier (SiPM). For Phase-1I the replacement
of the electromagnetic and hadronic endcap calorimeters has been also planned
due to the possibility of the radiation damage by LS3. The new calorimeter
is called the High Granularity Calorimeter. It includes excellent transverse
and longitudinal segmentation, allowing detailed three-dimensional images of
particle showers. Its electromagnetic sensor consists of 28 tungsten plates
interleaved with silicon sensors as the active material. The sensors have pads of
size around 1.0 cm?. This section has 25 X, and one hadron interaction length
(A). The hadronic part has a front section comprising 12 stainless steel plates
interleaved with silicon sensors for a depth of 3.5 A. This covers the hadronic
shower maximum measurement. It is followed by a backing hadron calorimeter
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of similar design to the current endcap hadronic calorimeter detector, brass
plates interleaved with plastic scintillating tiles read out with a wavelength
shifting fiber, to provide an overall depth of ~ 10 for the full calorimeter [39].

Beam radiation instrumentation and luminosity measurement sys-
tem. The Beam Radiation Instrumentation and Luminosity control (BRIL)
of the CMS experiment are responsible for measuring: luminosity, machine
induced background and beam timing. BRIL systems also provide active pro-
tection in case of intense beam loss events and give various inputs to the CMS
trigger system. In order to ensure reliable luminosity and beam background
monitoring for HL-LHC, all the installed beam monitoring devices for Phase-II
that are located in high radiation environments close to the beam pipe will
be completely replaced due to radiation damage. In this upgrade activity, the
beam radiation protection system will be modernized by new polycrystalline
diamond sensors and the Machine Induced Background (MIB) and Luminosity
measuring systems in the Pixel volume will also be changed [39].

Trigger. Concerning the Level-1 trigger: the electronics for the calorimeter
trigger, muon trigger, and the global trigger are planned to be improved. For
this aim, during the Phase-I the high bandwidth optical links for most of the
data communication between trigger cards was installed, and modern, large
FPGAs and large memory resources for the trigger logic were used. Using opti-
cal links allows to change the architecture very faster, while large FPGAs allow
algorithms to evolve as needed. For Phase-II, the latency of the current L1 trig-
ger will be will be increased from 3.4 us to 12.5 us to be provide sufficient time
for the hardware track reconstruction and matching of tracks to muons and
calorimeter information. Due to this increasing time information readout, the
front-end electronics in some present sub-detectors must be upgraded. Taking
into account the expected performance of the trigger with track information,
the proposed L1-trigger acceptance rate is 500 kH z for beam conditions yield-
ing 140 pileup. This will allow CMS to maintain thresholds comparable to
those that will be used in a typical Phase-1 trigger menu. To retain compa-
rable performance in beam conditions that result in 200 pileup, the L1 rate
must increase to 750 kH z, and so all detectors will have readout capabilities
compatible with this possibility. To satisfy these trigger requirements, the
Muon system readout electronics in the CSCs and in the DT readout should
be upgraded as well [39].

3.8 Overview of the Phase-2 Upgrade of CMS
Muon Spectrometer

The muon detectors play a central role in CMS. Muon particles detection is
a powerful tool for recognizing signatures of interesting physics processes over
the high background rates at the LHC, such as Higgs boson decay H — 4y and
B-meson decay B — 2u. The Muon Spectrometer has three main functions:
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e muon triggering;
« muon identification;

e momentum measurement.

Good muon momentum resolution is provided by the high spatial resolution
of the detector and the high magnetic field of the superconducting solenoidal
magnet and its flux-return yoke. Thus, the CMS muon system was designed
to measure the momentum and charge of muons over a large kinematic range.
During the next HL-LHC program, the CMS Muon Spectrometer is to pre-
serve the present muon triggering and reconstruction capabilities which were
achieved at the Run-1. In order to reach these aims, it will be necessary to
mitigate the efficiency loss due to the aging effect of the existing detectors
and to improve the offline reconstruction resolution. In addition, a new Track
Trigger, which would match candidate tracks with pr in the inner tracker to
muons at L1 Trigger, will require ultra-high purity muon triggering with low
thresholds for a very low fake rate.

3.8.1 The Upgrade of the Existing Muon Stations

As described in Section 3.5, the CMS Muon Spectrometer consists of three
types of gaseous detectors: Cathode Strip Chambers, Drift Tubes, and Resis-
tive Plate Chambers. While operating very well at the designed luminosity of
LHC, upgrades are foreseen for each of the subsystems, necessary to guarantee
its role of muon triggering and tracking also in the HL-LHC phase.

Cathode Strip Chambers. The CSC upgrade plans are focused on elec-
tronics, in particular foreseeing the replacement of cathode front-end boards
(CFEB) on inner chambers in order to handle the increased L1 trigger la-
tency and rate. The CFEB use analog charge storage within custom Switched
Capacitor Array (SCA) chips (ASICs) that sample at 50 ns intervals and con-
tain a depth of 96 cells. These boards are used on all CSCs except ME1/1
chambers which, in 2013-2014, have undergone an upgrade of the front- and
back-end electronics to improve rate capability and performance at higher lu-
minosity. With the increased L1 trigger latency (up to 12.5 ms) and rate (up
to 750 kHz) that is planned for HL-LHC CMS operation, the 108 inner CSC
chambers (ME2/1, ME3/1, and ME4/1) will fill the SCA cells; consequently,
no additional data can be stored, causing readout inefficiency. Therefore, the
CFEBs will be replaced by boards similar to the "digital' DCFEBs that have
already been installed on the ME1/1 chambers. These boards flash-digitize
the data continuously and store them in large digital buffers, resulting in zero
dead-time and the capability to handle latencies well beyond the current spec-
ification. They also send their output data on 3.2 Gb/s optical links, as com-
pared to 1 Gb/s achievable on the copper output cables of the CFEBs; the
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higher output data capability of the DCFEBs is important to handle the HL-
LHC and CMS L1 trigger conditions. Some additional elements of the CSC
data acquisition system, namely the Data Acquisition Motherboards (DMBs)
and Detector-Dependant Units (DDUs) that connect to the DCFEBs will be
replaced as well in order to handle the high data throughput using the fast
optical links. Due to the fact, that new electronics will consume more power,
the LV system will be redesigned. Higher background rates and the need for
a more accurate monitoring of CSC currents will also imply an incremental
upgrade for the present HV system [34] [39].

Drift Tube. DTs modernizations are also focused on electronics. It is known
that DT electronics will need replacement due to limited radiation tolerance of
some components; this replacement also gives the opportunity to increase the
trigger rate capability and performance, and improve maintainability. Each
DT chamber houses the L1 Trigger and Readout electronics in an aluminum
profile, called a Minicrate, which hosts the time digitization logic and the logic
for the L1 trigger primitive generation. During HL-LHC the survival of this
system is not guaranteed, and will not be able to cope with increasing the Level
1 trigger acceptance rate beyond 300 £H z. In order to increase their reliability
and improving their performance, the DT upgrade will focus in moving them
to the Underground Control Room where the environment is more congenial.
Moreover, this replacement will allow the implementation of full time (and
therefore space) resolution and to provide complete chamber information in
the DT trigger system, with improved performance in terms of rate reduction
and better matching with the tracker at the Level 1 trigger [34] [39].

Resistive Plate Chambers. During LS1 the fourth RPC endcap station
was instrumented in the 1 region up to || = 1.6. One of the more important
requirements of the muon trigger is the achieving of the good enough resolution
to identify high-pr tracks. With the RPC trigger requiring segments in at least
three stations, the endcap system did not have the necessary redundancy to
control the trigger rate at the increased luminosity while preserving high trigger
efficiency. The addition of the fourth layer called RE4 helped to provide the
finer timing and redundancy to the corresponding CSC station and preserved
a low-pr threshold [34] [39].

Figure 3.19 shows the simulated trigger efficiency as a function of 7 is shown
in case of the present 3 layers compared to the result for a 4-layer system. The
advantage in extending the detector to include the fourth station is clearly
evident. RE4 has been installed on the back of the YE3 yoke during LS1,
mounted independently of the CSC chambers.

For Phase-II, CMS RPC Collaboration have planned two important upgrades:

« on the existing RPC chamber, which will be continuously operated until
the end of 2026, the link system must be replaced.
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Figure 3.19: Simulated trigger efficiency as a function of the n number of layers
numbers of RPCs [34].

« on additional set of new RPC detector will be installed in the high-n
regions.

3.8.2 New Stations in the innermost region of the CMS
forward Muon Spectrometer

In the region 1.5 < || < 2.4 the muon system currently consists of four stations
of CSC only. It is the only region of the muon detector that lacks redundant
coverage despite being a challenging region for muons in terms of backgrounds
and momentum resolution. To maintain good L1 muon trigger acceptance
in this region it is therefore proposed to enhance these four stations with
additional chambers that make use of new detector technologies with higher
rate capability, as originally proposed by the design of CMS.

The CMS Collaboration is planning to install a detector based on the Gas
Electron Multiplier (GEM) technology that could withstand the hostile en-
vironment and high luminosity rates at the LHC and its future upgrades.
GEMs are gas-based detectors, characterized by a detection efficiency more
than 98% even for rate exceeding few M Hz/cm?, high spacial resolution of
order ~ 100 um, and good time resolution of order ~ 8 and ~ 5 ns at the
efficiency plateau for Ar/CO, (70/30) and Ar/CO,/CF, (45/15/40) gas mix-
ture, respectively. Additionally, the gas gain is observed to be stable up to a
several M Hz/cm? of incident particle rate by demonstrating that the GEM
detectors have a high rate capability and will be suitable to operate in the
forward muon region of CMS experiment, where a maximum rate on the order
of 150 kHz/cm? is expected.

Triple-GEM detectors are approved to instrument two forward regions at 1.6 <
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n < 2.4 (see Figure 3.20), called GE1/1 and GE2/1 station during the second
and third Long Shutdown, respectively. The GE1/1 and GE2/1 detectors
are "super-chambers', each made of a double layer of trapezoidal triple-GEM
detector. They will cover slightly more than 10° in GE1/1 station and 20° in
GE2/1 station, overlapping in ¢ just like the corresponding CSC detectors in
ME1/1 and ME2/1 stations, complementing them and providing redundancy
and enhanced triggering and tracking capabilities in the region which currently
suffering from the highest background rates and a non uniform magnetic field.
Therefore, 36 super-chambers will be installed for the GE1/1 station and 18 for
the GE2/1 station in each muon endcap in order to ensure the full azimuthal
coverage. In order to gain first operational experience with the new subsystem
and also to demonstrate the integration of GE1/1 detectors into the trigger,
a demonstrator, consisting of five GE1/1 super-chambers, has already been
installed in CMS during the year-end technical stop 2016/2017 [34] [39)].
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Figure 3.20: A quadrant of the CMS Muon Spectrometer, showing DT cham-
bers (yellow), RPC (light blue), and CSC (green). The locations of new for-
ward muon detectors for HL-LHC phase are contained within the dashed box
and indicated in red for GEM stations (MEO, GE1/1, and GE2/1) and violet
for improved RPC stations (RE3/1 and RE4/1) [34].

In addition to GE1/1 and GE2/1 station, the MEO station is approved to be
instrumented with triple-GEM detectors. Indeed, with pixel tracking extension
close to 7 < 4 and the replacement of the endcap of the electromagnetic and
hadronic calorimeters during the third Long Shutdown, comes the opportunity
to extend the muon coverage beyond the present limit of n < 2.4 with the
addition of a muon gas-based detector installed in a space of ~ 30 ¢m freed
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behind the new end-cap calorimeters. The ME(O detector station comprises
36 module stacks (18 per endcap), each composed of six layers of triple-GEM
detectors, compared to the two-layer design of GE1/1 and GE2/1, covering the
region 2 < n < 2.8, in order to allow proper rejection of neutron background,
particularly intense in that region. The large n coverage foreseen would lead
to an improvement of the acceptance, with a consequent boost in the signal
over noise ratio in the signature with muons, especially with the multiple-muon
final states, and better hermeticity for signature without muons. The technical
details of the CMS Muon System upgrade for Phase-II can be found at [34]
[39].
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Chapter

The (Gas Electron Multiplier

4.1 Indroduction

The introduction of the Multi-Wire Proportional Chambers (MWPCs) by G.
Charpak in 1968 [40] radically changed the physics of particle detectors. With
its good space-resolution and rate capability, and the possibility to electron-
ically record signals generated by the passage of the charged particle in the
sensitive gas volume, the MWPCs became the workhorse for many particle
detectors in high-energy physic. Furthermore, these detectors have come into
widespread use in several fields, such as astroparticle physics, nuclear medicine
and industrial diagnostic.

A MWPC consists of a set of thin, parallel and equally spaced anode wires,
symmetrically sandwiched between two parallel cathode planes. Figures 4.1a
shows a schematic cross-section of a multiwire proportional chamber. For
proper operation, the wire spacing S is typically 2 mm, while the gap [, i.e.
the distance between the wire plane and the cathode plates, is three or four
times larger. By applying a negative potential to the cathode planes, the
anode being grounded, an electric field develops as indicated by the electric
field equipotentials and field lines shown on Figure 4.1b.

When filled with the appropriate gas mixture, an ionizing particle crossing the
detector active gas volume releases primary electrons that will drift along the
field lines until they approach the anode wire. Close to the anode wires, the
field strength increases so as to trigger an avalanche multiplication process:
the primary electrons become energetic enough to ionize the gas mixture, and
in turn grow exponentially in numbers. Because of the pattern structure of the
anode wire plane, the spatial resolution can be evaluated by o = pitch/\/12,
where the pitch is defined by the distance between the anode wires. With
a typical pitch of the anode wires of 2 mm, the spatial resolution is of the
order of 0.5-1 mm. Additionally, the spacial resolution can be improved by
combining several layers of MWPCs with different orientations and segmented
cathode plates with a fine pitch. The typical time resolution is of the order
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by

(a)

Figure 4.1: Multi-Wire Proportional Chambers : (Left) Principle of construc-
tion and definition of the parameters in a multiwire proportional chamber.
A set of parallel anode wires is mounted symmetrically between two cathode
planes. (Right) Electric field equipotentials and field lines in a multiwire pro-
portional chamber. The effect on the field due to a small displacement of one
anode wire is also shown [41].

of 10 ns in Ar/COy (70/30) gas mixture [41]. In the CMS experiment, a
variant of the MWPC, the CSCs, are used for the L1 trigger and the muon
reconstruction in the forward region of the CMS Muon System. Large sizes
MWPCs can be produced with a relatively inexpensive materials and very
precise wire geometry. Moreover, the mechanical and electrostatic forces in
the inner structure can induce a displacement of the anode wires that lead
to a distortion of the electric field and thus affect the quality of the gas gain
uniformity.

With the advent of the new high luminosity accelerator machines, the MWPCs
have shown several limitations concerning the capacity to tolerate the very
high particle fluxes foreseen. The rate capability in the MWPCs is mainly
affected by the low drift velocity of the positively-charged ions from the anode
wire towards the cathode electrode. When a MWPC is subjected to a high
flux rate of particles, the ions produced in the avalanche multiplication process
around the anode wire could generate a positive space charge such as to distort
the electric field. The net effect is a significant decrease of the detector gas
gain leading to a detection efficiency loss. For a MWPC the maximum rate
capability, depending on the detector geometry (wire pitch, anode-cathode
wire distance), is generally below 1 M Hz/cm? [41]. Additionally, the MWPCs
are rather susceptible to aging phenomena when they are subjected to high
particle flux rate. Indeed, the creation and deposit on the anode wires of
thin insulating layers due to the polymerization of organic molecula and/or
pollutants present inside the detector gas volume, lead to enormously reduce
the life-time of the detector.
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In order to overcome this issue, i.e. to drain the positively-charged ions, the
anode wire spacing and/or the anode-cathode gap should be reduced to min-
imize the the space charge buildup around the anode wires. Typically, below
1 mm wire spacing and below 2 mm anode-cathode gap, the operation of the
MWPCs becomes particularly unstable due to the electrostatic instabilities
arising from the mechanical tolerances.

A new generation of gas-based detectors, collectively named micro-pattern
gaseous detectors (MPGD), allows to overcome the rate capability and aging
problems of the MWPCs. The first example of a micro-pattern detector is
the Micro-Strip Gas Chamber (MSGC), designed by A. Oed in 1988 [42] [43].
The detector geometry is planar: the anode and cathode are both placed on
the same plane and consist of thin metal strips alternately deposited on an
insulating substrate which acts as a support. The upper electrode, called drift
electrode, is used to define the drift region. A further electrode behind the
insulating substrate, called back-plane, is generally segmented as orthogonal
readout strips giving the second coordinate (see Figure 4.2).
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Figure 4.2: Micro Strip Gas Chamber: (Left) Schematic overview of the Micro
Strip Gas Chamber. (Right) Picture of the anode and cathode strips.

The strips, alternatively connected to positive and negative voltage, act as a
multi-anode proportional chamber. The electrons, produced by a charged par-
ticle crossing the detector in the drift region, move towards the anode strips
where they are multiplied. The ions produced in the avalanche multiplica-
tion process are mainly collected in the neighbouring cathode strips typically
100 pum distant from the anode strips. The modern photolithographic tech-
niques, the same used for the production of multi-layer printed boards, allow
to produce 0.3-0.5 um thick anode and cathode strips with 100 pm of pitch,
resulting in an improved rate capability and space-resolution by more than one
order of magnitude compared to the previous MWPCs.
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4. The Gas Electron Multiplier

However, operating instabilities have been observed in the MSGCs due to the
so-called charging-up of the insulating support. Indeed, when these device
are subject to high particle flux, a fraction of the multiplication ions could
be collected on the insulating support without neutralizing itself. The charge
accumulation on the surface of the insulating support leads to the distortion of
the electric field between the anode and cathode strips with a consequent rate
dependent gas gain drop. The charging-up effect could be minimized using a
slightly conducting supports, and rate capability up to 100 M Hz/cm? could
be achieved (see Figure 4.3) [44] [45].
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Figure 4.3: Rate capability of the MWPC and MSGC technologies manufac-
tured on substrates with different values of bulk or surface resistivity.

Additionally, the MSGCs appeared rather susceptible to aging and discharge
phenomena. Long-term studies have shown a slight degradation of the detec-
tion performances due to the formation of polymers in the avalanche multipli-
cation process. However, with the proper choice of the detector materials and
gas mixture, a long-term operation up to integrated charge above 100 mC'/cm
of strip, has been demonstrated [46]. On the other hand, the MSGCs appear
to be extremely susceptible to irreversible degradation due to destructive dis-
charges. The discharge could permanently damage the strips leading in the
time to an increased dead channels with a consequent efficiency loss (see Figure
4.4). The discharge damages represent a serious limitation to the use of the
MSGCs in the new high luminosity accelerator machines, where among the
particles to be detected, heavily ionizing particle, such as nuclear fragments,
gamma and neutron, are also present. Therefore, a compromise value of gas
gain allowing proper detection of minimum ionization particles (M.I.P.) and at
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4.2. The GEM Technology

the same time avoiding discharge damages triggered by the crossing of heavily
ionizing particles, could not be possible.

(a)
Figure 4.4: Damage caused by a discharge in a MSGC.

The problems highlighted by the studies of the MWPCs and MSGCs re-
sulted in a large effort devoted to the development of new and more rugged
micro-pattern gaseous detector. Over the last two decades, many of such
MPGDs have been developed: the microgap chamber (MGC) [47], the Mi-
crodot [48], the "Compteur & Trous" (CAT) [49], the MicroMesh Gas Chamber
(MicroMeGas) [50], the Micro-Groove [51] and the WELL [52] detectors.

Among the most recent developments in the micro-pattern gaseous detectors
field, the Gas Electron Multiplier (GEM) proposed in the 1997 by F. Sauli
[53], represents the object of this Doctoral Thesis. Compared to the other
micro-pattern gaseous detectors, in the GEM-base detector the conversion, the
amplification and the signal induction regions are physically separate resulting
in greater freedom in the readout geometry. Additionally, as will be presented
in the following paragraphs, the possibility to share the multiplication in more
amplification stage allows to drastically minimize the problems related to the
aging and discharge damage.

4.2 The GEM Technology

The Gas Electron Multiplier (GEM) technology consists in a 50 pm thick
Kapton foil, clad on each side with a 5um thin copper layer and chemically
perforated with a high density of holes. Each GEM-hole is characterized by a
bi-conical structure with an external diameter of 70um and internal diameter
of 50 pm and a pitch of 140 pm [54] [55] (see Figure 4.5).

The GEM-holes represent the active part of a GEM-based detector acting as
a multiplication channel for the electrons released by ionizing radiation in the
gas mixture. Applying a suitable potential difference of 300-500 V' between the
two copper surfaces, an high electric field up to ~ 100 kV/em is established
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4. The Gas Electron Multiplier

() (d)

Figure 4.5: Schematic overview (Figure 4.5a) and electron microscope picture
(Figure 4.5b) of a section of typical GEM electrode, T' = 50 um thick Kapton
foil, clad on each side with a ¢ = 5um copper layer. The holes pitch is P =
140 pm and the external and internal diameter are D = 70 pm and d = 50 pum,
respectively. Schematic overview (Figure 4.5¢) and electron microscope picture
(Figure 4.5d) of the cross-section of a bi-conical hole of a GEM-foil [55].
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4.2. The GEM Technology

inside the holes. In this region, an electron could acquire enough energy to
ionize the gas molecules and triggering an avalanche multiplication process.
The reachable gas gain with a single GEM-foil could be greater than 103.

The GEM-foils manufacturing technology is realized using the conventional
photolithography technique for standard printed circuit boards [56] (see Sec-
tion 5.2.5). The choice of geometrical parameters of a GEM-foil, such as the
GEM-holes diameter, pitch and shape (conical, biconical, cylindrical, etc.) are
a compromise between the manufacturing technique and the proper operation
of the detector [55] [57] [58].

4.2.1 Influence of GEM-hole diameter

In order to achieve a higher gas gain, the electric field lines density in the am-
plification channel could be increased by raising the voltage difference between
the upper and lower GEM-electrodes, or by reducing the GEM-hole diame-
ter. A diameter-reduction leads generally to an increase in the gas gain as
it improves the multiplication electric field inside the hole. Figure 4.6 shows
the correlations between the effective gas gain of the GEM-foils and the hole
diameter, measured at equal electric fields conditions and gas mixture.
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Figure 4.6: Measured effective gas gain and real gas gain of GEMs operated
in Ar/COy (70/30) with different metal hole diameters [55]. It should be
noted that, since fraction of the multiplying electrons is lost on the lower
electrode of the GEM-foil, the effective gas gain, defined as ratio of the detected
charge to the primary ionization charge, is lower than the real gas gain of the
amplification stage, shown in the figure.
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4. The Gas Electron Multiplier

A gas gain saturation effect is observed for hole diameter below ~ 70 pum
which is due to the increasing losses of electrons in the avalanche multiplication
process to the lower GEM electrode (see Section 4.3.3). The saturation effect,
whilst limiting the possible gas gain enhancement, has the very positive effect
of reducing substantially the dependence of the detector gas gain from the
precision of the GEM manufacturing procedures.

4.2.2 Influence of GEM-hole pitch

The GEM-hole pitch does not play a direct role on the gas gain behavior, but
when combined with the hole diameter, affect the collection efficiency of the
electrons released in the upper volume of the GEM-foil into the holes. The
collection efficiency is correlated with the so-called electron transparency: it
gives a measure of the electrons losses crossing a hole due to different effects,
and plays an important role in the detection performances (see Section 5.2.5).
At this level, it is possible to deduce that a high electron transparency is
achieved with a small GEM-hole pitch, as shown in Figure 4.7.
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Figure 4.7: Electron transparency as a function of drift electric field in a
single-GEM detector operated in Ar/C O, (70/30) for different GEM geometry,
labeled as pitch/hole diameter [55].

4.2.3 Influence of GEM-hole shape

The GEM-hole shape, which essentially depends on the GEM-foils manufactur-
ing technology, is correlated with the short-term charging-up effect, generally
observed in gas-based detectors that use high surface resistivity substrates as
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4.3. The single-GEM detector

active parts. Such effect consists in the accumulation of a fraction of the posi-
tive ions, generated in the avalanche multiplication processs, on the insulating
Kapton surface by producing an alteration of the multiplitation electric field
inside the holes. The GEM-hole geometry which best minimizes the charging-
up effect is the cylindric shape, as shown in Figure 4.8. However, considering
the difficulties in the manufacture of the GEM-foils with a cylindrical hole
shape, it was decided to produce the GEM-foils with a biconical hole shape
through single or double-mask photolithography technology. The choice of a
GEM-hole bi-conical shape is a compromise between a good production yield
and a limited charging-up effect with respect to the GEM-hole conic shape
[55].
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Figure 4.8: Charging-up effect as a function of time at X-ray photons flux of
about 10* Hz/mm? for three different shapes of the GEM-holes [55].

4.3 The single-GEM detector

The simplest gas detector based on GEM technology is the single-GEM [55]
[58], which consists of one GEM foil sandwiched between two flat parallel
electrodes. The upper electrode acts as a cathode while the lower electrode as
anode or a signal collecting electrode. The Figure 4.9 shows a schematic cross
section of a single-GEM detector.

A voltage difference is applied between the electrodes and the GEM-foils in
order to generate three electric fields above, below and cross the GEM-foil:

o The drift electric field, Ep, is generated between the upper surface of
the GEM-foils and the cathode electrode;
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4. The Gas Electron Multiplier
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Figure 4.9: Schematics of a single-GEM detector: Ep and FE; are the drift
and the induction electric fields, while hp, h; are the drift and induction gaps;
AVggy is the voltage difference applied to the two copper electrodes of the

GEM-foil [58].

e The induction electric field, Ej, is generated between the lower surface
of the GEM-foils and the anode electrode;

o The amplification field, F 4, is generated across the GEM-holes.

The two corresponding regions are called drift gap and induction gap respec-
tively and in each of the two regions the resulting electric field is essentially
uniform.

When a single-GEM detector is filled with the appropriate gas mixture, a
charged particle crossing the detector gas volume releases primary electron-ion
pairs. Following the drift electric field lines, positively charged ions migrate
to the cathode, while the electrons move towards GEM-holes where they are
multiplied. Some of the electrons from the multiplication are partly collected
on the lower side of the GEM-foil. The most of the multiplication electrons are
transferred to the induction region contributing to the formation of an induced
current signal on the anode, which is generally constituted by a simple and
cheap printed circuit board (PCB), whose readout structure can be easily
adapted to the experimental requirements by using strips or pads of arbitrary
shapes connected to the front-end electronics. Typically the fraction of the
multiplication electrons that are transferred in the induction region is ~ 50%
and this fraction depends on the electric field inside the GEM-hole and electric
field below the GEM-foil [55] [58]. Similarly, the multiplication ions are mainly
collected on the upper side of the GEM-foil instead of drifting towards the
cathode leaving the GEM-hole from charges in a relatively short time, few ps
(see Figure 4.10).

A major difference in comparison to the other gaseous detectors is the elec-
tronic nature of the signal induced on the anode of the GEM-based detectors,
i.e. the induced signal is purely due to the motion of the multiplication elec-
trons in the induction region. Therefore, taking into account the high electron
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Figure 4.10: Schematic overview (not in scale) of a single-GEM detector op-
eration together with the 2D map of electric field lines (red) and equipotential
lines (green) in proximity of the GEM-holes.

mobility, the induced signal is fast and is not affected by the ballistic deficit
typical of the other gaseous detectors, such as the multi-wire chambers where
the pulse signal on the electrodes is formed by induction due to the movement
of ions.

The major parameters that affect the performance of the single GEM detector
with defined geometry of a GEM-foil and the gas mixture, typically Ar/CO,
(70/30) or Ar/COy/CFy (45/15/40) [55] [58], are:

o The electric fields in the drift and the induction region;
o The thickness of the drift and induction region.

o The voltage difference applied between the electrodes of the GEM-foil;

4.3.1 Drift and induction electric fields

The study of the electric fields structure in a GEM-based detector, in var-
ious geometries, gas mixture and electric fields conditions, is tipically car-
ried out through several simulation softwares, such as GARFIELD [59] and
MAXWELL [60]. The Maxwell simulation software is an engineering program
which allows to built the 3D geometry of a detector, taking into account all
the detector material properties, while the Garfield simulation software is the
common framework used for the simulation the particle detectors that use gas
and semi-conductors as sensitive medium. The electric field lines in the drift
and induction regions are similar to those of a parallel plate capacitor with an
increasing field line density near the holes, as shown in Figure 4.10.
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4. The Gas Electron Multiplier

Drift electric field effect. The aim of the drift electric field is to transfer
the primary electrons produced by the ionization particles in the drift region
and focus them into the GEM-holes. The effect of the drift electric field can
be evaluated in Figure 4.11, showing the relative amplitude of the signal in-
duced on the readout board as a function of the drift field, deduced from a
measurement of current and from pulse height with two shaping times (100 ns
and 1 ps) [58].
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Figure 4.11: Collection effciency as a function of drift electric field in a single-
GEM detector operated in Ar/CO, (70/30) for two different method of mea-
surement: integral current or pulse with two time constants [58].

For relatively low drift electric field values (< 0.5 kV/em), a decrease in the
amplitude of the signal induced on the readout board is observed. This is due
to the concomitance of the recombination effects (due to the large diffusion)
and the low electron drift velocity as can be deduced from the two curves
with different shaping times. For intermediate drift electric field values (~ 1-
3 kV/em), the amplitude of the signal reaches a plateau and then decreases
again for higher values. The latter effect is due to the fact that an increasingly
consistent fraction of the drift field-lines ends on the upper side of the GEM-
foil rather than focusing into the holes, which leads the primary electrons to
be directly collected on the upper electrode of the GEM-foils. The above
dispersive effects are correlated to the so-called collection efficiency which will
be discussed in detail in Section 4.3.3. The value of the drift electric field is
generally in the range (~ 1-3 kV/em); for a given gas mixture and GEM-foil
geometry, the value of the drift electric field is chosen in order to optimize
both the collection efficiency and the electron drift velocity. For example, in
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4.3. The single-GEM detector

the Ar/C0, (70/30) gas mixture the typical value of the drift electric field is
~ 2 kV/em [58].

Induction electric field effect. The aim of the induction electric field is
to extract the multiplied electrons from the GEM-holes and to transfer them
towards the anode. Figure 4.12 shows the electron current induced on the
lower electrode of the GEM (Ig) and on readout pad (Ig), together with the
sum (Iror), as a function of the induction electric field [58]. The drift electric
field was fixed to 1 £V /em to ensure full collection efficiency in GEM holes.

60 — - T
{ GEM 140170 Ar-CO, 70-30

iy i 1 & -1 L 1
2 49 [WVepy= 550V By 1kVen ]
g J
E | | | e . }
o 20 P‘-.._____-_._____WL J
M it f |
et [}~ —— e 1
fesans ]
‘\*w-""ﬁ#!l‘ )
-2{] f—t—"'{’l" ‘\-\j !
i 5 \ :

40| N
60 — e S
0 2 4 i § 10 12 14

El{chm'1,‘|

Figure 4.12: Currents on the various electrodes of a single-GEM detector as a
function of the induction electric field: Ig is the current on the readout pads,
I and I the current on the upper and lower copper layer of the GEM-foil,
and Ip the current of the cathode electrode [58].

A very low value of the induction electric field, or at the null limit, does
not allow the multiplication electrons to be effectively transported toward the
readout board. In this case, the electrons are still extracted from the GEM-
holes thanks to the electric field present inside the holes themself, but they
are completely collected on the lower electrode of the GEM-foil due to the
fact that the field-lines end on the latter electrode (I = maximum) and the
induced signal is vanishing (Ramo’s theorem [67]): the induced signal on the
readout pads is null (Ig = 0). By incrementing the induction electric field
(Er), the fraction of current collected on the readout pads (Ig) increases to
the detriment of the current collected on the lower electrode of the GEM-foil
(Ig). At very high induction field (E; > 8 kV/cm), discharges on the anode
can occur due to the high electric field in proximity to the edges of the readout
electrode.
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4. The Gas Electron Multiplier

Independently by the gas mixture used, a compromise value of the induction
electric field of ~ 5kV/em allows to collect a large fraction (~ 50%) of the
total charge on the readout board.

4.3.2 Drift and induction region thickness

Drift region. The geometry of drift region is chosen in order to ensure an high
intrinsic detection efficiency. For a charged particle, the number of electrons
clusters created has a Poisson distribution with an average value depending on
the energy of the particle crossing the detector and the gas mixture.

A 3 mm thickness gap guarantees, for standard gas mixture used in High
Energy Physics gas-based detectors, a sufficient number of electron-ion clusters
to achieve a full particle detection of minimum ionizing tracks; a wider drift gap
could leave the detection efficiency unchanged, but at the same time it could
increase the pile-up effects at very high particle rate as well as the ageing rate:
the total charge integrated by the detector depends linearly on the value of
the primary charge released in the drift gap [55] [58].

Induction region. The geometry of induction region is chosen in order to op-
timize the signal fraction collected by the amplifier. In a GEM-based detector,
the signal amplitude is proportional to the ratio between the electron drift ve-
locity and the induction gap thickness (see Section 4.4.5). Such consideration
suggests the use of a fast gas mixture and a small thickness for the induction
gap. On the other hand, a sub-millimetric gap is not advised because it would
require a high mechanical tolerance in order to avoid discharges on the readout
board and/or gas gain disuniformity on the entire detector area.

4.3.3 GEM-foil voltage

As discussed previously, the voltage difference between the two electrodes of a
GEM-foil would be such that to generate an high electric field inside the holes
in order to develop avalanche multiplication processes. Therefore, the voltage
difference, Vg, defines the intrinsic gas gain of a GEM-foil:

Gantrinsic = eap ( [ lala) = n(a)) oz (4.)

where a(x) and n(x) are respectively the first Townsend [61] and the attach-
ment coefficient in the path dx. Both of these coefficients are dependent on
the electric field and gas mixture. Due to the high electric field inside the
holes (~ 100 kV/cm), the attachment coefficient becomes negligible and the
previous formula can be rewritten:

Gintrinsic X €<a>.VGEM (42)

where < a > is the average of the first Townsend coefficient along the electron
path through the hole.
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4.3. The single-GEM detector

Generally, the intrinsic gain of a single-GEM detector can reach value of the
order of 10®. However, only a fraction of the multiplication electrons generated
inside the holes is transferred to the anode. Therefore, due to the dispersive
effects, the effective gas gain is generally lower than the intrinsic gas gain.
These dispersive effects are strongly related to the value of the electric fields
above and below the GEM-foil and the voltage difference between the two
electrodes of the GEM-foil.

For a GEM-based detector it is possible to define the following parameters:
1. collection efficiency (e<°!):

coll __ electrons collected in the holes (4.3)

electrons produced above the holes

It represents the ratio between the number of electrons entering the
GEM-hole and the number of primary electrons generated above the
GEM-foil. The collection efficiency is related to the electron diffusion
phenomena and the field-line defocusing effects above the GEM-foil [62].
Because of these two phenomena, some of the primary electrons are col-
lected on the upper electrode of the GEM-foil or hit the Kapton surface
inside the hole before starting the multiplication. As previously men-
tioned, this effect could be reduced decreasing the drift electric field or
increasing the electric field inside the hole [55] [58].

In case of electronegative gas mixtures, additional primary electrons
losses can occur before the multiplication process due to recombination
phenomena. For example, for the Ar/COy/CF, (45/15/40) gas mixture,
the electric field in the vicinity of the hole (~ 10 kV/em) can allows for
a recombination of the primary electrons due to a high electron attach-
ment with respect to the Townsend coefficient. For the Ar/COy/CF,
(45/15/40) gas mixture, the defocusing effect and the capture on the
Kapton are of the order of 20% and 5% respectively, while the electron
attachment is about 10%, giving a total collection efficiency of 65% [63].

2. extraction efficiency (f¢*"):

electrons extracted from the holes

fe:rtr — (44)

electrons produced in the holes
It represents the ratio between the number of electrons extracted from
the holes and transferred to the anode and the number of multiplication
electrons produced inside the hoeles. Due to the diffusion phenomena,
the multiplication electrons are not confined in the central region of the
hole channel and therefore, especially for values of the electric field rel-
atively low below the GEM-foils, the electrons could be collected on the
lower electrode of the GEM-foil rather than being transfered to the an-
ode.
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4. The Gas Electron Multiplier

Simulation studies have demostrated that ~ 3% of the multiplication
electrons are trapped at the hole surface due to the diffusion phenomena,
~ 10% are ion-captured in proximity of the hole exit. The remaining
multiplication electrons, coming out from the hole, are either collected
on the bottom electrode of the GEM-foil or transferred to the induction
region. With an induction electric field set at 5 £V /c¢m in order to assure
a safe detector operation, a fraction of ~ 50% of multiplication electrons
are lost on the lower electrode of the GEM-foil and the other 50% move
towards the readout electrode. A total extraction fraction of about 35%
is obtained [63].

The definition of the collection and extraction efficiencies allows to define the
electron transparency (T) of a GEM-foil and, therefore, to correlate the effec-
tive gas gain (G.ss) with the intrinsic gas gain (G, ) of a GEM-based detector
through the following relation:

Gepr = Gintr X T = Gy x € x f7 (4.5)

The maximum effective gas gain reachable with a single-GEM detector is of
the order of 10%. Higher gas gain, up to 10*-10%, are reachable using multiple
structures, realized assembling more than one GEM-foil at close distance one
to each other.

4.4 The triple-GEM detector

A triple-GEM detector is a gas-based detector consisting of three GEM-foils
cascaded and sandwiched between the cathode and anode electrodes. The use
of triple-GEM detector allows to share the amplification in multiple cascaded
stages in order to achieve very high gas gain already at relatively moderate
voltages across individual GEM-foils. As a consequence, the risk of discharge
occurring when a heavily ionizing particle enters the active gas volume, is
strongly reduced (see Figure 4.13).

Figure 4.14 shows a schematic overview of a triple-GEM detector, together
with the labelling defining the major geometrical and electrical parameters.
The voltage difference applied across individual GEM-foils are called Vg,
Vaem, Voru and their sum VA%, .

The description of the single-GEM detector allows to understand more clearly
the operation of a triple-GEM detector. The first gap between the cathode
electrode and the first GEM-foil is the drift region which acts as conversion
gap. The last gap between the third GEM-foil and the anode electrode is the
induction region where, after the multiplication process due to the multiple
cascade amplification stages, the final charge induces a signal on the anode.
For the electric fields and geometrical thickness of the drift and induction
regions, the same considerations discussed for the single-GEM detector are
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Figure 4.13: Effective gas gain and discharge probability as a function of
voltage in a single-, double- and triple-GEM detectors in Ar/C0, (70/30) gas

mixture [55].
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Figure 4.14: Schematics of a triple-GEM detector: Ep, Eri, Eo and E} are
the drift, the first and the second transfer and the induction electric fields re-
spectively; gp, g1, gro and gy are the drift, the two transfer and the induction

gaps respectively [55].

valid. The other two gaps, between two consecutive GEM foils, are called
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4. The Gas Electron Multiplier

transfer regions which act as an induction region if they are referred to the
above GEM, while as a drift region if they are referred to the GEM below.
Therefore, the choice of the transfer electric fields and the relative geometrical
thickness requires additional considerations.

4.4.1 Transfer electric field effect

The aim of the transfer electric field is to transfer the multiplication electrons
produced in the holes of the above GEM-foil and to focus them into the holes
of the below GEM-foil. Therefore, the value of the transfer electric field should
be chosen in order to optimaize both the extraction efficiency from the upper
GEM-foil and the collection efficiency to the lower GEM-foil. Figure 4.15
shows the electron current induced on the various electrodes of a double-GEM
detector as a function of the transfer electric field operated in Ar/C0 (70/30)
gas mixture for a given value of drift and induction electric fields (Ep = E; =
5 kV/em). The same considerations on the transfer electric fields remain valid
for a triple-GEM detector.
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Figure 4.15: Currents on the various electrodes of a double-GEM detector as
a function of the transfer electric field: Ip current on the cathode electrode,
I71 and Ip; current respectively on the upper and lower electrodes of the first
GEM-foil, I79 and Igy current respectively on the upper and lower electrodes
of the second GEM-foil and I current on the readout pads [55].

At very low value(Er < 2kV/em), the transfer electric field does not allow
the multiplication electrons to be effectively transported toward the readout
electrode. In this case, the electron current is affected by a low extraction
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efficiency of the GEM-foils: the electrons are still extracted from the GEM-
holes thanks to the electric field present inside the holes themself, but they are
completely collected on the lower electrode of the first GEM-foil due to the fact
that the field-lines end on the latter electrode (I5; = maximum, Ips = 0) and
the induced signal is vanishing (I = 0). By incrementing the transfer electric
field (Ex > 2 kV/em), the fraction of current collected on the readout pads
(Is) increases to the detriment of the current collected on the lower electrode
of the GEM-foils (Ip; and Ips). At very high transfer field (Er > 6 kV/cm),
the electron current is affected by a low collection efficiency of the GEM-foils.
In this case, the multiplication electrons, coming from the above GEM-foil,
are mainly collected on the upper electrode of the successive GEM-foil. For
an Ar/C0y (70/30) gas mixture, a typical value for the transfer electric field
is in the range of 3-5 kV/em.

4.4.2 Transfer region thickness

In order to improve the time performance of the GEM-based detectors and
to minimise the discharge probability, several studies have been performed for
different geometrical thickness of the transfer region [55] [58] [64].

First transfer gap. In a triple-GEM detector, the gas ionization induced
by a charged particle crossing the gas volume could occur in each of the four
regions of the detector. The main difference between the primary electrons
produced in the various region is the number of multiplication stages that they
undergo along their drift towards the readout electrode: an electron generated
in the drift region will pass through all the three amplification stage, while
an electron produced in the first transfer region will only undergo the last
two multiplication steps. Therefore, since the total ionization and the gas
gain are subject to statistical fluctuations, the primary charge produced in
the first transfer region, and amplified by the last two multiplication stages,
could induce signals whose amplitude is large enough to be discriminated by
the front-end electronics. Furthermore, depending on the drift velocity vy s
of the gas mixture used and the transfer region thickness g¢;, this signal will
be anticipated of the quantity At = ¢;/v4;5+ compared to the signal generated
by the electron coming from the drift region. This effect is called bi-gem effect
and it is particularly significant for the performance of the detector in term of
time resolution since it leads to the broadening of the time distribution of the
events. Several studies have been demonstrated that a significant reduction
of the bi-GEM effect could be achieved by decreasing of the transfer region
thickness to 1 mm [64].

Second transfer gap. As regarding the second transfer region, the bi-GEM
effect is totally negligible, since the primary electrons generated in this region
will pass through only one multiplication stage. Therefore, they could rarely
give rise to a signal over the electronic threshold. However, the thickness
of the second transfer region is strongly correlated to discharge phenomena.
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The number of electron-ion pairs could exceed the Raether limit [65] and give
rise to the transition from the avalanche to the streamer regime in the third
multiplication stage and, finally, a discharge could develop. For the most
gas-based detectors, the discharge effect can be reduced by adding a suitable
amount of a quencher component to the gas mixture. On the other hand, the
quantity and the type of the quenching gas are limited by the degradation of
the detection performance due to ageing phenomena (see Section 6).

For a triple-GEM detector operated with a given gas mixture, the discharge
probability can be minimized by increasing the thickness of the second transfer
region. Since the transverse dimension of the electron clouds increases with the
square root of the electron drift [41], a larger transfer region allows to increase
the electron diffusion in this region. Consequently, the number of the holes
involved in the multiplication process increase linearly with the thickness of a
transfer region. Therefore, it possible to use the diffusion to spread the electron
cloud over more than a single hole, reducing the probability of reaching the
Raether limit in a single hole of the third multiplication stage. A value of 2 mm
for the second transfer region is a good compromise between the necessity to
minimize the discharge probability and the mechanical constraints required by
the muon system on the maximum size of the detector thickness [66].

4.4.3 GEM-foils voltage in a triple-GEM detector

As discussed in Section ..., the voltage difference applied between the two
electrodes of each GEM-foil defines the intrinsic gas gain of the detector:

3
Gintr X H €<Oé>~VGE]\/Ik X 6<0¢>‘22=1 VaeEME (46)
k=1

where V%L, = S3_, Vapue is the sum of the voltage differences on each
GEM-foil and < « > is the average of the first Townsend coefficient along the
electron path through a hole [61]. As in the case of a single-GEM detector, the
effective gas gain of a triple-GEM detector is less than the intrinsic gas gain
due to several dispersive effects that decrease the number of multiplication
electrons actually transfered from one GEM-foil to another. Together with the
electric field in the various region, that define the total electron transparency
Ty of a triple-GEM detector, the effective gas gain is defined as:

3 3 3
Geff = Gintr . ,I;iot — H 6<OZ>~VGEMk . Tk — e(a).Z:k:1 VeeMmk | H 6Zoll . f;jxtr (47)
k=1 k=1

where €{°! and f£**" are the collection efficiency and the extraction efficiency
of the k' GEM-foil.

As described by the equation 4.7, the effective gas gain of a triple-GEM de-
tector is a function of the voltage difference applied to the three GEM-foils
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only through their sum. Therefore, it is possible to unbalance these voltage
differences in order to minimize the discharge probability in the last multipli-
cation stage where the probability of reaching the Raether limit and triggering
a discharge is higher. Indeed, keeping the sum of the three voltage differences
constant, i.e. at a fixed gas gain, it is possible to increase the voltage applied
on the first GEM-foil while reducing the one applied to third GEM-foil. In
these conditions, the charge reached on the third GEM-foil is greater, but the
diffusion effect allows to redistribute the electron cloud over a larger number
of holes, reducing the discharge probability. The optimal configuration of the
triple-GEM voltages that allows to minimizes the discharges probability is:
64

Veemt > Varme 2 Verus (4.8)

Such configuration also allows to minimize the bi-gem effect, since the elec-
trons generated in the first transfer region will be amplified with a lower gain
compared to the case in which the triple-GEM voltage configuration is not un-
balanced and, therefore, the resulting signals will be under the discrimination
threshold of the detector front-end electronics. Finally, the electron trans-
parency on the first GEM-foil will be slightly increased due to a reduction of
the defocusing effect.

4.4.4 Time performance in a triple-GEM detector

The performance of a triple-GEM detector in terms of time resolution is
strongly correlated with the statistical nature of the electron cluster which
develops in the drift region. Therefore, the number of the electron clusters
produced in the primary ionization depends on the type of the particle cross-
ing the detector active volume («, 7, 7, protons, etc.), on its energy and the
gas mixture used as sensitive medium.

The space-distribution of the cluster j created at distance x from the first
GEM-foil is described by the Poisson statistics [41]

AY (7) = — e (4.9)

where 7 is the average number of electron clusters per unit length z. If one

considers the first electron cluster produced closest to the upper electrode of

the first GEM-foil (j = 1), the space-distribution can be rewrite as follows:
Al (z)=m-e ™ (4.10)

with standard deviation (r.m.s.) is given by:

(4.11)

3=

o(z) =
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For a given drift velocity (vg) in the drift region, the previous equations allow
to define the probability distribution of the arrival time on the first GEM-foil
for the electron cluster j:

P; (ta) = AF (va - ta) (4.12)

Specifically for the first electron cluster produced closest to the first GEM-foil
(=1
Py (tg) =7 - e et (4.13)

Therefore, the intrinsic value of the time resolution of the detector if the first
electron cluster is always detected is:

o1 (ta) = — .1U (4.14)

Equation 4.14 shows that the intrinsic value of the time resolution depends
on the inverse of the product of the drift velocity and the specific primary
ionization in the drift region. Therefore, in order to reach high time resolution,
it is necessary to use gas mixtures with high drift velocity (v;) and high primary
ionization (7).

Additionally, taking into account the limited collection efficiency of the first
GEM-foil, the statistical fluctuations which affect the gas gain and the finite
threshold of the front-end electronics, the signal induced by the first cluster
could not be proper discriminated. Therefore, the successive pile-up of electron
clusters is needed to generate an induced signal above the electronic thresh-
old. The latter effect is the major limitation of the time resolution of the
triple-GEM detector. In order to overcome or to minimize this issue, it is nec-
essary to increase the single electron detection capability, using gas mixture
characterized by a high drift velocity at a relative low value of drift electric
field. As discussed in Section 4.3.3 a relative low value of drift electric field
(2-3 kV/em), allows to reach a large collection efficiency in the first amplifi-
cation stage, thereby ensuring a high detection efficiency of the first electron
cluster with consecutive significant improvement of the time performance of a
triple-GEM detector.

4.4.5 The signal formation in a triple-GEM detector

The formation of the signal induced on the readout pads and/or strips in a
GEM-based detector exclusively depends on the motion of the multiplication
electrons in the induction region. Therefore, it can be considered that the
induced signal formation starts as soon as the first multiplication electrons
emerge from the lower electrode of the last amplification stage and stops when
all of them are completely collected on the readout electrode.
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The induced current I, on the k** electrode due to a moving charge ¢ and
velocity vg4, can be calculated using the Ramo’s theorem [67]:

h;:—qﬁdmhzziiw (4.15)

where ﬁk (x) is the electric field created by raising the electrode k to the
potential Vi. Therefore, if V;, = 1 V and all the other pads (or strips) are
connected to ground, the Equation 4.15 can be rewritten as follows:

L= —qTa(z) x EY (2) (4.16)

where E};’ (x) is the so-called weighting field.

In order to study the properties of a triple-GEM detector, a complete and
detailed simulation of the detector has been performed taking into account
all the relevant processes from the ionization mechanism up to the signal for-
mation and electronic response [63]. In these studies, the E}’ (x) behavior
has been simulated and it results to be practically constant in the induction
region meaning the electron drift velocity is uniform in the induction region.
Therefore, these studies suggest that each multiplication electron emerging
from the last GEM-foil induces a rectangular current signal in the nearest pad
(or strips) with a width dependent on the time needed by the electron to cross

the induction region:

i=—2=-21 (4.17)

where x is the thickness of the induction region and vy is the electron velocity
in that region. Finally, in order to achieve an higher induced signals, the
thickness of the induction region should be reduced and/or a fast gas mixture
for induction electric field in the range 4.5-5.5 kV/em should be used.
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Chapter

The Assembly, Quality Control
and Commissioning of the
GE1/1 detectors

5.1 The GE1/1 detectors for the CMS-GEM
project

5.1.1 Description of the GE1/1 project

To extend the sensitivity for new physics searches, a major upgrade of the LHC
machine has been decided and is being prepared, the High Luminosity LHC
(HL-LHC). The instantaneous luminosity of LHC is expected to exceed the
nominal value and reach 2.5 x 103* em~2s7!, after the second Long Shutdown
(LS2) foreseen in 2019. A further increase is planned during the third Long
Shutdown (LS3) in 2024 - 2026, up to 5 x 103 em™2s7!, i.e. a yield five times
greater than the initially design value of the current LHC. The increase of the
energy and luminosity during the future upgrades of the LHC machine will
deeply affect the performance of the detectors in the CMS Muon System due
to the harsh background environment and the high pile-up. As a consequence,
a general upgrade of the present detectors and their electronics is mandatory.

The CMS collaboration is currently improving the Muon System to maintain
the high level of performance achieved during the first period of operation (Run
1) also in the challenging environment of the high-luminosity LHC. The CMS
Muon System was originally designed as a hermetic and redundant system
that exploits three gaseous detection technologies. In the barrel, Drift Tubes
(DT), covering acceptances up to covering acceptances up to |n| < 1.2, provide
precision measurements and Level 1 (L1) triggering; in the endcaps the same
role is played by Cathode Strip Chambers (CSC), covering the region 1.0 <
In| < 2.4. Additionally, Resistive Plate Chambers (RPC) provide redundant
trigger and coarse position measurement in both barrel and forward regions,
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but they were not implemented beyond |n| > 1.6, due to the high background
rate expected that region. This imposes severe restriction on the gaseous
detection technology that can be used: new detector requirements include
a high rate capability O(M Hz/cm?), a good spatial resolution O(100 pum)
for tracking, a good time resolution for triggering, and in addition, radiation
hardness.
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Figure 5.1: A quadrant of the muon system, showing DT chambers (yellow),
RPC (light blue), and CSC (green). The new GEM detector station, GE1/1,
is indicated in red [69].

In order to cope with very high operation condition, high pile-up and back-
ground environment in particular in the forward region of the CMS muon
end-caps, the CMS Collaboration is planning to install detectors based on the
Gas Electron Multiplier technology during the second Long Shutdown. The
project is named GE1/1, where "G" stands for GEM, "E" for End-cap, the
first "1" corresponds to the first muon station and the second "1" the first ring
of the muon station (see Figure 5.1). In the GE1/1 Muon System, a pair
of such GE1/1 detectors are combined in order to form the so-called GE1/1
"super-chamber” that provides two measurement planes in the muon endcap
and optimizes the detection efficiency. Each super-chamber covers a ~ 10°
sector so that 72 super-chambers are required (36 per each endcap of the CMS
Muon System) to form a ring of superchambers that gives full azimuthal cov-
erage. The superchambers alternate in ¢ between long (1.55 < |n| < 2.18)
and short (1.61 < |n| < 2.18) versions. Each endcap holds 18 long and 18
short super-chambers, for a total of 144 detectors in all CMS Muon System.
The GE1/1 station is currently undergoing construction. In order to gain first
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operational experience with the new subsystem and also to demonstrate the
integration of GE1/1 detectors into the trigger, a demonstrator, consisting
of five GE1/1 superchambers, has already been installed in CMS during the
year-end technical stop 2016,/2017.

The muon trigger rates are higher in the forward region where the bending
of the track of the muon candidate in the magnetic field is small, the back-
ground is large and the redundancy is reduced since the pseudorapidity region
In| > 1.6 is instrumented with only the CSC detectors. These factors lead
to muon momentum mismeasurement at the first level of trigger (L1), and as
a consequence, the contribution to the trigger rate coming from the forward
region is particularly large. The installation of GE1/1 in front of ME1/1 will
create a large enough lever arm between GE1/1 and ME1/1 detector to enable
a good measurement of the muon direction within the first station. Moreover,
the added redundancy allows reducing the fraction of muons with unrecon-
structed segments in the first station, which in turn reduces the fraction of
poorly measured muon candidates [69]. The consequence is an improvement
of the L1 stand-alone muon trigger momentum resolution and a drastically
reduction of its large contribution to the overall L1 muon trigger rate. The
single muon trigger rate curves before and after the GE1/1 upgrade are shown
in in Figure 5.2.
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Figure 5.2: L1 muon trigger rate at a luminosity of 2 x 103 em™2s—1 as
a function of pr threshold. With the addition of GE1/1, the bending angle
between ME1/1 and GE1/1 stations can be used and the trigger rate is greatly
reduced [69].
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5.1.2 GE1/1 detector requirements

The fundamental requirements on the detection performance that a GE1/1
detector have to fulfill in the CMS GE1/1 region are:

« Particle rate capability up to 4.5 kHz/cm?;

+ Detection efficiency higher that 97% for detecting minimum ionizing par-
ticles for each single GE1/1 detector;

 Angular resolution of 300 purad on AP = Pgpi/1-Parrpi)i;
« Timing resolution of 8-10 ns for a single GE1/1 detector;
o Gas gain uniformity of 30% across a detector and between detectors;

o GE1/1 detector must tolerate, without damages or performance losses,
an integrated charge of ~ 18 mC'/cm?;

e Discharge rate that does not impede performance or operation of the
GE1/1 detector

The maximum expected background hit rates in the GE1/1 region is about
1.5 kHz/em? for HL-LHC running at 14 TeV and 5 x 10** em™2s~1. Multiply-
ing with a safety factor of 3 then requires a hit-rate capability of 4.5 kH z/cm?.
With 97.0% individual detector efficiency, a superchamber composed by two
triple-GEM detectors logically OR-ed strip by strip will have an efficiency
above 99.9%. A precision of 300 prad on the difference A® = gy /1-Prrp1
of the angular muon positions measured in GE1/1 and ME1/1 is required to
guarantee to the trigger to discriminate high-py muons from low-p;y muons
reliably. A time resolution of about 8-10 ns is required in order to combine
the timing information provided by a GE1/1 superchamber with timing pro-
vided by the CSC detectors, i.e. in order to reliably match GE1/1 hits to
ME1/1 stubs in time when running with a 25 ns bunch crossing time at the
HL-LHC. An uniform response od the detector ensure that there are no geo-
metrical trigger or muon reconstruction biases. The intrinsec variation of the
detector response due to the hole size variation at the manufacturing stage
of the GEM-foils is about 5-8%. The detectors should not incur significant
additional response non-uniformities due to any other factors. The response
uniformity across all the sectors of a single GE1/1 detector should not exceed
the 30% value in order to guarantee a stable operation effiency > 98% and time
resolution < 10 ns. The GE1/1 detectors must be able to integrate a charge
of 18 mC'/em?, which represents ten years of GE1/1 operation at the HL-LHC
with a safety factor 3, at a gas gain of ~ 2 x 10* and an average particle flux

of ~ 1.5 kHz/cm? for an average luminosity machine of 5 x 1034 em=2s71.

In addition, several technical constraints and requirements need to be taken
into account in the detector design. Since the GE1/1 station is placed in
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front of the ME1/1 station, a special care has to be taken in the detector de-
sign in order to reduce the material budget in such a way as to minimize the
multiple scattering within the GE1/1 itself that could affect the muon track
reconstruction in the GE1/1-CSC trigger. All components used for the de-
tector construction have been selected in order to minimize this requirement.
Clearly, these choices are a compromise between rigidity and low mass require-
ments. The detector materials and components have been also qualified for
long term exposure to radiation and possible outgassing. The material budget
of the GE1/1 detector station is shown on Table 5.1.

‘ Layer ‘ Material ‘ Thickness (mm) ‘
Protective cover Al 1
Cooling pipe Cu (filled with H20) 8 external @, 6 inner @
Cooling pads Cu 1
GEB board Cu/FRA 0.140/0.856
Readout board Cu/FR4/Cu 0.035/3.2/0.035
Induction gap Ar/COq (/CFy) 1
GEM 3 Cu/polyimide/Cu 0.005,/0.050,/0.005
Transfer gap 2 Ar/COq (/CFy) 2
GEM 2 Cu/polyimide/Cu 0.005,/0.050,/0.005
Transfer gap 1 Ar/COq (/CFy) 1
GEM 1 Cu/polyimide/Cu 0.005,/0.050,/0.005
Drift gap Ar/COq (/CFy) 3
Drift board Cu/FR4/Cu 0.035/3.2/0.035

Total 20.585

Table 5.1: Material budget for a GE1/1 triple-GEM station [69].

Moreover, the major constraint for the GE1/1 station dimension is the space
currently available between the end-cap of the hadronic calorimeter and ME1/1
station (see Figure 5.1). The GE1/1 detectors have been designed so that a
superchamber, together the final electronics, cooling system, mechanical ele-
ments, etc, is less than 10 e¢m thick and will correctly fit into the available
slot in the muon end-cap nose. Tabble 5.2 shows the technical specifications
for the construction of the GE1/1 detectors and their operation in the Muon
System of the CMS experiment.

5.1.3 GE1/1 detector overview

To increase redundancy and enhance the trigger and reconstruction capabili-
ties, the CMS collaboration approved the installation of 144 GE1/1 detectors
in both positive and negative end-caps of the Muon Spectrometer of the CMS
experiment covering the pseudorapidity region 1.55 < n < 2.18. Each GE1/1
detector consists of a trapezoidal gas volume containing a stack of three large
trapezoidal GEM-foils placed at a relative distance of a few mm and embed-
ded between a drift electrode and a readout board. Each GEM-foil consist
of a layer of copper-clad kapton foils perforated with a high density of holes
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Specification/Parameter

\ GE1/1

Detector technology
Charge amplification element
Number of chambers in overall system

Gaseous detector; micro-pattern gas detector (MPGD)
GEM foil (triple, cascaded, tensioned at ~ 5 N/cm)
144 (72 in each endcap)

Chamber shape (active readout area)
Active area overlap in adjacent chambers
Short chamber dimensions (active vol.)
Long chamber dimensions (active vol.)

Trapezoidal; opening angle 10.15°

2.6 mrad (corresponds to 5.7 readout strip pitches)

L: 106.1 em (center line), W: (23.1 - 42.0) cm, D: 0.7 em
L: 120.9 ¢m (center line), W: (23.1 - 44.6) ¢m, D: 0.7 ¢cm

D: 3.5 cm

0.345 m? (short ch.); 0.409 m? (long ch.)

2.6 liters (short ch.); 3 liters (long ch.)

130.2 ¢m (at inner edge of active readout area)
1.61 - 2.18 (short ch.); 1.55 - 2.18 (long ch.)

Total chamber thickness
Active readout area

Active chamber volume

Radial distance from beam line
Geometric acceptance in 7
Signal readout structure Truly radial readout strips

Readout strip dimensions 230 prad angular strip width; 463 prad angular pitch
Number of 7-segments in readout 8

Number of readout strips per n-segment 384

Number of readout strips per chamber 3072

Counting gas mixtures Ar/CO (70/30) or Ar/CO2/CFy (45/15/40)
Nominal operational gas flow 1 chamber volume per hour

Number of gas inlets 1

Number of gas outlets 1

Nominal HV applied to drift electrode 3200 V (Ar/COs); 4000 V (Ar/CO2/CFy)

Nominal operational gas gain 1-2 x104

Demonstrated rate capability 100 M Hz/cm?

Table 5.2: Specifications and parameters for the technical design and operation
of the CMS GE1/1 detector [69].

produced with the single-mask photolithographic technique (see Section 5.2.5).
The GEM-holes are truncated double cones with the larger (outer) diameters
around 70 gm and the smaller (inner) diameter around 50 pm; they are spaced
with a pitch of 140 um in a hexagonal pattern. The electric field strength in-
side GEM-holes can be as high as 80 kV//em. The thickness of the different
regions in a GE1/1 triple-GEM detector have been optimized for the CMS
application in order to ensure the best time resolution. The different regions
in the CMS GE1/1 triple-GEM detectors are drift region of 3 mm between
drift electrode and first GEM-foil, spaces of 1 mm and 2 mm in the electron
transfer gaps between GEM-foils, and a 1 mm space in the signal induction
region. The baseline gas mixture for operating the CMS triple-GEM detec-
tor is Argon (Ar) and Carbon Dioxide (C'O,) in proportion of 70% and 30%,
respectively. The electrons produced by a charged particle passing through
the detector due to primary ionization of the counting gas drift towards the
GEM-holes and once they start to experience the very intense electric field in
the holes, they acquire enough kinetic energy to produce secondary ionization
in the gas. This produces an electron avalanche process, which induces an
electrical signal on the readout board. A schematic overview of this operation
principle is given in Figure 5.3, which also defines the drift gap, two transfer
regions, and induction gap within the triple-GEM detector.

As shown in Figure 5.4, the readout board is divided into 8 partitions (or 7-
sectors) along the pseudorapidity coordinate, consisting of 384 copper strips
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Figure 5.3: Principle of operation of a triple-GEM detector and definition of
drift, transfer, and signal induction gap regions within the detector. The table
on the right gives the actual gap configuration in the GE1/1 detector. The
table also list typical values for electric potentials on the top and bottom of
each GEM-foil and typical values for voltages and electric fields across the four
gaps (blue) and the three GEM-foils (red) if the nominal potential of 3200 V'
for operation in Ar/CO, (70 : 30) is applied to the drift celectrode.

with a trapezoidal shape. Additionally, each n-sector is divided into 3 parti-
tions (or ¢ sectors) along the azimuthal coordinate, thus resulting in a total of
24 readout sectors for the whole detector active area. Fach readout sector has
a 128 signal-pins Panasonic connector outside of the active gas volume. The
connection between the strips and the connectors is ensured by metallic vias
running through the readout board.

Because of the mechanical constraints in the GE1/1 station, two versions of
GE1/1 detectors are proposed in order to keep the maximum detection cov-
erage. These include, the long detectors with a length of 120.9 ¢m and the
short detectors with a length of 106.1cm. In the GE1/1 station, two iden-
tical single GE1/1 detectors will be combined to form a ”super-chamber” in
order to provide an independent local pattern recognition and maximizes the
detection efficiency. Each super-chamber covers a ~ 10° sector, therefore 36
super-chambers will be installed in each muon endcap in order to ensure the
full azimuthal coverage. The super chambers will alternate in the azimuthal
direction between the long and the short versions in order to fully exploit the
available space as shown in Figure 5.5.

5.1.4 Mass production of the GE1/1 detectors

The GE1/1 detectors mass production has been optimized during years with
many efforts from the research laboratories and the involved industries. The
GE1/1 detector assembly and quality control take place at several produc-
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GE1/1-VI-Long version ] - GE1/1-VlI-Long version

Readout board (external) ﬂ [ Readout board (internal)
bW e ¥y vy | Eta-1

Ml

Figure 5.4: Design of the readout board for the long detector GE1/1-VI-L.
(Left) outer side of the readout board showing the traces from vias to Panasonic
connectors. (Right) inner side that faces into the gas volume opposite to the
third GEM-foil. The circular structures on each strip are vias that connect
the strips to the outside of the board.

Vias

tion sites. The central R&D laboratory and the production facility is based
at CERN, as well as the GEM-foil production workshop. The CERN is the
headquarters of the GE1/1 detectors mass production collaboration. Among
the production and quality control sites, the CERN has implemented the most
exhaustive quality control tests, since the production headquarters takes care
of both raw material and integration of the GE1/1 detectors in the muon end-
cap regions of the CMS experiment. Additionaly, the CMS-GEM collaboration
has identified other production and quality control sites on the basis of their
past experience in detector construction and of the support from their home
institute given to the GE1/1 project:

« Bhabha Atomic Research Center (BARC), Delhi University and Panjab
University - India

« Florida Institute of Technology (FIT) - USA

« Ghent University (UGent) - Belgium

o INFN Laboratori Nazionali di Frascati (LNF) - Italy
o INFN Sezione di Bari and Bari University - Italy

 National Center for Physics (NCP) - Pakistan
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Figure 5.5: (Top left) Exploded view of a single GE1/1 detector showing
the Drift and Readout board, the GEM-foil stack, the electronics, the cooling
system and the protection cover. (Bottom left). Example of an assembled
super-chamber. (Right) Mechanical overview of the GE1/1 station with both
long and short GE1/1 detectors.

An additional satellite site at University of Aachen - Germany perform quality
control test on the GE1/1 detectors assembled both at CERN and UGent
production sites. The main industrial partners involved in the CMS-GEM
project are listed in the Table 5.3.

Many other research institutes and industrial companies are involved in the
the CMS-GEM project, namely Belgium, Bulgaria, China, Colombia, Egypt,
Finland, France, Germany, Hungary, India, Italy, Korea, Pakistan, Qatar and
USA. The full list of institutions and the corresponding collaborators can be
found at [69]. Figure 5.6 shows the GE1/1 detectors mass production chain.

The GE1/1 detector components produced by industrial companies are deliv-
ered to CERN where they are inspected for manufacturing defects and tested.
The visual inspection is the basis of the quality control process required to vali-
date the detector assembly components. Additionaly, the GEM-foils are tested
for leakage current and the readout boards are checked with a dedicated test-
ing system capable of identifying any possible short between strips or open
strip-readout connections. Many other quality control are performed on the
other detector components in order to ensure their integrity and the quality.
Therefore, the CERN is the only production and quality control site that deals
with detector components and their specifications: all other production sites
receive only detector components within the specification.

The components passing the preliminary quality control are used for the as-
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’ Suppliers \ Detector Components ‘
MicroPack Put. Ltd. Drift and Readout PCBs
Eltos S.p.A. Internal and External frames
Mansner Oy Hienomekaniikka Pull-out
Bossard Group Screws and Washers
Angst & Pfister SA Vito O-ring
Parker Legris Gas Plug
Peninunsula Panasonic Connectors Assembly
Hybrid SA HV Dividers
Farnell/Mouser Electronics SMD components
Fiztest High Voltage Pins
Kerb-Konus/Titanox Brass Insert (Internal/Flanges)

Table 5.3: Main industrial partners involved in the CMS-GE1/1 project.

sembling at CERN production site and/or shipped to the other production
and quality control sites. Upon receipt of the different detector assembly com-
ponents, the production sites start the quality control procedure to identify
possible damage that might have been incurred in the transport. Once the ac-
ceptance criteria are fulfilled, the production sites finalize the GE1/1 detector
assembly procedures. Upon completion of the assembly, the GE1/1 detectors
(built at CERN production site and externally at all production sites) are
accurately tested in situ to ensure their proper and robust operation when
installed in the CMS experimental. The quality control tests involve all the
principal GE1/1 detector components and focus on the following aspect: Gas
Tightness, Electric Test, Noise, Effective Gas Gain and Response Uniformity
Measurement. The detectors that not ensure adequate performance have to
be repaired or eventually substituted.

As for the external production, the GE1/1 detectors passing the intermediate
quality control are send back to the CERN production site. The CERN, be-
ing the final recipient of the assembled detectors, has implemented additional
quality controls to verify and test the performance of the received detectors as
well as those of the detectors assembled directly at CERN production site. At
this stage, the detectors are equipped with the latest CMS electronics, cool-
ing system, mechanical elements, etc. Then, two GE1/1 single detectors are
coupled together in order to fabricate a superchamber. Whereas the GE1/1
single detectors assembly and quality control are done by the different pro-
duction sites, the assembly of the superchembers and the their quality control
tests are performed at CERN exclusively. After the mechanical assembly of a
superchamber, the relevant parameters (Efficiency, Spatial and Time Resolu-
tion, Noise, Cluster Size, etc.) are measured with a dedicated cosmic stand.
Once this stage is completed, the superchamber is declared ready for final
installation in the Muon Spectrometer of the CMS experiment.

The production of the GE1/1 detectors has started in April 2017 at CERN
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Figure 5.6: GE1/1 detectors mass production chain. Together with the pro-
duction and quality control phase are listed the production site and/or the
industrial companies in charge of the GE1/1 mass production.

production site and in Autumn 2017 at most production and quality control
sites. Their installation in the Muon Spectrometer of the CMS experiment
is planned to be ready in 2020 after the assembly and the validation of all
the superchambers at CERN production site. Therefore, the GE1/1 detectors
production and validation have be to completed within year 2019. Therefore,
the mass production schedule has been designed in such way that the assem-
bly and the quality control tests can be conducted in parallel in the several
production sites. The detailed step-by-step description of the GE1/1 detectors
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assembly and quality certification procedures is given in the Sections 5.3 and
5.4.

5.2 GE1/1 detector components and design

5.2.1 GE1/1 technical design

The CMS GE1/1 detector is a large trapezoidal triple-GEM detector. The
detector itself consists of a trapezoidal gas volume containing a stack of three
identical large area trepezoidal shaped GEM-foils embedded between a drift
electrode and a readout board. The drift board, the readout board and the
external frame define the gas volume. Two rubber O-ring placed in the groove
of the external frame ensure the gas tightness. Figure 5.7 shows the exploded
view of the mechanical design of a CMS GE1/1 triple-GEM detector and its
main assembly components starting from bottom: drift board mounted all
around with stainless steel pull-outs used for mechanical stretching of GEM-
foils, 3 mm internal frame, first GEM-foil, 1 mm internal frame, second GEM-
foil, 2 mm internal frame, third GEM-foil, 1 mm internal frame, first O-ring,
external frame, second O-ring and the readout board.

Figure 5.7: Exploded view of the mechanical design of a GE1/1 triple-GEM
detector and its main assembly components.

Since very limited space available within the current mechanical structures
of the forward region of the muon endcap at the CMS experiment, the CMS
GE1/1 detectors are very compact in size. Furthermore, because of the me-
chanical constraints in the GE1/1 station, two versions of detectors have been
designed in order to keep the maximum detection coverage: the Long GE1/1
detectors with a length of 120.9 ¢m and the Short GE1/1 detectors with a
length of 106.1 em. The technical specifications of the GE1/1 detectors for
both short and long versions are shown in the Table 5.4. The design of the
main assembly components is dealt with individually in the following sections.
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‘ Specification ‘ Sort ‘ Long ‘
Chamber Shape Trapezoidal Trapezoidal
Chamber Dimensions L: 106.1 em, W: (23.1-42.0) cm, D: 0.7 em | L: 120.9 em, W: (23.1-44.6) cm, D:0.7 cm
Chamber Thickness 3.5 cm 3.5 cem
Active readout area 0.345m? 0.409 m?
Active chamber volume 2.6 liters 3 liters
Geometric acceptance in n | 1.61-2.18 1.55-2.18

Table 5.4: Technical specifications and parameters of Short and Long GE1/1
detectors.

5.2.2 Drift Board design

The Drift Board is a Printed Circuit Board (PCB) that holds the trapezoidal
drift electrode. The mechanical design of the drift board is shown in the Figure
5.8. The active area of the board is coated with a copper layer, which is in
contact with the active gas volume of the detector. The Figure 5.9 shows the
actual drift board (left) and the magnified view of its wider base (right).

Figure 5.8: Mechanical design of the GE1/1 Drift Board

The board also houses the spring loaded High Voltage (HV) pins which are
used to power the GEM-foils. Four pins are used to power each foil, two for the
top of each foil and two for the bottom. The positions of the pins are defined
corresponding to the HV pads on each foil. The HV pins corresponding to one
foil are of the same height but vary in height from the pins of another foil. The
height of the pins is calculated according to the height of the corresponding
GEM foil from the drift board. Consequently there are 12 HV pins on the drift
board positioned relevantly.

On the periphery of the board there are multiple through-holes to mount the
stainless steel Pull-Outs on the board. These Pull-Outs are important parts
of the mechanical stretching system of the GEM-foils. The details of the me-
chanical stretching technique is explained in Section 5.3.4. The other elements
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on the drift board are the HV distribution circuit traces, a dedicated pad for
a protective resistor and pads for a decoupling RC circuit. The 10 M) pro-
tective resistor ensures the safety of the detector from electrical damage that
could arise as a result of the high voltage of operation. The decoupling RC
circuit consists of a 100 k€2 resistor and a 330 pF' capacitor. This RC circuit is
used to decouple the signal from the HV signal when the readings are acquired
from the bottom of the third GEM-foil.

/

Pads far HY piss Pads for 1Y pin Pads for 1TV pins  Copger Coating
For GEMD Tor GEM2 For GEMI (active ares)

Padls for Pail Pails Tar Halis lar Fads for
130 pF e WY Disiribution  Pull-ut 19 MQ Resistor HY trmces

Capacitor  Kesistor Bxxion

Figure 5.9: Left: Picture of the GE1/1 the Drift Board. Right: Close view of
the wider base of the GE1/1 drift board showing the HV distribution circuit
traces and pads for the spring-loaded pins that make the electrical connections
to the GEM-foils. The pad for 10 M) protective resistor and the pads for the
100 k€2 resistor and 330 pF' capacitor of the decoupling RC circuit are shown.
Holes to fix Pull-Outs against the board are also shown.

5.2.3 External Frame Design

The external frame is a trapezoidal structure as shown in Figure 5.10 made
of halogen-free glass-epoxy material and is machined from a single piece to
minimize material non-homogeneity. The frame is primarily used to make the
chamber gas tight, by closing in the active gas volume between the drift and
readout boards. The Figure 5.11 shows the actual external frame (left) and
the magnified view of of the section of the external frame (right).

The external frame also has a small groove along its periphery in order to
accommodate the Viton O-ring that compresses between the drift and readout
boards, thereby ensuring a greater degree of gas-tightness without damage or
deformation to the frame or any other components. The frame also has notches
all around to accommodate the Pull-Outs. A Nuvovern® polyurethane varnish
coating is applied on the frame to seal in the particulates such that it does
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Figure 5.10: Mechanical design of the External Frame

not contaminate the detector with particulate matter during assembly and
operation.

Notch to
accomodate
the Pull-Owui

O-ring
out of groove

O-ring Notch to Groove to
fixed in groove accomodate accomodate
) the Pull-Out the O-ring

Figure 5.11: Left: Picture of the external frame. Right: Close view of the
section of the external frame showing the groove in the frame, O-ring in and
out of its groove and notches in the inner side of the frame to accommodate
the Pull-Outs

5.2.4 Internal Frame Design

The internal frames are important components as they define the distances
between the drift board, GEM-foils and readout board. There are four layers
made of halogen-free epoxy glass. The thickness of each layer is 3 mm, 1 mm,
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2 mm and 1 mm respectively and each layer is made of ten individual pieces
as shown in Figure 5.12.

Figure 5.12: Mechanical design of the Internal Frame

The frames are coated with a Nuvovern® polyurethane varnish coating which
ensures that no glass epoxy particulates are detached from the frames during
the assembly which could contaminate the detector and/or the clean room.
Such particulate on the GEM-foils is often responsible for sparks and electrical
shorts in the holes and thus potentially causing damage to the GEM-foil. M2
screws are used to couple the three GEM-foils on the the internal frames,
screws are fixed all around the perimeter of the GEM-foils. Threaded M2
brass inserts are fitted in the 3 mm frame to avoid loosening of macroscopic
and microscopic epoxy glass particulates that could arise when screws pass
through the frames during assembly procedures.

5.2.5 GEM Foil design and production technology

The GE1/1 detector uses three identical trapezoidal GEM-foils as shown in
the Figure 5.15. The GEM-foils manufacturing technology is realized using
conventional photolithography technique commonly employed by the printed
circuit industry.

« double-mask photolithography technique [70] [71]. The double-
mask photolithography process consists of applying a 15 pm-thick pho-
toresistive layer on both sides of the copper-clad polyimide substrate.
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Figure 5.13: Left: Close view of the section of the Figure 5.12. Right: Shapes
and mechanical structure of different pieces of the internal frames. Ten pieces
per frame combine together and surround all round the periphery of the GEM-
foils stack.

That the GEM-hole pattern is transferred onto by UV-light exposure
through flexible masks. After development, the substrate can be etched
with several solvent and acid bath (wet-etching), which removes copper
from the holes, but not from where the photoresist still masks the cop-
per. The next step is the etching of the polyimide substrate, for which
the holes in the copper layers act as a mask.

To obtain a homogeneous hole geometry across the GEM-foil, it is imper-
ative to keep the alignment error between top and bottom mask within
10 um. As both the mask and the base substrate are flexible, the manual
alignment is far from trivial, and when foil size exceed about 40 cm this
technique is hardly feasible anymore. A way of overcoming this alignment
problem for larger GEM-foils is the use of single-mask photolithography.

« single-mask photolithography technique [70] [71]. In single-mask
photolithography technique, the GEM-hole pattern is transferred only to
one side of the copper-clad polyimide substrate. Therefore, any need for
alignment is removed. The 15 um-thick photoresistive layer is developed
and the hole pattern is used as a mask to chemically etch holes in the
top copper cladding. After stripping the photoresist, the holes in the
top copper cladding are in turn used as a mask to etch the polyimide.
Then the bottom copper cladding is etched after the polyimide, using the
holes in the polyimide as a mask. Finally, a second polyimide etching
is performed from the bottom to transform the hole geometry and give
the typical bi-conical shape. All GE1/1 detectors comprise GEM-foils
produced with single-mask photolithography technique at CERN.
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The photolithography process steps of the double-mask and the single-mask
techniques, both developed by the CERN PCB Workshop [70] [71], are shown
in Figure 5.14.

Double-mask Single-mask
€ Raw material <
Vacuum deposited copper
— —_—
€ Photo-resist and Masking =
UV exposure and development
—_————
— — — —— — I
€ Copper electro-etching 2
— — —

€ Chemical polyimide etching =

E N
Photo-resist stripping =
Bottom polyimide etching =

Hole fi

¥ transf fon

Figure 5.14: Schematic comparison of procedures for fabrication of a double-
mask GEM-foils (left) and a single-mask GEM-foils (right) [70] [71].

The surface of the GEM-foil oriented towards the readout boards is a single
continuous conductor whereas the other surface, oriented towards the drift
board is segmented into sectors. These sectors are aligned parallel to the base
of the trapezoid and the width of each sectors reduces when going from the
short end to the wide end of the trapezoid. This is to ensure that the area of
each sectors is approximately equal to 100 cm?. This segmentation restricts the
amount of charge that can get generated during a discharge, thereby limiting
the total energy of a discharge itself. Another advantage of segmentation is
that even in extreme cases such as destructive discharge causing a short in one
particular HV sector, only that sector is rendered useless and not the entire
foil. This however bears the implication that each sector has to have a separate
HV supply. This is dealt with by choosing a common connection point that
receives the external HV supply and routing a HV trace from it along the
periphery of the GEM foil. The common connection points are placed on the
wide end of the foil and two connection points are added for redundancy. The
HV trace is connected to each HV sector through 10 M2 protection resistors
that are mounted on the surface. These resistors limit the current supplied
from HV supply, decouple the capacitance from all other HV sectors and to
quench the discharge.
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Figure 5.15: Left: Design of GEM-foil for GE1/1 detector. Right: Close view
of the section of foil showing the small holes for alignment pins which are used
during the assembly procedures of the GE/1 detectors, large holes to allow
the passage of screws through them and to attach the foil to internal frames,
plus-shaped slits for stretching nuts and HV Sectors.

5.2.6 Readout Board design

The Readout Board is a trapezoidal shaped printed circuit boardas shown in
Figure 5.16.

Figure 5.16: Mechanical design of the Readout Board.

The inner side of the readout board contains 3072 trapezoidal readout strips
oriented radially along the longer side of the detector. The area covered by the
strips is called the active area and it subtends an angle of 10.15°. This allows
for an over lap of 2.6 mrad (5.67 strips) between the active area of subsequent
detectors. The readout strips are connected through metalized vias to the
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other side of the board, from which traces are routed to 8 x 3 partitions in
(in,i¢). Each (in, i¢) sector contains 128 strips. The strip pitch increases
from 0.6 mm at the shorter end of the detector to 1.2 mm at the wider end.
The readout board also has two diagonally opposite holes on the corners to
accommodate the gas plugs that will serve as the inlet and outlet respectively,
as explained in Sec.5.2.7.

Magnified view of inner side

-]
i
Ao
o
3
B}

Magnified view of outer side

Figure 5.17: Left: Outer side of GE1/1 readout board showing 24 (in, i)
readout sectors with each sector mounted with a male Panasonic adopter for
signal readout. The board has also two holes at the opposite corners which
allow to mount the two gas plugs. Also, there are machined holes on the
periphery of the board which allow the passage of closing screws to fix the
board against detector structure. Middle: Inner side of the drift board showing
the readout strips. Right: Close view showing the readout strips on the inner
side and Panasonic connector on the outer side of the board.

5.2.7 Gas Distribution System

The gas distribution system on the GE1/1 chambers is a single inlet and single
outlet system. As mentioned in the previous section the inlet and outlet gas
plugs are mounted at diagonally opposite points on the readout board. Figure
5.18 shosw the mechanical design of the gas plug fixed against the readout
board.

The gas mixture flows into the detector through the inlet diagonally. The gas

distribution within the GEM-foils stack occurs by means of the holes in the
foil and through the gaps in the internal frames.
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Figure 5.18: Mechanical design of the gas plug fixed against the readout board.

5.3 Description of the assembly procedure

The GEM technology heavily depends on the integrity of the GEM-foils and
its precision-etched micron level holes. Even the smallest of particulate con-
taminant could become a source for irregular operation or could even cause
unrepairable damage to the detector. Therefore, the assembly can only be per-
formed within a clean room with a class-1000 rating at the very least. Tools
with lubricated shafts, soldering equipment’s that requires heating of volatile
fluxes, motors and vacuum pipes with out-gassing oils, etc. are the main
sources which could contaminate the detector and, thus, are forbidden in the
assembly area. People performing the assembly strictly abide by the code of
conduct within the clean room such as wearing aprons, dust-free gloves, facial
masks, shoe covers, hair caps etc. Figure 5.19 shows a schematic overview of
the critical steps to be performed during assembly and is a representation of
the overall flow of the assembly procedure. Additional details and technical
aspects on the assembly procedures of the CMS GE1/1 detectors can be found
at [68] [69].

5.3.1 Drift Board Preparation

The drift board preparation includes the mounting of the stainless steel pull-
outs and the soldering of twelve HV-pins in order to power each layer. Since
this involves soldering and manual fastening of screws, there is high scope for
contamination and thereby this step is carried out outside the clean room.
The heights of each set of HV-pins are in accordance with the position of
the respective GEM-foils and are mounted on the drift board in that specific
order. Each pull-out is fastened to the drift board using two A2 stainless steel
M3 x 6 x 8 screws with polyamide washers to ensure gas tight fastening. The
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Figure 5.19: Exploded view of the mechanical design of a CMS GE1/1 triple-
GEM detector showing the schematic flow of the assembly procedure.

surface mounted (SMD) 10 M protection resistance and the decoupling RC
circuit consisting of the 100 k€2 resistor and the 330 pF' capacitor are mounted
in their respective positions at this stage.

The HV-pins are soldered onto the drift board within the gas volume and
designed to provide optimal and stable power supply to each foil. Their spring-
loaded design allows for continuous contact with the corresponding pads of the
GEM-foil when the foil is mounted on the stack. The HV circuit design on the
drift board is shown in Figure 5.20.

Figure 5.20: Schematic overview of the HV circuit and the twelve HV-pins on
the drift board.
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The HV-pins are connected with pads outside the gas volume: these pads are
designed to be used with both single channel and multi channel power supply.
In case of a single channel power supply a resistive high voltahe divider network
is used to supply appropriate voltage distribution within the detector. Figures
5.21, 5.22 and 5.23a show the design and arrangement of the HV-pins on the
drift board and their positions with respect to the GEM-foil stack. Figure 5.23b
shows the HV divider circuit diagram for the 3/1/2/1 mm gap configuration.

GEM foil_01 Pins

GEM foil_02 Pins

GEM foil 03 Pins

Figure 5.21: Sliced view showing the spring loaded mechanism of the twelve
HV-pins and their position on the drift board with respect to the GEM-foils.

Powering Pad of the second GEM foil

-4— Readout Board

GEM Foil 03
GEM Foil 02
GEM Foil 01

1mm—

2mm

1mm -~

amm Drift Board

Foweriﬁg Pin

Figure 5.22: Magnified view of one of the HV-pins showing the GEM-foils
stack, the 3 mm, 1 mm, 2 mm, 1 mm internal frames, the powerin pad of
the second GEM-foil, the single HV-pin pressed against powering pad of the
second GEM-foil and the readout board.
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Figure 5.23: (left) High voltage circuit arrangement on the drift board showing
the twelve HV-pins. The heights of each set of HV-pins are in accordance with
the position of the respective GEM-foils and are mounted on the drift board in
that specific order so that they can properly reach the three GEM-foils. Their
spring-loaded design allows for continuous contact with the corresponding pads
of the GEM-foil. (right) HV divider circuit diagram for the 3/1/2/1 mm gap
configuration and corresponding connections to GE1/1 detector electrodes.

5.3.2 GEM Stack Assembly

The most important part of the assembly procedure is the preparing of the
GEM-stack, which is a delicate process as it deals with the accurate alignment
of the parts without any scope for contamination. This step is performed
within the clean room. The alignment is done using alignment pins on a Plexi-
glas base. The alignment pins are placed at precise positions in correspondence
to the alignment holes on the FR4 pieces which hold each GEM-foil with re-
spect to themselves. The 10 pieces of the 3 mm internal frame are first placed
in proper positions over the alignment pins before the first GEM-foil is placed
as shown in Figure 5.24.

The GEM-foil has to be cleaned again as a precautionary measure just before
aligning them on top of the first external frame layer. This is carried out using
an anti-static adhesive roller which can remove dust with micron level precision
as shown in Figure 5.25a). This step is followed by the leakage current test
measurament using a MEGGER MIT420 insulation tester (see Figure 5.25b).
In this step a 550 V potential difference is applied across the foils which pro-
duces a strong electric field, generally of the order of 70-100 £V /cm inside the
GEM-holes. When the relative humidity (RH) of the assembly area is 30% or
less, the maximum permissible leakage current is 35 nA for an applied poten-
tial difference of 550 V. Above 30% the leakage current increases drastically.
Minor sparks may be observed during this procedure. This is caused small
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Figure 5.24: Pictures of the process of laying the first GEM-foil on a Plexiglas
base with the 3mm internal frames in position.

particulate matter trapped between the holes. The spark burns out the small
particles and thus serves as a secondary cleaning procedure. Excessive rate of
sparking however implies that the GEM-foils are contaminated with dust and
the primary foil cleaning procedures are to be repeated. As a result of this
test, the foils accumulate electrostatic charges and by virtue of this might start
catching dust themselves. Also, if the GEM-foils on the stack happen to come
in contact with each other prior to the stretching procedure, the accumulated
energy might get released at the point-like contact, thereby leading to destruc-
tive discharges that might damage the integrity of either or both of the foils.
For these reasons, the foils must be discharged after the leakage current test
by shorting the top and bottom electrodes of the foil.

As a precautionary measure, the GEM-foils are stretched manually and fixed
temporarily using tape between the stretched outer holding frame of the foil
(which is cut out in a later step) and the Plexiglas base. This prevents the foils
from sagging and coming in contact with each other during the aligning of the
foils in the stack, prior to the implementation of the stretching procedure. The
foils are aligned in the stack using the alignment holes and they are attached
to the internal frames using a pattern of holes as seen in Figure 5.15. The
foil stack is held in place by multiple M2 x 6 screws, that run through all the
internal frame segments and are tightened against the M2 brass inserts shown
in Figure 5.26.

After the second GEM foil is placed on the stack followed by the 2 mm frame,
the stainless steel nuts are positioned in dedicated plus-shaped grooves of the
internal frames at this point in the assembly, with their axes oriented per-
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Figure 5.25: (top) Picture of the GEM-foil cleaning procedure using adhesive
roller, which removes dust particles of micron level effectively by its strong
sticking capacity. (bottom) Picture of the leakage current test measurement
using MEGGER MIT420 insulation tester.
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Figure 5.26: Mechanical structures of the four different internal frames which
are stacked together to maintain the gap configuration of 3/1/2/1 mm in
GE1/1 detector, showing the positioning of the brass inserts, grooves for the
stretching nuts and positions of fastening screws.

pendicular to the axes of the brass inserts in the internal frame. The nuts
together with the pull-out and dedicated screws form stretching mechanism
(see Section 5.3.4). The GEM-foils stack consisting of three foils with desired
3/1/2/1 mm frames is finally formed by removing the dead area around the
GEM-foils. The various steps explained above are shown in Figure 5.27 (the
details of the GEM-foils stack assembly are further described in 5.3.3).

5.3.3 Detector Construction

The detector construction starts with the placement of the GEM-foils stack on
the drift board as shown in Figures 5.28a. The drift board is fixed against the
Jig by means of Aluminium bars which are tightened on the Jig with the help
of fixation bolts as shown in the Figure 5.28b. The Jig keeps the drift board
flat and prevents any kind of deformations that may occur during stretching
procedure of GEM-foils stack or during the fixation of readout board against it.
The stack is stretched against the pull-outs manually by applying a monitored
torque. The stretching mechanism is dealt with in detail in the next section.
After stretching, a connectivity check between the gaps and across the GEM-
foils is performed by measuring the impedance using a MEGGER MIT420
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Figure 5.27: Pictures of the various assembly steps for the stack formation
procedure.

insulation tester. The HV traces outside the gas volume on the drift board are
used to apply a potential difference of 550 V' in between the gaps and across
the GEM-foils. At RH 30% an impedance of 100-150 G2 is expected. At

higher values of humidity, the impedance may have lower value.

The external frame with the O-ring is placed around the GEM-foils stack and
the readout board is placed over the external frame. The readout board is
tightened against the pull-outs using A2 stainless steel M3 x 6 x 8 screws
sealed with polyamide washers. This causes the O-ring to deform and fill up
the gaps forming a gas tight barrier. The final chamber is shown in Figure
5.30.

5.3.4 Stretching Mechanism

For the construction of GE1/1 prototype, the GEM foils have been initially
thermally stretched during 24 hours at 37° in a special oven. Fiberglass spacer
frames have been then glued onto the GEM-foils in order to fix and keep them
separated at the correct distance in the triple-GEM configuration. These pro-
cedures used considerable amounts of glues and were therefore prone to pos-
sible contamination of the active gas volume due to the outgassing phenom-
ena. Furthermore, the previous procedures were time-consuming process and
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Figure 5.28: (top) Pictures of the placement of the GEM-foils stack on the drift
board. (bottom) Picture of the GEM-foils stack on drift board and fixation of
drift board against Jig by means of Aluminium bars.
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Figure 5.29: Magnified view of the section of the GE1/1 detector with GEM-
foils stack tensioned against the pull-outs mounted onto the drift board and
surrounded by outer frame having O-ring on its grooves. The active chamber
volume is ready to be closed with the readout board.

labour-intensive and therefore not well suited to the timescales required by the
mass production Alternative technique have been tested to stretch GEM-foils
including the stretching due to infrared heating lamps. After testing multi-
ple stretching mechanisms, the mechanical stretching method has been chosen
owing to significant reduction in time consumed for stretching as compared to
the other methods considered. Since the detector is constructed without the
need for gluing, the assembly time is reduced from a time dynamic of days to
a few hours. The mechanical stretching technique is conceptually visualized
in the Figure 5.31.

Once the stack is placed on the drift board, M2.5 x 8 x 8 screws are inserted
around the periphery of the stack and are tightened manually into the perpen-
dicular nuts that were previously placed into the grooves of the internal frame.
These screws are manually tightened using a controlled and monitored torque
of 8-10 ¢N -m. Thus the GEM-foils are tensioned uniformly as the inner frame
is being pulled outwards i.e. towards the pull-outs as shown in the Figure 5.32.
The torque specifications are to be followed with as much precision as possible
since the inherent tolerances of this method have an effect on the uniformity of
the gas gain and the time response. Therefore, it is very important and crucial
to ensure uniform stretching during assembly in order to achieve the uniform
response from all over the detector.
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Figure 5.30: (top) Closing of the GE1/1 triple-GEM detector with the readout
board. (bottom) The final assembled detector on the Quality Control line.
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Figure 5.31: Schematic overview of the mechanical stretching method of the
GEM-foils in the CMS GE1/1 detector.

5.4 Requirements for GE1/1 Quality Assur-
ance/Quality Control assessment

5.4.1 Overview of the QA/QC

The Quality Assurance (QA) and the Quality Control (QC) are key elements
to ensure the delivery of fully efficient GE1/1 detectors yielding their best
performance when installed in the Muon Spectrometer of the CMS experiment.
The final detector quality and performance depend on the production quality
and on the accuracy of the detector assembly procedures. Standardized QA
and QC procedures have been established in order to prevent any mechanical or
electrical issues that might affect the detector performance. These procedures
are identical as far as possible for all production and quality control sites.

Figure 5.33 shows a flow card with the general quality assurance and quality
control procedures for the GE1/1 project. The overall process is divided into
three major stages:

» assembly components production and quality control at CERN produc-
tion site;

 assembly and quality control of single GE1/1 detectors at production
sites;

« assembly and quality control of superchambers at CERN production site
before delivery for installation at CMS Muon System.

The corresponding timeline is presented in Table 5.6. For each steps, the av-
erage time is expressed: these numbers are generally estimated and additional
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Figure 5.32: Picture of the mechanical stretching method during the GE1/1
detector assembly
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Figure 5.33: Schematic overview of the quality assurance and quality control
procedures of the GE1/1 detectors.

delays may happen during the detector’s assembly and quality control.

‘ Quality Control ‘ Expected time ‘

QC1 2 days (all components)

QC2 + assembly 2 days
QC3 1 days
QC4 1 days
QC5 1 -2 days
QC6 Until needed to assemble Superchamber
QC7 2 days
QCS8 5 days
QCY Waiting for installation
QC10 Quick test after transport

Table 5.5: Timeline for the GE1/1 assembly and commissioning.

In this section the main quality assurance and quality control procedures for
the LS2 GE1/1 detectors implemented at CERN production site are described:

o Assemply component: QC1 - GE1/1 Detectors Components Inspection
and Readout Board Connectivity Test

o GEM-foils: QC2 - Leakage Current Test;
o GE1/1 detector: QC3 - Gas Leak Test in C'Os;
« GE1/1 detector: QC4 - HV Test in C'Oy;

o GE1/1 detector: QC5 - Gas Gain Calibration Test in Ar/CO, (70/30)
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5.4.2 QC1 - GE1/1 Detectors Components Inspection
and Readout Board Connectivity Test

All the GE1/1 detector components produced by industrial companies are de-
livered to CERN where they are immediately verified for defects and tested.
Visual inspection is a commonly used method for quality assurance of the var-
ious detector components during the manufacturing and assembly. Therefore,
after cleaning of all parts with the deionized water using ultrasonic baths or
possible baking and sand blast procedures, an optical inspection of the main
detector components is performed to ensure the integrity and the quality of
the drift and readout board, internal and external frames, O-ring, gas inlets
and outlets, etc. Some of the preliminary inspections and tests on detector
components are described below:

Frame. An optical inspection is performed in order to identify possible cracks,
mechanical unconformities and manufacturing defects on the epoxy glass struc-
ture of the internal and external frames. The dimensions of the frames are
accurately measured using an high resolution digital caliper and a mechanical
dial indicator, as well as the width and depth of the grooves along periphery of
the external frame that will accommodate the Viton O-ring in order to ensure
greater degree of the gas-tightness of the detector (see Figure 5.34a and 5.34b).

O-ring. An optical inspection and dedicated cleaning is performed in order to
identify the integrity and the quality of the Vito O-ring. The external diameter
dimensions are accurately measured using an high resolution digital caliper in
order to ensure a correct coupling between the O-ring and the external frame
and then to ensure a correct gas-tightness of the detector (see Figure 5.34c).

(c)

Figure 5.34: Pictures of the initial inspection and qualification procedures of
the external frame and the Vito O-ring. The width and depth of the grooves
along periphery of the external frame are accurately measured using an high
resolution digital caliper and a mechanical dial indicator as well as the external
diameter dimensions of the O-ring.
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Drift Board. An optical inspection is performed in order to identify possible
mechanical damage and surface anomalies on the drift electrode and PCB
high voltage traces and pads. An high-pressure nitrogen gun is used to remove
possible dust and/or processing residues on the drift board.

Readout Board. An initial inspection is performed to check the planarity of
the readout board. The readout board under test is placed on a flat optical
table (in horizontal position) and its possible bending is verified by measuring
the height of the readout board in several points along its perimeter with re-
spect to the plane of the optical table using an high resolution digital caliper
(see Figure 5.35a and 5.35b). The test campaign results are reported in a ded-
icated summary table. Figure 5.35c shows an example of the heights measured
in several points along the perimeter of a readout board under test using an
high resolution digital caliper.
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Figure 5.35: Pictures of the initial inspection and qualification procedures
of the readout board. In order to check the flatness of the readout board, its
height is accurately measured in several points along its perimeter with respect
to the plane of the optical table using an high resolution digital caliper.

Additionally, an optical inspection is performed in order to identify possible
macroscopic scratches and defects on the readout strips or Panasonic adopters
for signal readout. However, it is not possible to verify the integrity and the
quality of the readout board with a simple visual inspection because of the
relatively small size of the readout strips and the large size of the readout
board. A dedicated quality control test has been designed in order to inspect
the readout board for possible shorts between strips or open strip-readout
connections.

An automated testing system based on ARDUINO Mega 2560 microcontroller
has been designed to simultaneously check all the strips in one readout sector.
The ARDUINO platform is responsible for the data acquisition and system
control. In order to perform the electrical test on the readout board, the test-
ing system is plugged onto each Panasonic connector to check the continuity
and/or possible shorts of the readout strips (see Figure 5.36).
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Figure 5.36: Pictures of the QC1 connectivity test setup.

A signal is passed onto one of the pins of the Panasonic connector while the
rest of the pins are simultaneously tested for a response. If a signal is detected
in any of the neighbouring pins, this indicates the presence of a short circuit
fault in the readout sector under test. This procedure is repeated for every
pin on the connector. The readout board under test is rejected if more than
4 defects (short circuit) are identified in the whole readout board under test
and/or more than 3 faulty channels inside the same connector. Figure 5.37
shows examples of short circuits and defects on the surface of the readout strips
identified during initial inspection and qualification procedures of the readout
board by using a digital microscope (specification: 2.0 megapizel resolution
and 10x - 230x magnification range).

M THE SURFACE OF THE READOUT STRIPS

1
SHORT CIRCUIT BETWEEN THE READOUT STRIPS | | DEFECTS ON THE SURFACE OF THE READOUT STRIPS.

Figure 5.37: Microscopy photos of the readout strips showing some examples
of defects and short circuits between the readout strips.

Once the acceptance criteria are fulfilled, complete assembly sets are used for
the assembling at CERN production site and/or shipped to the other produc-
tion and quality control sites.
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5.4.3 QC2 - Leakage Current Test

The QC2 - leakage current test aims to determine the quality of a GEM-foil by
measuring the maximum leakage current flowing on the surface of the GEM-
holes. It is therefore mandatory to perform the QC2 test before, during and
after the assembly of the GE1/1 detector. The GEM-foils are immediately
verified after the reception at the CMS-GEM QA/QC facility at CERN. An
optical inspection is first performed in order to identify macroscopic defects on
the copper or Kapton layers, which could increase the probability of electrical
breakdown and/or cause a direct electrical connection between the top and
bottom sides of the foil. However, it is not possible to verify the integrity and
the quality of the GEM-foils with a simple optical inspection because of the
microscopic scale of the GEM-holes and the large size of the GEM-foils. A
dedicated quality control test has been designed to this purpose.

When a voltage is applied across the GEM-foil, a current flows from its top
to bottom due to the surface conductivity of the polyimide (Kapton) which
is known as leakage current. The current cannot pass inside the polyimide,
but a path of relatively low resistance exists over its surface. This is actually
the interface between the polyimide surface and the gas as shown in Figure
5.38. This path has low resistance than the gas around the polyimide. This
is more accurately called surface leakage current path. A small amount of
leakage current flows over this path and can never be eliminated at all. The
presence of dust, pollution deposits or defects, such as pieces of copper stick-
ing out from the foil, could act as an electrical bridge between the top and
bottom sides of the foil and provoke an increase the leakage current flowing
through the polyimide surface. The leakage current also varies temporarily
due to environmental changes like humidity, temperature, etc. Therefore, it is
possible determinate the integrity and quality of the GEM-foils by measuring
this leakage current.
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Figure 5.38: Schematic cross section of a GEM-foil and its equivalent resistive
circuit.
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The QC2 procedure is divided in five main steps in order to ensure the perfect
functionality of the GEM-foils:

o GEM-foil preparation and cleaning;

QC2 fast: GEM acceptance test I;

QC2 long: GEM acceptance test II;
o QC2 post-assembly in clean room;

o QC2 fast in dry gas.

Each step has a specific procedure and output that will be described below.

5.4.3.1 GEM-foil preparation and cleaning

GEM-foils are delivered from CERN PCB Workshop to the CERN production
sites (CMS-GEM QA/QC facility) in a sealed box to prevent any potential
damage. To prevent contaminations that may compromise the GEM-foils per-
formance, all operations during which the foils are exposed directly to the air
must be carried out in clean room certified at least class 1000. The box itself
must be cleaned before the opening phase to avoid contamination and/or de-
position of dust on the GEM-foils. The GEM-foils have to be extracted one at
a time by at least two trained operators who have to keep the foils well ten-
sioned to avoid the formation of folds. The operators should not wear gloves
but carefully wash their hands before starting the manipulation. In order to
correctly test the foils and afterwards proceed with the detector assembly:

1. The GEM-foil is fixed to its dedicated frame with tape as shown on
Figure 5.39. The support frame is realized with FR4, but aluminum or
any other rigid, light and easily cleanable material could also be used.

2. The GEM-foil is cleaned with a dedicated anti-static and dust remover
roll (see Figure 5.40) in order to remove any possible dust particle de-
posited on the foil during the delivery and the fixation on the frame.

5.4.3.2 QC2 fast: GEM acceptance test I

The first step of the acceptance test consists of applying voltage to the GEM-
foil and measure the leakage current between the top and the bottom elec-
trodes. The QC2 fast test is performed with a Multi Mega-ohmmeter (e.g.
Insulation Tester MEGGER MIT485 by RECOM Electronic AG), also called
Megger, connected to the GEM top and bottom HV pads (see Figure 5.41).
The connection between the Megger and the GEM electrodes is done using
custom HV clips shown on Figure 5.42. Since the surface conductivity of the
GEM foil depends on the relative humidity of the environment, a meteo-station
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Figure 5.40: Cleaning of the GEM-foil with an anti-static roll in order to
remove any possible dust particle deposited on the foil.

with temperature and humidity sensors is setup near the QC2 test stand. In
order to obtain comparable results, the relative humidity in the clean room
must be equal or less than 40%.

The procedure to perform the QC2 fast test is as follows:

1. The GEM-foil and its frame are placed in vertical position, for example
against a wall of the clean room (see Figure 5.42).

112



5.4. Requirements for GE1/1 Quality Assurance/Quality Control assessment
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Figure 5.41: Schematic view of the QC2 fast test setup (acceptance test I).

2. The Megger is connected the to the GEM HV pads with the custom HV
clip (see Figure 5.42) and the high voltage is set to 550 V.
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Figure 5.42: Picture of the QC2 fast test on a GEM-foil (acceptance test I).

3. The impedance of the GEM-foil is measured and the number of possible
sparks is counted after 30 s and then every minutes over a period of 10
minutes.

4. The time, the applied voltage, the impedance of the foil, the leakage
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current and the number of sparks are reported in a dedicated summary

table.
Time [min| Voltage [V] Impedance [GQ] Current [nA] | Sparks Total Sparks
0.5 550 3.11 176 6 6
1 550 3.73 147 3 9
2 550 5.90 93 1 10
3 550 7.60 72 0 10
4 550 8.00 68 1 11
5 550 8.50 64 1 12
6 550 9.20 59 1 13
7 550 9.60 57 0 13
8 550 10.50 52 0 13
9 550 10.00 55 0 13
10 550 11.00 50 0 13

Table 5.6: Typical QC2 fast summary table for an accepted GEM-foil.

The GEM-foil is accepted if its impedance is above 10 G€2 and the number of
sparks is lower than 2 during the last two/three minutes of test. If the number
of sparks exceeds this limit, the foil needs to be cleaned again with the anti-
static roll. If the problem persists after several cleaning attempts, the foil has
to be sent back to the production CERN PCB workshop and cleaned with
de-ionized water in ultrasonic baths. Therefore, the QC2 fast acceptance test
is performed at each step of the assembly procedure of the GE1/1 detectors to
identify possible damages on the GEM-foils and to remove the dust that could
have been produced during the mounting of the internal frame (see Section
5.4.3.1).

5.4.3.3 QC2 long: GEM acceptance test II

The second step of the acceptance test consists of measuring the high voltage
long-term stability of the GEM-foils in a dry environment. The so-called QC2
long test is performed only at CERN production site before the shipment of the
foils to other production sites. It consists of monitoring the leakage current and
the possible sparks when the GEM-foil is subject to high voltage, typically up
to 600 V' during a period of 6-7 hour. The value of the voltage applied on the
GEM-foil during the QC2 long test should be higher than the real operating
voltage in order to have a large safety factor. However, this value should not
exceed the breakdown voltage of the gas under the penalty of triggering self-
sustained discharge in the gas. The breakdown voltage is the experimental
value necessary to start a discharge in a gas between two electrodes. It is a
combined function of the distance between the two electrodes, the composition
of gas surrounding the electrodes and the gas pressure. The breakdown voltage
V4 is described by the Paschen’s law:

B x pd
In(A x pd) — In[in(1 + )]

V= (5.1)
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where A and B are empirically calculated constants, ysg the second Townsend
coefficient, p the gas pressure (T'orr) and d the distance between the electrodes
(¢cm). Therefore, knowing the product pd corresponding to the GEM-structure:

pd = (7.5 x 10? [Torr] (1 atmosphere)) X

X (5.0 x 1072 [em] (Polyimide thickness)) ~ 3.8 [Torr cm]

it is possible to obtain the breakdown voltage in pure Nitrogen given by
Paschen’s curves. Typical breakdown curves for plane-parallel electrodes are
shown in Figure 5.43.
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Figure 5.43: Paschen Curve obtained for helium, neon, argon, hydrogen and
nitrogen, using the expression for the breakdown voltage as a function of the
parameters A, B and +, the second Townsend coefficient [72].

As shown on Figure 5.44, the GEM-foils under test are placed in a dedicated
plexiglass box filled with pure nitrogen in order to control the polyimide surface
conductivity and the breakdown voltage, and to reduce the relative humidity at
the same time. The temperature and the humidity inside of the box are mon-
itored using a professional Meteo-station and a dedicated LabVIEW-software
that records the data every minutes over the entire test. The GEM-foils are
powered using a programmable HV power supply (CAEN R1471HETD mod-
ule) that has a current monitoring resolution of 50 pA. The QC2 long test
experimental setup for leakage current measurements is shown on Figure 5.44.
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A picture of the QC2 long test setup at CMS-GEM QA /QC facility at CERN
is shown on Figure 5.45.
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Figure 5.44: Schematic view of the QC2 long test setup (acceptance test II).

Nitrogen input line

Figure 5.45: Picture of the QC2 long test setup at CMS-GEM QA /QC facility.

The procedure to perform the QC2 long test is as follows:

o The GEM-foils are cleaned with the anti-static roll in order to remove

the possible dust particles deposited on the foils during the previous
operations.

o The GEM-foils are carefully inserted into the HV box one at the time by
keeping note of the serial number of the foils and batch.
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e A custom clips is fixed to the HV pads to each foil (see Figure 5.42).
A standard multimeter is used to check the connectivity between the

custom clips and the SHV connectors outside of the nitrogen box.

o A Meteo-station is started by setting the recording rate to one measure-

ment per minute and inserted it into the nitrogen box.

The nitrogen flow rate is set to 50 L/hr and left it flush until the relative

humidity inside of the nitrogen box is equal or lower than 7% (typically

48 hours).

o The manual control of the power supply is used to apply 600 V" across the
GEM-foils with a total ramping time of couple of seconds. Such technique
allows to burn and blow away the possible dust particles trapped in the
GEM-holes by non-destructive discharges. On the contrary, applying
the same voltage with a long ramping time and/or applying a lower
voltage could not be enough to burn the dust particles, could fix them
to the holes, lead to a permanent contamination and/or trigger several

discharge.

o after the previous cleaning procedure, the voltage applied on the GEM-
foils is slowly ramped up to reach an operating voltage of 600 V', by
steps of 100 V. After 1-2 hours of stabilization at the maximum voltage
of 600 V, the voltage is set to 100 V for several minutes, then back to
600 V and so on. The difference of current delivered by the power supply
in these series of alternating voltages corresponds to the real leakage
current of the foil. An automated test protocol has been developed using
LabVIEW in order to measure the leakage current by applying these
voltage cycles to the GEM-foils and monitoring their stability throughout

this procedure.

The acceptance criteria for the QC2 long leakage current test correspond to a
leakage current of about 3 nA and a total number of disharges lower than 3
when applying 600 V' in pure nitrogen during the last 6 hours of test. Typical
results from the QC2 long leakage current test can be seen on Figure 5.46 and

Figure 5.47.

o Figure 5.46 show a typical leakage current test results of an rejected
GEM-foil. In addition to the discharges observed during the time period
of around 3 hours, the leakage current after stabilization was higher than
4.9 nA, i.e. aleakage current approximately 5 times higher than the one
allowed by the QC2 long acceptance criteria for the LS2 GE1/1 mass

production.

o Figure 5.47 show a typical leakage current test results of an accepted
GEM-foil. The leakage current after stabilization was about 0.5 nA,
in agreement with the QC2 long acceptance criteria for the LS2 GE1/1

mass production.
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Figure 5.46: Results from the QC2 long leakage current test of a rejected
GEM-foil: voltage and current delivered by the power supply as a function
of time in dry nitrogen environment with an ambient average temperature of
22.4 °C' and ambient relative humidity equal to 7.9%.

5.4.3.4 QC2 post-assembly in clean room

After the GE1/1 detector is assembled, it is mandatory to check the impedance
and the discharge rate of the GEM-foils before to move out the assembled
detector from the clean room. As for the QC2 fast acceptance test, this test
is carried out using a Multi Mega-ohmmeter (Megger). The voltage is applied
on the pads of the HV distribution present on the Drift Board (Figure 5.48).
Since this test is performed in air, it is necessary to measure the ambient
temperature and the relative humidity in the vicinity of the detector. The
procedure to perform the QC2 fast test on a GE1/1 detector is as follows:

1. The Megger is connected to the appropriate GEM HV pads by putting
the negative pin on the top electrode and the positive pin on the bottom
electrode (Example 1: to test first GEM-foil the negative pin of the
Megger is connected to the GEM1 top pad and the positive pin to the
GEM1 bottom pad. Example 2: to test the second transfer gap the
negative pin of the Megger is connected to the GEM02 bottom pad and
the positive pin to the GEM3 top),

2. The high voltage is set to 550 V' on the Megger. The impedance and
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Figure 5.47: Results from the QC2 long leakage current test of an approved
GEM-foil: voltage and current delivered by the power supply as a function
of time in dry nitrogen environment with an ambient average temperature of
21.9 °C' and ambient relative humidity equal to 6.1%.

count the number of sparks are measured after 30 s and then every
minute over a period of 10 minutes.

The detector is accepted if the impedance of all GEM-foils is above 10 G2 after
few minutes and no sparks can be observed after 10 minutes. Similarly, the
impedance of the gaps must reach 100 G2 or more after only few minutes, with
no sparks. The impedance of the induction gap is measured by applying 550 V'
of potential difference between the high voltage pad of the lower electrode of
the third GEM-foil and the signal pad of the Panasonic-to-LEMO adapter
where all the 128 readout channels are grounded. An impedence of 100 G2
have to be measure over all the 24 readout connectors. If the impedance of
the induction gap is lower than 100 G2, and/or if several discharges occur at
550 V| there might be a short circuit of a weak point caused by the bending
of the readout board toward the third GEM-foil. In latter case the detector
have to be disassembled and fixed.

After a GE1/1 detector passes this test, it can leave the clean room and
mounted on the QC3 test stand to start the gas tightness measurement. The
detectors that does not pass this step are not moved out of the clean room but
immediately re-opened for further investigations. If the problem is identified
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Figure 5.48: Picture of the QC2 post-assembly test setup on a GE1/1 detector.

and fixed, the QC2 fast test is performed again before the detector can move
to the next QC step.

5.4.3.5 QC2 fast in dry gas

The QC2 fast test in dry gas is performed just before mounting the HV circuit
on the detector. Moreover, it is usually the first step of every investigations
or repairing protocols that start after a chamber showed a suspicious behavior
(e.g. sparking at high gain, instability, high-rate spurious signal, etc.). To
perform QC2 fast in dry gas, the GE1/1 detector must be flushed for at least
5 hours with pure CO, at a gas flow rate of 5 L/hr. The CO, gas is useful
to dry out the GEM-foils, to prevent electron amplification and therefore to
avoid the possible propagation of discharges. After the detector is flushed,
the procedure is substantially identical for QC2 post assembly in clean room.
However, the acceptance criteria are different in dry gas: the impedance of
the GEM-foils should be above 20 G2 after one minute with no repetitive
discharges. Few discharges may occur after few seconds due to the deposition
of dust on the GEM-foils. After the dust particles are blown away, the GEM
should be completely quite. Similarly, the impedance of the detector’s gaps
should be above 100 G after few seconds, with no discharges.

5.4.4 QC3 - Gas Leak Test in CO,

The QC3 gas leak test is the first quality control test performed on a new
assembled GE1/1 detector and aims to identify possible gas leak and even-
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tually measuring the gas leak rate by monitoring the drop of the internal
over-pressure as a function of the time. The drift and readout PCB boards
are closed with several hundred of screws, which can be possible openings to
the external environment. Gas leaks are not only pointless waste of gas but
also a source of possible pollution, humidity and unknown species from the
external environment that could contaminate the active gas volume, react in
the avalanche plasma, trigger the polymerization and lead a degradation of
the performance of the detector.

A schematic overview of the QC3 gas system is shown in Figure 5.49 (top). The
gas input is connected to a C'O, gas line equipped with a pressure regulator
with the output pressure being set to a maximum of 50 mBar millibars. The
input flow meter, together with its manual valve, allows controlling the gas
flow rate at the entrance of the detector while the output flow-meter allows
to monitor the output flow and therefore to identify large leaks. The input
and output valves are used to isolate the detector from the rest of the gas
system during the gas leak test. The calibration of the gas system itself is
done before connecting the detector, as indicated in Figure 5.49 (bottom).
A digital pressure transducer is connected between the input and the output
valves in order to monitor the over-pressure inside of the gas system only or
of the detector 4+ gas system. Additional atmospheric pressure and ambient
temperature sensors are located nearby the test stand. All the sensors are then
connected to a ARDUINO Mega 2560 microcontroller that is responsible for
the data acquisition and slow control.

D oo micar <> O <>y

Pressure indicator
ARDUINO

Ambient
@Temperature indicator s $

Pressure
indicator

Gas IN {ﬁw I}ﬁ\l D‘h /O, Gas OUT

detector o
Pressure Valve Input valve Output valve Flow meter
regulator flow meter

Paossible leak

Gas IN @ for calibration Gas OUT
+£®§d >k I Dkg—9=s

Pressure Valve Input valve Qutput valve Flow meter

regulator flow meter Possible leak

Figure 5.49: QC3 gas leak test experimental setup.

The QC3 gas leak test is divided into two stages:

o 1% stage: gas system calibration;
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. 2nd stage: detector + gas system gas tightness measurement.
The procedure to perform the calibration of the gas system proceeds as follows:

1. The input and the output lines of the gas system are connected together,
as indicated on Figure 5.49 (bottom).

2. The input and the output valves of the gas system are opened and the
manual valve of the input flow-meter is adjusted in order to allow the
COs to flow through the system.

3. The input gas flow rate is set to 5 L/hr. The output flow rate should be
immediately visible on the output flow-meter.

4. the over-pressure in the gas system is set to about 25 mBar. In order to
pressureze the gas system, the output valve of the gas system is closed
and therefore the pressure inside the system begin to ramp up. As soon
as the over-pressure reaches ~ 25 mBar, the input valve is closed. Then
the valve of the input flow meter is also closed.

5. After the gas system pressurization, the DAQ system is started in order
to monitor the drop of the internal over-pressure as a function of the
time. The DAQ system records the data from the over-pressure inside
the gas sytem and the environmental parameters (room temperature and
atmospheric pressure) every minutes.

The gas system is validated if the pressure drop in the gas system does not
exceed 1 mBar per hour. Typical result from the calibration of the gas system
can be seen on Figure 5.50.

After the gas system validation, the QC3 gas leak test is performed on the
the GE1/1 detector. The procedures to perform the QC3 gas leak test on the
GE1/1 detector are basically identical to the calibration procedure for the gas
system:

1. The detector’s gas inlet and outlet are connected to the gas system as
indicated on Figure 5.49 (top).

2. The input and the output valves of the gas system are opened and the
manual valve of the input flow-meter is adjusted in order to allow the

CO4 to flow through the detector under test.

3. The input gas flow rate is set to 5 L/hr. The output flow rate should be
immediately visible on the output flow-meter.
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Figure 5.50: Result from the calibration of the gas system installed in the
QC3 Gas Leak Stand. The over-pressure is stable over the entire gas leak test,
with negligible fluctuations within 1% of its initial value. The pressure drop
is modeled by the function P,,(t) = Py x exp(—t/7) which provides a gas leak
time constant 7 ~ 10* hr, demonstrating a perfect gas tightness of the entire

gas system under test.

4. The over-pressure in the detector under test is set to about 25 mBar.
In order to pressureze the detector, the output valve of the gas system
is closed and therefore the pressure inside the detector begin to ramp
up. As soon as the over-pressure reaches ~ 25 mBar, the input valve is
closed. Then the valve of the input flow meter is also closed. Since the
GE1/1 detectors cannot sustain over-pressure higher than 40-50 mBar,
a safety relief valve is installed in the gas line in order to avoid irreparable

damage to the detector under test.

5. After the detector pressurization, the DAQ system is started in order to
monitor the possible drop of the internal over-pressure as a function of
the time. The DAQ system records the data from the over-pressure inside
the detector and the environmental parameters (room temperature and

atmospheric pressure) every minutes.

The LS2 GE1/1 triple-GEM detector under test is validated if the pressure
drop in the detector + gas system does not exceed 7 mBar per hour, i.e.
~ 0.12 mBar/min. Typical results from the QC3 gas leak test can be seen on
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Figure 5.51, 5.52 and 5.53:

 Figure 5.51 shows an example of a GE1/1 detector (GE1/1-X-S-CERN-
0002) which has not passed the QC3 gas leak test: ~ 32.5 minutes after
the starting of the QC3 Gas Leak Test, the pressure drop was about
22.9 mBar resulting in a gas leak rate of ~ 0.70 mBar/min, i.e. a gas
leak rate approximately 6 times higher than the one allowed by the QC3
acceptance criteria for the LS2 GE1/1 mass production.

Pu(1) =P, x exp(-t/1)
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Figure 5.51:  Results from the QC3 Gas Leak Test on the GE1/1-X-
S-CERN-0002 detector. The pressure drop is modeled by the function
P,.(t) = Py x exp(—t/7) which provides a gas leak time constant 7 ~ 6 min.

 Figure 5.52 shows an example of a short GE1/1 detector (GE1/1-X-S-
CERN-0004) which has passed the QC3 gas leak test: ~ 60.0 minutes
after the starting of the QC3 Gas Leak Test, the pressure drop was
about 1.03 mBar resulting in a gas leak rate of ~ 0.017 mBar/min, in
agreement with the QC3 acceptance criteria for the LS2 GE1/1 mass
production.

o Figure 5.53 shows an example of a long GE1/1 detector (GE1/1-X-S-
CERN-0004) which has passed the QC3 gas leak test: ~ 60.0 minutes
after the starting of the QC3 Gas Leak Test, the pressure drop was
about 0.96 mBar resulting in a gas leak rate of ~ 0.016 mBar/min, in
agreement with the QC3 acceptance criteria for the LS2 GE1/1 mass
production.

124



5.4. Requirements for GE1/1 Quality Assurance/Quality Control assessment

— 35
E [ Implemented Quality Controls: QC3 Gas Leak Test
‘:g " QC3 Gas Leak Stand
— 30 Gas: cO,
a° [ Put)=P, x exp(-1/7)
QO 25
5 s
] L
8 L
20—
a
E L
L 150
= L
tzﬁ L
10
E +Data
5 ; — Curve Fitting
Oill\\‘\\\Il\\\\‘\\\\‘\\\ll\\\\‘
0 10 20 30 40 50 60

Time t (min)

Figure 5.52:  Results from the QC3 Gas Leak Test on the GE1/1-X-
S-CERN-0004 detector. The pressure drop is modeled by the function
P,.(t) = Py x exp(—t/T) which provides a gas leak time constant 7 ~ 25 hr.

As described previously, the idea of the QC3 gas leak test is to pressurize
the detector under test up to 25 mBar of over-pressure and then close the gas
volume with input and output valves. The over-pressure of 25 m Bar is slightly
above the expected value during the operation in the Muon Spectrometer of
the CMS experiment. In case of gas leaks, the over-pressure in this volume
drops down to zero with a time scale that depends on the leak rate and on
the initial over-pressure. Knowing the density of the gas p(t) inside the gas
volume of the detector V., : ”
m(t

=Y,
where m(t) is the mass of the gas, the density variation in case of gas leak can
be calculated as follows:

(5.2)

dp(t) 1 " dm(t)

At~ Vi dt (5:3)
The dm(t)/dt, also called mass flow rate, can be expressed as follows:
dm(t
”;Lf) — S xvxp(t) (5.4)

where S is the area of the leak, v the velocity of the gas escaping the system
and the negative sign in the equation represents a loss of density.
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Figure 5.53:  Results from the QC3 Gas Leak Test on the GE1/1-X-
L-CERN-0004 detector. The pressure drop is modeled by the function
P,.(t) = Py x exp(—t/T) which provides a gas leak time constant 7 ~ 29 hr.

Fluid dynamics theory show that for very tiny orifices, the velocity of the gas
escaping the system is approaches the sound velocity (chocked or sonicflow)
[73] and can be expressed as follows:

u =\ (YRT jer.) /M (5.5)

where R is the ideal gas constant, Ty, the absolute temperature inside the
detector (considered constant), M the molar mass of the gas and 7 the adia-
batic coefficient (7 = 5/3 for nobel gases). All these parameters are constant.
Substituting back into the equation 5.3, the density variation in case of gas
leak can be rewritten as follows:

d/;it) _ _Sxy (?/ifdet.)/M % (1) (5.6)

Considering the ideal gas law:

P(t)Vaer. = n(t) RT ger. (5.7)

where n(t) = m(t)/M and Vg, = m(t)/p(t), the density of the gas can be

expressed as follows:
M

RTdet.

p(t) = P(t) x (5.8)
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Substituting back into the equation 5.6, the density variation can be rewritten
in terms of over-pressure variation as follows:

aP(t) _ S X (/R Tu) /M x P(t) (5.9)

dt N ‘/;let.

Solving the differential equation, the over-pressure inside of the detector can
be expressed as an exponential function of time:

S X J(yRTyer)/ M
P(t) = Py x exp (— (; o)/ X t) = Py X exp <—t> : (5.10)
det. T

where the parameter 7 is the gas leak time constant related to the gas compo-
sition and characteristics of the gas leak. The gas leak time constant quantifies
how fast the over-pressure inside the detector decreases as a function of the
time.

Figure 5.54 show an example of a typical result from the QC3 gas leak test
on a GE1/1 detector: ~ 60.0 minutes after the starting of the QC3 Gas Leak
Test, the pressure drop was about 1.36 mBar resulting in a gas leak rate of
~ 0.02 mBar/min, in agreement with the QC3 acceptance criteria for the
LS2 GE1/1 mass production. The pressure drop is modeled by the function
P,.(t) = Py x exp(—t/7) which provides a gas leak time constant 7 ~ 18 hr.
The figure show also the residual plot, i.e. the deviation of each data point from
the calculated exponential fit, in the subplot below the plot of the experimental
data and the curve fitting. Plotting the residuals in this way gives a graphical
representation of the goodness of the fit. Since the residuals fluctuate randomly
about zero and do not show any overall upward or downward curvature, or any
long wavelength oscillations, the proposed model would seem to describe the
experimental data well.

Assuming that the volume of the detector V., and the temperature inside it
Tt are constants, the pressure inside the detector can be expressed as follows:

P(t) = Pou + Poe™ 7 (5.11)

where P,,; is the environmental pressure, Py the over-pressure inside the de-
tector. As described previously, in order to estimate the gas particles loss rate,
i.e. the lost moles rate, the gas mixture can be approximate to an ideal gas:

P(t) Vier. = n(t) R Thes, (5.12)

Rearranging and differentiating implicitly the equation 5.12 with respect to
time, the variation in the number of moles due to the gas leak can be rewritten
as follows:

= ()< () = () < (Ber) om
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Figure 5.54: Top panel: Results from the QC3 Gas Leak Test on the GE1/1-
X-L-CERN-0001 detector. The pressure drop is modeled by the function
P, (t) = Py x exp(—t/7) which provides a gas leak time constant 7 ~ 18 hr.
Bottom panel: Residual data after subtraction of fit. The residuals appear
randomly scattered around zero indicating that the proposed model describes
the data well.

where the negative sign in the equation represents a loss of gas particles. The
latter quantity is the only one needed in order to estimate the gas volume
leakage from the detector. Therefore, the gas particles emitted outside the de-
tector will occupy a certain volume depending on the environmental conditions
outside the detector by following the ideal gas law:

dv (t)  (dn(t)
(20 p,— (%0 ... "

where P,,; and T,,; are now the absolute pressure and absolute temperature
outside the detector. Without loss of generality, it is reasonable to assume that
the temperature inside the detector is the same as the outside environment,
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then:

av(t) _(dn()) R Tu.
dt dt Pout ’

Substituting back into the equation 5.13, the gas volume leakage rate can be
rewritten in terms of over-pressure variation as follows:

W) o

(5.15)

The maximum gas volume emitted per unit time by one GE1/1 detector as
well as the expected volume released during the operation in the Muon Spec-
trometer of the CMS experiment (in latter case the over-pressure is constant)

can be then estimated as follows:
Vdet.> (P 0>
= |- — A7
( Pout x T <5 )

dV (t)
dt
For a short GE1/1 detector Vg = 2.6 L, 7 = 3.04 hr (calculated for a 7 mBar
lossin 1 hr), Py = 25 mBar and P,,; = 964 mBar (mean pressure in the Muon
Spectrometer of the CMS experiment), the gas volume leakage rate is:

t=0

dv (t)

YO~ _0.022 L/hr
dt /hr

short

For a long GE1/1 detector Ve = 3.0 L, 7 = 3.04 hr (calculated for a 7 mBar
loss in 1 hr), Py = 25 mBar and P,,; = 964 mBar (mean pressure in the
Muon Spectrometer of the CMS experiment), the gas volume leakage rate is:

dv (t)

— 0.026 L/hr.
dt /hr

long

Therefore, the equation 5.17 allows to predict the gas volume leakage rate
dV(t)/dt expected in a GE1/1 detector during the operation in the Muon
Spectrometer of the CMS experiment as a function of the over-pressure F
of the system for a certain value of the acceptance limit of the QC3 gas leak
test, i.e. the gas leak time constant 7 (see Figure 5.55) or the use of the
same equation allows one to predict the gas volume leakage rate expected in a
GE1/1 detector during the operation in the Muon Spectrometer of the CMS
experiment as a function of the acceptance limit of the QC3 gas leak test,
i.e. the gas leak time constant, for a certain value of the over-pressure of the
system. (see 5.56).

The major gas leak sources encountered in the GE1/1 detectors during the
mass production phase were:

o Deformation, unusual position or absence of some polyamide washers on
the drift and/or readout board;
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Figure 5.55: Gas volume leakage rate dV (t)/dt as a function of the working
condition, i.e. the over-pressure P in a GE1/1 detector during the operation
in the Muon Spectrometer of the CMS experiment for several possible values
of the gas leak time constant 7, i.e. for different acceptance limit of the QC3
gas leak test.

» Not properly tightened screws on the drift and/or readout board;

o presence of gaps at the interface between the external frame and the drift
and /or readout board;

e incompatibility between the O-ring and the external frame (e.g. due to
the groove of the external frame wider and/or deeper than the size of
the O-ring);

 compromised integrity of the gas inlet/outlet and/or external frames.

5.4.5 QC4 - HV Test in CO,

The QC4 HV Test aims to determine the Current-Voltage curve of a GE1/1
detector, in order to identify possible malfunctions, defects in the HV circuit
and intrinsic noise rate (i.e. pulses not produced by ionizing particle). The
detector under test is connected to the gas system (see Figure 5.49) and flushed
with pure CO,. Negative high voltage (Vi) is provided by a programmable HV
power supply (CAEN N1470 model) that allows the user to control the current
limit (/s¢), the steps to ramp up and down the voltage, the maximum voltage,
and the trip time. The HV power supply is able to deliver a current up to 1 mA
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Figure 5.56: Gas volume leakage rate dV'(t)/dt as a function of the gas leak
time constant 7 for several possible values of the over-pressure Py in a GE1/1
detector during the operation in the Muon Spectrometer of the CMS experi-
ment.
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Figure 5.57: Examples of damage assembly components identified as potential
gas leak sources in the GE1/1 detectors.

with a monitoring resolution of about 50 nA in order to identify possible leaks,
sparks, or unusual current fluctuations. The QC4 HV test experimental setup
for intrinsic noise measurements is shown on Figure 5.58. The readout of the
detector is done using a charge sensitive pre-amplifier (ORTEC 142PC module)
connected to the bottom electrode of the third GEM-foil. This connection is
made through a decoupling RC circuit already present on the detector’s drift
board. The output of the pre-amplifier is then sent to an amplifier+shaper
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unit (ORTEC 474 model) and then to a discriminator (Lecroy 623A model).
The resulting digital pulses go through a dual timer and then to a scaler unit
for the rate measurement.

Pre-amplifier Amplifier Shaper Linear fan infout Discriminator Dual timer Scaler

S,

Figure 5.58: QC4 HV test experimental setup.
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The procedure to perform the QC4 - HV Test is as follows:

1. The GE1/1 detector is connected to the gas system with pure CO,, the
gas flow rate is setted to 5 L/hr and left it flush for at least 5 hours.

2. The Panasonic-to-LEMO adapters with the 50 €2 terminations are con-
nected to all the readout sectors, as shown on Figure 5.59

Figure 5.59: QC4 HV test overview of the detector with the Panasonic-to-
LEMO and the 50€2 terminations.

3. The input wire of the pre-amplifier is soldered to the dedicated pad on
the drift board in order to read the signal from the bottom of the third
GEM-foil, by using the RC circuit to decouple the signal itself from high
voltage, as shown on Figure 5.60.
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100 ki?

Figure 5.60: QC4 HV test magnified view of the sample point on the drift
PCB board showing the RC circuit used to decouplethe signal from HV when

the detector is read from the bottom of the third GEM foil.

4. The HV voltage cable is connected to the SHV connector on the detector,
by inserting a HV low-pass filter in order to cut the high frequency noise

from the power supply.

5. The power supply parameters are set as follows: Ramp up = 50 V/s;
Ramp down = 250 V/s; Max voltage = 5000 V; Trip time = 0 s, Trip
action = KILL. The amplifier parameters are set as follows: Coarse gain
= x4, Fine gain = x4.5, Integrate = 500 ns and Differential = 500 ns.

6. The copper ribbons are used to ground the detector, the pre-amplifier,
and the HV filter. This configuration reduces the maximum noise level

to ~ 100 mV

7. The discriminator threshold and the scaler clock are set to —140 mV

and 60 s, respectively.

8. The total resistance of the HV circuit (including the divider and all
the HV filters) are measured by using a digital multimeter. The total
resistance is used to calculate the expected current in the resistive high
voltahe divider for every HV points. At this point the experimental setup

is ready and the measurement is started.

9. The current limit I,.; of the power supply is set according to the expected
target value, adding 5 pA, and the corresponding high voltage V. is
switched on. When the operating current and voltage is stable (after few
seconds), the actual voltage V,,,,. and the current I,,,,. provided by the
power supply are recorded. Finally, the clock of the scaler unit is started
and after 60 s the counts measurement is recorded. The oscilloscope
allows to identify possible noise pulse and unusual or repetitive signals

in the detector under test.
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10. The last two steps are repeated until it is reach 4900 V' on the detector
(maximum allowed voltage). The HV steps are of 200 V' from 0 to 3000
V' then the HV steps are of 100 V' from 3000 V' to 4900 V/

The Current-Voltage characteristics (I-V curve) represents the relationship be-
tween the current (I,,,,.) through the HV distribution circuit (HV divider +
HV filters) and the corresponding voltage (V;,,0n.) across it. According to Ohm’s
Law, the I-V curve exhibits a linear relationship between the applied voltage
and the resulting electric current. Therefore, the I-V curve is a straight line
through the origin with positive slope. The reciprocal of the slope is equal to
the total equivalent resistance of the HV distribution circuit. The experimental
data are modeled by the function:

1
Requiv.

Inon. Vimon) = ( ) X Vinon. (5.18)

where Reguiv. is the total equivalent resistance of the HV circuit. Then, this
value is compared to the measured value by using a digital multimeter: a de-
viation greater that 2% indicates a loss of linearity and the detector undergoes
further investigations.

Simultaneous measurement of signal counts is done for every set of high voltage.
The rate calculated from these counts is called Intrinsic Noise Rate (Rise),
which is defined as the rate of signals which are not originated from the ion-
ization of the gas. The intrinsic noise rate is measured from the bottom of the
third GEM-foil as a function of the current through the resistive high voltage
divider of the HV distribution circuit. The average intrinsic noise rate of the
GE1/1 detectors has been found to be 5 x 1073 Hz/cm? at 4.9 kV, well below
the expected background rate at the GE1/1 region in the Moun Spectrometer
of the CMS experiment, that is above 1.5 kHz/cm?.

Typical results from the QC4 HV test can be seen on Figure 5.61 for a GE1/1
Short detector and Figure 5.62 for a GE1/1 Long detector.

5.4.6 QCS5 - Gas Gain measurement in Ar/CO, (70/30)

The QC5- effective gas gain measurement is divided into two stages: the mea-
surement of the effective gas gain as a function of the voltage applied on the
resistive high voltage divider and the measurement of the response uniformity
of the detector through a dedicated readout electronics based on the Scalable
Readout System (SRS) which consists of APV25 Front-End ASICs with 128
readout channels connected to the readout board of the detector (see Sec-
tion 5.4.6.6). Both tests are done in a specific radiation box containing an
AMPTEK miniX X-ray source with a silver target emitting ~ 22 kel X-ray
photons.
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Figure 5.61: Results from the QC4 HV Test on the GE1/1-X-S-CERN-0004
detector. Top: current through the HV divider as a function of the applied
voltage. The linear fit to the experimental data provides an equivalent resis-
tance Reguiv. ~ 4.99 M, resulting in a deviation of about 0.4% with respect
to the expected value (R = 5.01 £ 0.02 M€). Bottom: intrinsic noise rate

Npoise as a function of the applied voltage: Nyoise ~ 6.4 x 1072 Hz/em? at

4.9 kV.
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Figure 5.62: Results from the QC4 HV Test on the GE1/1-X-L-CERN-0004
detector. Top: current through the HV divider as a function of the applied
voltage. The linear fit to the experimental data provides an equivalent resis-
tance Requiv. ~ 4.96 M, resulting in a deviation of about 1% with respect to
the expected value (R = 5.01 +0.02 M). Bottom: intrinsic noise rate Npp;se
as a function of the applied voltage: N,gise ~ 5.3 x 1072 Hz/cm? at 4.9 kV.
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5.4.6.1 Preparation and installation of the GE1/1 detector

The procedure for the preparation and installation of the GE1/1 detector on
the QC5 test stand is as follows:

1. The GE1/1 detector under test is set up on a laboratory workbench (in
horizontal position) and the copper grounding plate is fixed onto the
readout board in order to minimize the electronic noise and its contribu-
tion to the measurements.

2. The APV25 hybrid cards are connected to the detector, following the
map shown in Figure 5.63 and paying attention that the orientation of
each APV is identical to the one indicated on the map.

o -
A i
= £

™
1]
£

Figure 5.63: QC5 readout sectorization and APV mapping. The dark grey
flat cable represent the HDMI connectors on the output of the master APVs.
This mapping is valid for both Short and Long detectors.

3. The ground wire of each APV is connected the to the ground plugs
already placed on the grounding plate (see Figure 5.64).

Figure 5.64: Close view of an APV25 Front-End ASICs plugged on the de-
tector.
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4. The detector is carefully placed inside of the X-ray station: it is oriented
in order to have the narrow base of the trapezoid closest to the floor,
with the readout board facing away from the X-Ray generator, as shown
in Figure 5.65.

Figure 5.65: Picture of the GE1/1 detector inside of the X-ray station.

5. The detector’s inlet (narrow base) and outlet (wide base) are connected
to the gas system and the detector is flushed with the CMS-GEM stan-
dard gas mixture Ar/COy (70/30). The gas flow rate is set to 5 L/hr
and the detector is left to flush for at least 5 hours.

6. While the detector is flushing, the grounding system is prepared by plac-
ing three copper ribbons along the i¢ sectors of the detector and making
sure that non of the grounding cables are touching the HV circuit or
an active part of an APV hybrid. Then, the ground of each APV is
connected to the closest copper ribbon, as indicated on Figure 5.66

At this point the detector under test is ready for the the QC5 effective gas
gain measurement.

5.4.6.2 Effective gas gain measurement

The effective gas gain is measured in Ar/CO, (70/30) gas mixture by compar-
ing the primary current, induced in the drift gap by the X-ray source, and the
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To copper box
{earth)

Figure 5.66: QC5 Schematic view of the optimum grounding for QC5 Gas
Gain Calibration Test. The orange line represents copper ribbon.

amplified current induced on the readout board. The detectors is irradiated
by a AMPTEK miniX X-ray source with a silver target. The X-ray generator
uses an electron gun incident on a silver target. The incident X-rays consist
of silver K, and Kj peaks (centered around energy of 22 and 25 keV') over
an electron bremsstrahlung continuum background. The X-ray photons are
absorbed by the copper atoms of the detector drift electrode which in turn,
emits copper X-ray photons of 8 keV energy to come back to the ground state.
The X-ray photons emitted by the copper are then converted by photolectric
effect in the active gas volume. The resulting spectrum is thus a convolution
of the energies of the incident X-rays photons interacting in the detector active
gas volume, the bremsstrahlung continuum background, and a small fraction
of unconverted silver K, and Kpg.

Despite the X-ray photons interaction rate is of the order of the kHz, the
primary current doesn’t exceed several tens of fA. Therefore, it is extremely
difficult to measure such primary current directly from the drift plane, which
is powered at high voltage and thus subject to noise. This issue is overcome by
measuring the interaction rate, i.e. the number of pulses induced by particles
per unit time; then, knowing the average ionization energy of the Ar/CO;
(70/30) gas mixture, the number of primary electrons n.- per incoming 8 kel
X-ray photon is calculated as follows:

%Ar  %CO, 0.7 03
_E _ EAI A P 1
Tem = By X (Wi(Ar) * Wi(002)> 5030 % (26 * 33) 8 (5.19)

where E., ~ 8.03keV is the energy of the incident X-ray photons, %Ar and
%C Oy are the percentages of the gases in the mixture, W;(Ar) and W;(COy)
are the work functions of the gases. Finally, the primary current is estimated
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by multiplying the X-ray photons interaction rate R, the number of primary
electrons n.- per X-ray photon and the elementary charge e.

On the contrary, the amplified current [,, induced on the readout board, varies
from 1071 to 1078 A depending on the voltage applied on the HV divider.
Therefore, its measurement can be performed easily with a pico-ammeter con-
nected to the anode. Finally, the effective gas gain G is expressed as follows:

I,
Rxn. xe

G (5.20)
The measurement of the effective gas gain is always performed on a reference
readout sector [(in, i¢) = (4,2)] and its value is normalized to the pressure and
temperature values in the cavern of the CMS experiment, in order to take into
account the difference in the environmental conditions across all the different
production and quality control sites over the world.

5.4.6.3 Description of the experimental setup

The detector under test is powered using a programmable HV power supply
(CAEN N1470) that allows the user to control the current limit (7, ), the steps
to ramp up and down the voltage, the maximum voltage, and the trip time.
The HV power supply is able to deliver a current up to 1 mA with a monitoring
resolution of about 50 nA in order to identify possible leaks, sparks, or unusual
current fluctuations. The data acquisition setup is shown on Figure 5.67. The
readout of the detector is done using a charge sensitive pre-amplifier (ORTEC
142PC module) connected to the reference readout sector (in, i¢)=(4,2). The
output of the pre-amplifier is then sent to an amplifier+shaper unit (ORTEC
474 module) and then to a discriminator (Lecroy 623A module). The resulting
digital pulses directly go to a scaler unit for the interaction rate measurement.
This value, multiplied by the number of primary electrons per X-ray photon
and by the elementary charge, gives the primary current induced in the drift
gap by the X-ray source. The measurement of the output current is simply
measured by connecting a pico-ammeter (Keithley 6487) to the same readout
sector.

To finalize the connections for the QC5H effective gas gain measurement:

e The Panasonic-to-LEMO adapter with a 50 k{) protective resistor to
ground is connected to the reference readout sector (in, i¢)=(4,2). A
clamp is used to attach the ground of the Panasonic-to-LEMO adapter to
the main copper ribbon, as indicated in Figure 5.68. The LEMO output
of this Panasonic-to-LEMO adapter is then connected to the input of the
pre-amplifier.

» Additional copper ribbons are used to ground the detector’s drift board,
the SHV connector, the pre-amplifier and the HV filter. In this configu-
ration the maximum noise level is be of the order of 50-70 mV .
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Figure 5.67: QC5 effective gas gain data acquisition setup.

Figure 5.68: Close view of the Panasonic-to-LEMO adapter with a 50 k2
protective resistor for the rate measurement.

5.4.6.4 Procedure of the QC5 effective gas gain measurement

The procedure to perform the QC5 effective gas gain measurement is as follows:

1. The HV voltage cable is connected to the SHV connector on the detector
through a HV low-pass filter in order to cut the high frequency noise from
the power supply.

2. The power supply parameters are set as follows: Ramp up = 50 V/s;
Ramp down = 250 V/s; Max voltage = 5000 V'; Trip time = 0 s, Trip
action = KILL. The amplifier parameters are set as follows: Coarse gain
= x4, Fine gain = x4.5, Integrate = 500 ns and Differential = 500 ns.
The discriminator threshold and the scaler clock are set to —140 mV
and 60 s, respectively.

3. The X-ray tube powering voltage and current are set to 40 kV and 5 pA,
respectively. More information about the Amptek miniX X-ray tube and
its control software can be found in [80].
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4. The effective gas gain is measured for HVy,p points between 2585 V
and 3290 V', i.e. equivalent currents in the divider between 550 uA and
700 pA. The measurement starts from the maximum operating point
(700 pA) to the lowest point (550 pA), by steps of 10 pA.

5. The voltage is slowly ramped up on the divider to reach the equivalent
current of 700 pA. For each HV step, the current limit I, is set to the
expected target value plus 5 pA.

6. After few seconds of stabilization, the clock of the scaler is loaded to start
counting the events. At this step the X-ray tube is still switched OFF.
After 60 s, the counts measurement without X-ray source is recorded.
Then, the X-ray tube is switched ON and the counts measurement is
repeated in the same conditions.

7. The Panasonic-to-LEMO adapter with a 50 k€2 protective resistor for the
rate measurement is replaced with a Panasonic-to-LEMO adapter with-
out protective resistor for the readout current measurement, as indicated
in Figure 5.69. The LEMO output of this Panasonic-to-LEMO adapter
is then connected to the input of the pico-ammeter.

Figure 5.69: Close view of the Panasonic-to-LEMO adapter for the readout
current measurement.

8. The readout current is recorded by using a Keithley pico-ammeter with
the X-ray tube switched OFF. Then, the X-ray tube is switched ON and
the readout current measurement is repeated in the same conditions.

9. The steps 6 through 8 are repeated for operating points 690 uA down to
550 uA point in steps of 10 pA.

5.4.6.5 Results of the QC5 effective gas gain measurement

Typical results of the QC5 effective gas gain measurement are shown on Figure
5.70 for a GE1/1 Short detector and Figure 5.71 for a GE1/1 Long detector:
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the effective gas gain of the GEM detector exponentially increases with in-
crease in the detector voltage. The maximum measured rate is ~ 4 kH z; with
corresponding measured gas gain of 3.5 x 10* at divider current of 700 pA.

5.4.6.6 Response Uniformity

The clear understanding of the influence of the gas composition, GEM-holes
geometry and electric field strength inside and between the charge amplifi-
cation stages on the gas gain of the detector and the quality of the readout
board are crucial in the study of detection performances of the GE1/1 de-
tectors. Several factors, such as non-uniformity of the GEM-holes geometry,
local contamination, incorrect stretching technique or presences of defects on
the readout board could affect the uniformity of gas gain all over the detector
active area. Due to the fact that the gas gain determines the detector per-
formances (e.g. efficiency, responding time and spatial resolutions, etc.), the
monitoring of the gas gain uniformity across the entire detector active area is
fundamental. For this reason, for a large detector, the gas gain variations over
its surface is a serious concern and testing the gas gain uniformity is one of
the crucial steps of the quality control procedures.

A possible technique to study the gas gain uniformity consists of the measuring
the effective gas gain sector-by-sector by moving the X-Ray generator along
the detector active area. Such technique mainly consists of the repeating the
effective gas gain measurement on the 24 readout sectors by following the pro-
cedure described in the previous Section 5.4.6. The main limitations identified
in sector-by-sector gas gain uniformity measurement are the following:

o Time consumption: the effective gas gain measurement requires several
hours per readout sector and several days to scan all the readout sectors
of the detector. From the past experiences, the maximum number of
sectors that one would be able to test per day should not exceed four
sectors per day. With a rate of about four readout sectors per day,
it would take a whole week to complete only a single GE1/1 detector,
i.e about 4-5 detector per month. This is not suitable for the mass
production of large numbers of GE1/1 detectors.

o Physical conditions: since the duration of the effective gas gain mea-
surement on each readout sector is quite long, significant fluctuations
of the environmental parameters (temperature, pressure and humidity)
could be occur during the measurements. This could lead to the vari-
ations of gas gain between the readout sectors. Moreover, the readout
system and the grounding must be moved manually between one sectors
to another, resulting in possible changes of the experimental conditions
during the test. These variations of physical conditions could revert in a
non-uniformity on the effective gas gain measurements.
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Figure 5.70: Results from the QC5 - Effective Gas Gain Measurement on the
GE11-X-S-CERN-0004 assembled with GEM-foils based on the single-mask
photolithography technique produced by the CERN PCB Workshop. The
detector under test has been operated in Ar/CO, (70/30) gas mixture and
irradiated by a 22 kel photons X-ray from an X-ray tube with an interaction
rate of ~ 3.2 kHz.
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Figure 5.71: Results from the QC5 - Effective Gas Gain Measurement on the
GE11-X-L-CERN-0004 assembled with GEM-foils based on the single-mask
photolithography technique produced by the CERN PCB Workshop. The
detector under test has been operated in Ar/CO, (70/30) gas mixture and
irradiated by a 22 kel photons X-ray from an X-ray tube with an interaction
rate of ~ 4.0 kHz.
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o Gas gain map resolution: since a LS2 GE1/1 triple-GEM detector is
divided into 24 readout sectors and for the standard effective gas gain
measurement all the 128 strips of each readout sectors are connected
together, there are only 24 measurement points for the entire detector
active area, while the total number of readout strips in the LS2 GE1/1
triple-GEM detector is equal to 3072. This implies a drastic loss of
granularity of the gas gain measurement. Such drastic loss of granularity
could be improved by reading out smaller groups of strips, but it would
increase the duration of the entire test as well as the requirements of
electronics significantly.

An alternative technique has been developed to overcome the limitations on the
sector-by-sector measurement technique. In this method all the 3072 readout
strips of a detector are fully irradiated by a large X-ray beam simultaneously
and the readout signal is collected through an analog Front-End electronics.
Therefore, the time taken to complete the gas gain uniformity test of whole
detector is drastically reduced and also the effect of environmental fluctuations
during the measurement are suppressed. Moreover, since all the connections
are prepared before the data acquisition, the setup is not manipulated during
the test. The first attempt of this technique was successfully conducted in
2012 with a GE1/1 detector of the 3"¢ generation.

Description of the experimental setup. The QC5 response uniformity test
consists of measuring the pulse hight distribution all over the active surface of
a GE1/1 detectors. The QC5 response uniformity test takes place on the same
test stand as the QC5 effective gas gain described in Section 5.4.6. The detector
is powered using a programmable HV power supply (CAEN N1470 module)
that allows the user to control the current limit (), the steps to ramp-up
and ramp-down the voltage, the maximum voltage, and the trip time. This
power supply must be able to deliver a current up to 1 mA with a monitoring
resolution lower than 1uA in order to identify possible leaks, sparks, or unusual
current fluctuations. The detector is flushed with the gas mixture Ar/CO;
(70 : 30) at least for 5 hours at 5 L/hr in order to guarantee the uniform
distribution of the correct gas mixture in the entire detector gas volume. Figure
5.72 shows the complete experimental setup for the QCH response uniformity
test with a GE1/1 detector in place and ready for the data acquisition.

The readout electronics is based on the Scalable Readout System (SRS) [74]
designed by the RD51 collaboration [75]. It consists of APV25 Front-End
ASICs [76] with 128 readout channels connected to the readout board of the
detector (see Figure 5.73). Each channel contains a pre-amplifier and a shaper
working at a frequency of 40 M Hz. The analog information of the pulses is
sent to an ADC card via HDMI cables, itself connected to the Front End Card
(FEC) which is responsible for the communication with the external devices
and the control of the chips. Then, a Gigabit Ethernet link connects the small-
system SRS electronics to a Linux PC running the Alice DAQ software named
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Figure 5.72: Picture of the experimental setup for the QC5 response unifor-
mity test showing the X-ray generator, the DAQ stations (left) and the inside
of the copper box with the electronics in place on the GE1/1 detector (right).

DATE [77] (Data Acquisition and Test Environment). The configuration of
the SRS registers is possible through the web interface SCRIBE [79] (Slow
Control and Run Initialization Byte-wise Environment) designed by Florida
Institute of Technology. The event reconstruction is performed by ROOT-
based AMORE SRS package [78] with the final analysis handled by the CMS
GEM analysis framework.

GEY/1 Readout Besrd

Trigger & 7040 Hr
[Oual Timer)

Figure 5.73: Schematic overview of the experimental setup for the QC5 re-
sponse uniformity test showing the DAQ electronics and the trigger line.

An external trigger is required by the SRS system to send out the data packets.
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Since the detector is irradiated by 22 keV X-ray photons, it is not possible to
use scintillators in order to generate trigger signals. To overcome this limita-
tion, an external random trigger with rate ~ 700 Hz is provided by a timing
unit (Dual Timer 2255B CAEN module) in oscillator mode. The trigger signal
is directly sent to the FEC cards as a trigger to start the acquisition. When
the FECs receives a trigger, all the APV25 chips open an acquisition window
of 375 ns during which the signals on all the channels are sampled every 25 ns.
Figure 5.74 shows the typical raw data read from an APV25 (left), containing
the ADC charge of all the channels inside of the acquisition window (top right)
and the typical cluster size at a gain of ~ 600 with X-rays (bottom right).
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Figure 5.74: Raw data of an APV25 triggered by an X-ray photons. The ac-
quisition window contains 12 samples delayed by 25 ns. Each sample includes
the ADC values of all the 128 strips, fired or not by the particles. The average

number of strips fired by a 8 keV' X-ray is ~ 3 (clustar size) at a gas gain of
600.

Preparation of the detector. After the QC5 effective gas gain test, the
detector is already in position in the X-ray station, filled with the gas mixture
Ar/CO4 (70 : 30) and already grounded and equipped with the APV25 chips
(see Figure 5.65). The preparation of the detector for the QC5 response uni-
formity test simply consists of connecting the APV hybrids to the FEC cards
with HDMI cables, making sure the SRS system is switched OFF before start-
ing the intervention on the APV chips. the HDMI connection are secured by
putting kapton tape or a cable tie near the APV connector, as shown on Figure
5.75, making sure not applying too much stress on the cable itself, under the
penalty of breaking the HDMI connector on the APV hybrid.

Additionally, X-ray generator is placed in front of the GE1/1 detector under
test, pointing the centre of the detector surface, with no cap, no collimator,
and no filter. Taking into account that the opening of the X-ray generator
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Figure 5.75: QCS5 picture of the HDMI cable connected to its APV25 hybrid.

is of the order of 120°, the active area of the detector is fully irradiated at a
distance of ~ 1.2 m from the source. At this step the detector is ready for the
measurement.

Data Aquisition procedure. The dynamic range of the ADC od the APV25
Front-End ASICs limits the choice of the working point for the response uni-
formity test. To minimize the saturation in read out signals, which will not
allow to appreciate possible gas gain variation between different zone of the
same detector, it is necessary to operate the detector under test at reduced
charge gain factors. For this region, before starting the response uniformity
measurement, the appropriate operating point of the detector under test is
defined by using the results obtained with the effective gas gain measurement:
the effective gas gain curve is fitted with an exponential function to determines
the working point for the response uniformity test. The current through the
resistive high voltage divider which corresponds to a gas gain of 600 is esti-
mated. This value of the gas gain ensures that the maximum amplitude of the
readout signals is just below the saturation level of the readout electronics.
The first step is the so-called pedestal run, which is performed with a random
trigger signal by keeping the X-ray generator switched OFF in order to mea-
sure the average noise and the possible offset of every readout channel. Then,
the X-ray generator is switched ON in order to perform the physics run.

Analysis procedure. The first phase of the analysis procedure is based on
the AMORE framework designed by the ALICE collaboration and adapted to
the SRS + APV25 readout system. It consists of three main stpes:

1. Zero-Suppression: an appropriate threshold is defined by analyzing the
data collected during the pedestal run (X-ray generator switched OFF).
The AMORE framework builds the noise distribution and extract the
corresponding mean value and standard deviation for each readout chan-
nel in order to perform pedestal subtraction from the recorded pulse
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heights event-by-event during physical run (X-ray generator switched
ON). The subtraction is programmed as a multiple of the sigma from
the pedestal mean value. Only data above threshold are transmitted
and recorded by the DAQ.

2. Clusterization: for a single event, the hits in neighbor strips are binded
as a single object, a cluster, which contains the total charge induced by
the particle. The clusterization algorithm allows to applied additional
cuts, such as the maximum and the minimum cluster charge, maximum
and the minimum cluster sizes, cluster multiplicity, etc. in order to reject
noise, fake events and cross talk between adjacent strips.

3. Data storing in a ROOT tree. For every event a ROOT tree are created.
It contains all the relevant information which characterize the cluster
defined in the previous step, such as the number of clusters, the total
charge, the size, the position and the timing information of the clusters.

The second phase of the analysis procedure is the estimation of the gas gain
uniformity by extracting the information from the ROOT files through a dedi-
cated algorithm defined in the CMS GEM analysis framework. The algorithm
for the offline data analysis consists of three main stpes:

1. Definition of the GE1/1 detector geometry, including the position of all
the strips in the 1 and the ¢ directions, and generation of slice on to which
the detector gas gain is avaluated; in the standard analysis procedure 768
sliced are defined, i.e. each n-partition is ideally divided into 96 slices,
each slide consisting of 4 strips.

2. For a given slice, the cluster charge for each cluster occurring in this
slice is added to a charge histogram. A further selection is performed at
this step: the events with the minimum charge and a cluster size lower
than 3 strips are interpreted as noise and they are rejected at this step.
Additionally, the events with the maximum charge in the first or the
last sample of the acquisition window are also rejected since the correct
value of the signal charge sampled by the ADC could be outside of the
DAQ time window. Figure 5.76 shows a schematic representation of the
second phase of the analysis procedure.

3. The spectrum of the charge collected by a cluster of strips, measured
in ADC units, is fit to extract the position of the copper fluorescence
photopeak. Figure 5.77a shows an example of the spectrum superim-
posed to the fit function for one of the 7 sectors of one GE1/1 detector.
The data is fitted with Cauchy distribution, to model the copper fluores-
cence photopeak, plus a 5" order polynomial, to model the combination
of electron bremsstrahlung continuum background and small fraction of
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Figure 5.76: Schematic overview of the GE1/1 detector built in the analysis
code. The n-partitions are divided in 96 slices. For each slice, the maximum
cluster charge for all the events occurring in this slice is added to a charge
histogram related to the energy deposited by the particles.

unconverted K, and Kz photons coming from silver target of the X-ray
generator.

The mean of the copper fluorescence spectrum extracted from the fit of
the cluster charge ADC spectrum from each slice is assigned to slice’s
coordinate point in the detector’s local coordinates (see Figure 5.77b).

The copper fluorescence photopeak mean position value of each slice is
used to generate a distribution for the entire detector active area. A
gaussian function is used to fit this distribution in order to extract the
mean /4 and the sigma o (see Figure 5.78a). Figure 5.78b shows the map
of the normalized copper fluorescence photopeak energy.

The Response Uniformity (R.U.) of a GE1/1 detector is defined as:

RU. = Z x 100% (5.21)

where ;1 and o parameters are the mean and standard deviation taken
from a Gaussian fit of the data set of all fixed copper fluorescence peak
positions from an entire GE1/1 detector. Ideally, the response uniformity
across all the sectors of a given detector should not exceed the 30%
value, in order to guarantee a stable operation efficiency (98%) and time
resolution (< 10 ns) on the entire detector active area.
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Figure 5.77: Top: Example of energy spectrum from a slice (four strips) of the
GE1/1 triple-GEM detector under test operated at an average gain around
600 with Ar/CO4 (70/30) fully illuminated by a 22 keV X-ray. The solid line
represents a fit to the experimental data using a Cauchy distribution to model
the copper fluorescence photopeak plus a fifth order polynomial that models
the background. Bottom: The mean of the copper fluorescence spectrum
extracted from the fit of each slice is assigned to coordinate point of the slice
in the local coordinates of the detector.
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Figure 5.78: Top: Distribution of fitted photopeak positions obtained from
GE1/1 triple-GEM detector under test: the experimental points represent
each photopeak position and the solid line is a Gaussian fit to the data. The
response uniformity for this detector is R.U. = 6.6+£0.3%. Bottom: Map of the
detector response (i.e. the normalized photopeak energy) across the detector
under test.
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5.4.7 Summary of QA /QC test results at CERN

This section summarizes the results related to the QC3 - Gas Leak Test, QC4
- HV Test and QC5 - Gas Gain Measurement performed on the GE1/1 triple-
GEM detectors assembled at CERN production and quality control site.

5.4.7.1 QC3 - Gas Leak Test in CO,

Type of QA/QC test - The QC3 gas leak test is the first quality control test
performed on a new assembled GE1/1 detector and aims to identify possible
gas leak and eventually measuring the gas leak rate by monitoring the drop
of the internal over-pressure as a function of the time. The LS2 GE1/1 triple-
GEM detector under test is validated if the pressure drop in the detector +
gas system does not exceed 7 mBar per hour, which corresponds to a gas leak
time constant of about 7 ~ 3.04 hr.

Acceptance criteria - The gas leak threshold has been established to be for a
single GE1/1 triple-GEM detector (see Section 5.4.4):

AP <7 mBar/hr
or in terms of the gas leak time constant:
7> 3.04 hr

Figure 5.79 shows the summary plots of the QC3 gas leak tests performed on
the long GE1/1 detectors (Figure 5.79a) and short GE1/1 detectors (Figure
5.79b) assembled at the CERN production and quality control site.

QC3 - gas leak test status at the CERN production and quality control site
(latest data as at 31" August 2018):

1. Long GE1/1 triple-GEM detector

e« Number of detectors tested: 40
e« Number of detectors validated: 40

o Number of detectors rejected: 0
2. Short GE1/1 triple-GEM detector

e Number of detectors tested: 11
e Number of detectors validated: 9

o Number of detectors rejected: 2

Details on rejected detectors:
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Figure 5.79: Summary of QC3 - gas leak tests performed on the long GE1/1
detectors (top) and short GE1/1 detectors (bottom) assembled at the CERN
production and quality control site. The horizontal dashed line shows the QC3
acceptance limit in terms of the gas leak time constant 7 ~ 3.04 hr, which
corresponds to a maximum acceptable gas leak rate of about 7 mBar/hr.
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« GE1/1-X-S-CERN-0001 detector: ~ 60.0 minutes after the starting of
the QC3 gas leak test, the pressure drop was about 21.63 mBar resulting
in a gas leak rate of ~ 0.36 mBar/min, i.e. a gas leak rate approximately
3 times higher than the one allowed by the QC3 acceptance criteria for
the LS2 GE1/1 mass production.

« GE1/1-X-S-CERN-0002 detector: ~ 32.5 minutes after the starting of
the QC3 gas leak test, the pressure drop was about 22.9 mBar resulting
in a gas leak rate of ~ 0.70 mBar /min, i.e. a gas leak rate approximately
6 times higher than the one allowed by the QC3 acceptance criteria for
the LS2 GE1/1 mass production.

The detectors have been assembled using an external frame pre-serie with
wrong groove size for the Viton O-ring. Due to an incorrect machining of the
external frame, the groove was wider and deeper than the size of the O-ring.
The latter was completely inside the groove itself, not allowing proper gas
tightness of the detector. The CMS Collaboration decided not to use the two
detectors for LS2 GE1/1 mass production, but only for a R&D activities.

5.4.7.2 QC4 - HV Test in CO,

Type of QA/QC test - The QC4 HV Test aims to determine the Current-
Voltage curve of a GE1/1 detector, in order to identify possible malfunctions,
defects in the HV circuit and intrinsic noise rate (i.e. pulses not produced by
ionizing particle). The detector is ramped up to 3.0 £V in step of 200 V' and
up to 4.9 £V in step of 100 V' in pure C'O,. For each step, the current through
the HV circuit and the intrinsic noise rate of the detector are recorded. The
detector is accepted if the Current-Voltage curve shows a linear behavior and
the intrinsic noise rate is below several hundred of Herz at applied voltage of

4.9 kV.

Acceptance criteria - The percentage variation of resistance AR/R x 100%,
which reflects the goodness of the linearity of the experimental Current-Voltage
curve, and the intrinsic noise rate R, threshold have been established to be
for a single GE1/1 triple-GEM detector (see Section 5.4.5):

AR/R x 100% < 2%
and
Ryoise < 0.02 Hz/cm?, (at 4.9 kV)

Figure 5.80 and 5.81 show the summary plots of the QC4 HV tests performed
on the long and short GE1/1 detectors assembled at the CERN production
and quality control site.

QC4 - HV test status at the CERN production and quality control site (latest
data as at 31" August 2018):
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Figure 5.80: Summary of QC4 - HV tests performed on the long GE1/1 de-
tectors assembled at the CERN production and quality control site: the per-
centage variation of resistance AR/ R x 100% (top) and the intrinsic noise rate
Ry.0ise at applied voltage of 4.9 £V (bottom) are shown as a function of the de-
tectors serial number. The horizontal dashed lines shows the QC4 acceptance
limits.
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Figure 5.81: Summary of QC4 - HV tests performed on the short GE1/1
detectors assembled at the CERN production and quality control site: the
percentage variation of resistance AR/R x 100% (top) and the intrinsic noise
rate R,oise at applied voltage of 4.9 kV (bottom) are shown as a function
of the detectors serial number. The horizontal dashed lines shows the QC4
acceptance limits.
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1. Long GE1/1 triple-GEM detector

¢ Number of detectors tested: 40
e« Number of detectors validated: 37

o Number of detectors rejected: 3

2. Short GE1/1 triple-GEM detector

o« Number of detectors tested: 9
¢ Number of detectors validated: 9

o Number of detectors rejected: 0

Details on rejected detectors:

« GE1/1-X-L-CERN-0019 detector: the QC4 - HV test showed the pres-
ence of a short circuit fault in one of the HV sectors of the third GEM-

foil and several discharges. Intrinsic noise rate Rpgse > 0.02 Hz/cm?,
(at 4.9 kV).

« GE1/1-X-L-CERN-0031 detector: the QC4 - HV test showed the pres-
ence of a short circuit fault in one of the HV sectors of the second GEM-
foil. Intrinsic noise rate Rygise > 0.02 Hz/cm?, (at 4.9 kV).

« GE1/1-X-L-CERN-0036 detector: the QC4 - HV test showed the pres-
ence of multiple short circuit faults on all three GEM-foils.

The multiple short circuit faults and several discharges have not allowed to
complete the QC4 - HV Test. Therefore, the quality control data related to
the rejected detectors are not present in the Figure 5.80. Further investigations
into these detectors rejected in the QA /QC stage have been scheduled over the
coming months in order to understand and possibly fix the issues related to
the short circuits faults on the GEM-foils.

5.4.7.3 QCS5 - Gas Gain Measurement in Ar/CO, (70/30)

Type of QA/QC test - The QC5 - Effective Gas Gain Measurement is divided
into two stages: the measurement of the effective gas gain as a function of the
high voltage applied on the resistive high voltage divider and the measurement
of the response uniformity of the detector through a dedicated readout elec-
tronics based on the Scalable Readout System (SRS) which consists of APV25
Front-End ASICs with 128 readout channels connected to the readout board
of the detector (see Section 5.4.6.6). Both tests are done in a specific radiation
box containing an AMPTEK miniX X-ray source with a silver target emitting
~ 22 keV X-ray photons.
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Acceptance criteria - The acceptance criteria for the QCb5 - Effective Gas Gain
Measurement derive directly from the required performances of the triple-GEM
detector in terms of detection efficiency and time resolution. Figure 5.82 shows
the MIP detection efficiency (Figure 5.82a) and time resolution (Figure 5.82b)
of a triple-GEM detector in CMS configuration as a function of the detector gas
gain, for a Ar/COy (70/30) gas mixture and 3/1/2/1 mum gap configuration.
The vertical black dashed line indicates the detector gas gain value of the
order of 10* (reference value), at which the GE1/1 triple-GEM detectors will
be operated in the CMS Muon System and corrisponding to 97% detection
efficiency and 7 ns time resolution in Ar/CO, (70/30) gas mixture. The
vertical blue (red) dashed line shows in addition a 37% (50%) variation in the
detector gas gain compared to the reference value of the gas gain [82] [83].
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Figure 5.82: MIP detection efficiency (left) and time resolution (right) of a
triple-GEM detector in CMS configuration as a function of the detector gas
gain, for a Ar/CO, (70/30) gas mixture and 3/1/2/1 mm gap configuration
[82] [83].

The detection efficiency reach the plateau at about 97% for a gas gain above
4 x 103. Tt is also interesting to note the stability of the detector efficiency
up to high gas gains of about 2.5 - 3 x 10*. The time resolution of the order
of 7 ns is measured at the efficiency plateau for Ar/COy (70/30). It is also
interesting to note that the time resolution is improving at higher gas gain up
to 6 ns at gas gain of about 2.5 - 3 x 10*. Therefore, a 37% (50%) variation
in the detector gas gain should not affect the detector performances.

Due the fact that the gas gain determines the detector performances (e.g. effi-
ciency, responding time and spatial resolutions, etc.), the monitoring of the gas
gain uniformity across the entire detector active area is fundamental. Several
factors, such as non-uniformity of the GEM-holes geometry, local contami-
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nation, incorrect stretching technique or presences of defects on the readout
board could affect the uniformity of gas gain all over the detector active area.

Impact of the GEM-foils thickness. According to spec information of
the standard GEM-foils which is produced by CERN PCB Workshop, because
accuracy of manufacturing of the 50 wm thick insulator whose material is
Polyimide reach (50 4 1) pm, which is about 2%, the intrinsic variation of gas
gain will be [55] [58] [81]:

o Osingle/Gsingle = £2.4% in a single-GEM detector;

o Oiriple)Giriple = V'3 X Osingle) Gsingle = £4.2% in a triple-GEM detector.

A second-order contribution to the intrinsic variation of gas gain (£0.5%) is
due to the copper thickness variation on the surface of the GEM-foil.

Impact of the GEM-holes diameter. Local variations in the size, shape,
and rim roughness of the GEM-holes could alter the operational characteristics
of the GEM-foil. According to spec information of the standard GEM-foils
produced at CERN PCB Workshop, because accuracy of etching technique of
the polyimide GEM-holes reach (70 +5) pum for the their outer diameter, and
(50+£5) wm for their the inner diameter, the intrinsic variation of gas gain will
be [55] [58] [81]:

o Osingle/Gsingle = £15% in a single-GEM detector;

o Otriple/ Giriple = £26% in a triple-GEM detector.

A second-order contribution to the intrinsic variation of gas gain is also due
to the possible asymmetry in the GEM-holes structure.

Impact of the Drift and/or Readout board bending. The bending of
the Drift and Readout board could lead to a non-uniform drift and induction
gap, respectively. Several factors could determine the bending of the Drift and
Readout board:

1. Initial bending from the fabrication process;
2. Bending induced by incorrect stretching technique;
3. Bending caused by mechanical stress on O-ring and internal frame;

4. Bending induced by built-in gas over pressure.

A great effort has been made by the CMS-GEM Collaboration on the detector
design and assembly procedure in order to mitigate the Drift and Readout
board bending effect. However, for large area GEM-based detector, such as
the LS2-GE1/1 triple-GEM detector, one can not completely eliminate the
bending of the Drift and/or Readout board.
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The maximum variation of the drift gap caused by the the maximum flatness
deviation of the Drift board could reach (3 + 0.6) mm and leading to a non-
uniformity of about 20% in the electric drift field. Similarly, the maximum
variation of the induction gap induced by the maximum flatness deviation of
the Readout board could reach (1 + 0.4) mm and leading to a non-uniformity
of about 40% in the electric induction field. Because the Drift and Readout
board bending could lead to an electron transparency variation in a GEM-
based detector, the intrinsic variation of gas gain will be [55] [58] [81]:

o Otriple/ Giriple = +7.5% caused by the bending of the Drift board,;

o Otriple/ Griple = +25% caused by the bending of the Readout board.

A second-order contribution to the intrinsic variation of gas gain is also due to
the thickness Nuvovern® polyurethane varnish coating (+0.5%) on the internal
frame and/or height of the pull-outs (+0.7%).

Impact of the environmental parameters. The gas gain of a gaseous
detector depends approximately through an exponential function, on the gas
density, function itself of the ratio temperature over pressure. The measure-
ments have then to be corrected in order to take into account of the temper-
ature and pressure variability in the day—night cycle and/or in the different
weather patterns that may occur during the test. Furthermore, the Effective
Gas Gain Measurements is normalized to the pressure and temperature values
in the cavern of the CMS experiment, in order to take into account the dif-
ference in the environmental conditions across all the different production and
quality control sites over the world. A second-order contribution to the intrin-
sic variation of gas gain is also due to the variation in gas mixture composition
and/or in gas flow rate.

Expected intrinsic gas gain variation. Although the individual contri-
butions that influence the intrinsic variation of gas gain are not necessarily
Gaussian and do not occur independently, nevertheless, as a first approsima-
tion, one generally adds these contributions in quadrature to obtain the total
gas gain spread as the full width at half maximum:

— 2 2 2 2 ~
Ototal = \/Uthickness t Odiameter + Odrift t Oreadout = 37.1% (522)

where:

Othickness contribution induced by the GEM-foils thickness variation;
Odiameter contribution induced by the GEM-holes diameter variation;
oarif¢ contribution induced by the non-uniformity of the Drift board;
Oreadout coOntribution induced by the non-uniformity of the Readout board;

Figure 5.83 shows the summary plots of the Effective Gas Gain Measure-
ments (corrected for pressure and temperature variations) performed in a
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Ar/CO4 (70/30) gas mixture on the reference readout sector (in, i¢) = (4,2) of
the Long GE1/1 detectors (Figure 5.83a) and Short GE1/1 detectors (Figure
5.83b) at an applied voltage of 3102 V' (660 pA divider current equivalent) as
a function of the detectors serial number.

The mean (G) ong and standard deviation o, of the effective gas gain for the
Long GE1/1 triple-GEM detectors are respectively 6495.5 and 1872.8, resulting
in detector gas gain variation:

G Long = 6495.5 £ 1872.8 (mean =+ std.) = 01ong/{G) Long ~ 28.8%

The mean (G)gpore and standard deviation ogpe+ of the effective gas gain for
the Short GE1/1 triple-GEM detectors are respectively 7724.1 and 1984.2,
resulting in detector gas gain variation:

Gshort = T724.1 +1984.2 (mean + std.) = osnort/{G) short = 25.7%

The mean value of the effective gas gain for both Long and Short GE1/1
triple-GEM detectors is well below acceptable 50% gas gain variations, which
guarantees a stable operation efficiency (97%) and time resolution (< 10 ns)
on the entire detector active area.

Figure 5.84 shows the summary plots of the Response Uniformity Measure-
ments performed on the Long GE1/1 detectors (Figure 5.84a) and Short GE1/1
detectors (Figure 5.84b) at an effective gas gain of ~ 600 as a function of the
detectors serial number.

The mean (0/p) and standard deviation o,/, of the response uniformity for
the Long GE1/1 triple-GEM detectors are respectively 14.2% and 5.4%:

(0/ 1) pong = 14.2 £ 5.4% (mean + std.)

The mean (0/p) and standard deviation o,/, of the response uniformity for
the Short GE1/1 triple-GEM detectors are respectively 11.8% and 3.9%:

(/1) gpore = 11.8 £ 3.9% (mean £ std.)

The mean value of the response uniformity for both Long and Short GE1/1
triple-GEM detectors is well below acceptable 50% gas gain variations, which
guarantees a stable operation efficiency (97%) and time resolution (< 10 ns)
on the entire detector active area.

However, the QC5 - Effective Gas Gain Measurements for both Long and Short
GE1/1 triple-GEM detectors, shown in the Figure 5.83, are not representative
of the entire detector active area since the measurements are performed only in
the reference readout sector (in,i¢) = (4,2). To overcome this issue, the uni-
formity maps, obtained from the QC5 - Response Uniformity Measurements,
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Figure 5.83: Summary of QC5 - Effective Gas Gain Measurements performed
on the Long GE1/1 detectors (top) and Short GE1/1 detectors (bottom) as-
sembled at the CERN production and quality control site. The effective gas
gain has been measured in a Ar/COy (70/30) gas mixture on the reference
readout sector (in,i¢) = (4,2) at an applied voltage of 3102 V' (660 uA di-
vider current equivalent).
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Figure 5.84: Summary of QC5 - Response Uniformity Measurements performed
on the Long GE1/1 detectors (top) and Short GE1/1 detectors (bottom) as-
sembled at the CERN production and quality control site. The response uni-
formity has been measured in a Ar/CO;y (70/30) gas mixture at an effective
gas gain of ~ 600.

165



5. The Assembly, Quality Control and Commissioning of the GE1/1 detectors

are used to calculate the average effective gas gain and standard deviation on
the entire detector active area. Figure 5.85 shows the summary plots of the
Average Effective Gas Gain Measurements (corrected for pressure and tem-
perature variations) performed on Long GE1/1 detectors (Figure 5.85a) and
Short GE1/1 detectors (Figure 5.85b) at an applied voltage of 3102 V' (660 uA
divider current equivalent) as a function of the detectors serial number.

The mean (G)rong and standard deviation oy, of the average effective gas
gain for the Long GE1/1 triple-GEM detectors are respectively 7020.8 and
1555.4, resulting in detector gas gain variation:

GLong = 7020.8 & 1555.4 (mean %+ std.) = 0rong/{G) Long =~ 22.2%

The mean (G)gnore and standard deviation ogpe+ of the average effective gas
gain for the Short GE1/1 triple-GEM detectors are respectively 7975.0 and
2414.4, resulting in detector gas gain variation:

Gshort = 7975.0 + 2414.4 (mean =+ std.) = osnort/{G) short = 30.3%

Once again, the mean value of the average effective gas gain for both Long
and Short GE1/1 triple-GEM detectors is well below acceptable 50% gas gain
variations, which guarantees a stable operation efficiency (97%) and time reso-
lution (< 10 ns) on the entire detector active area. The gain uniformity plays
an even greater role than the absolute effective gas gain. Indeed, in order to
reduce the differences between detector performances, GE1/1 triple-GEM de-
tectors with similar QA /QC results will be coupled into super-chamber. Each
super-chamber will be powered independently. This will allow to tune the high
voltage settings and to optimize the working point of each super-chamber, min-
imising the differences in performances (in particular the effective gas gain).

5.4.8 LS2 - GE1/1 Detector Production Status

A great effort of whole CMS-GEM Collaboration is under way to complete the
assembly and qualification of the GE1/1 triple-GEM detectors, which will be
installed in the muon forward region of the CMS experiment during the second
Long Shutdown (2019/2020). The assembly and acceptance/qualification test-
ing of the detectors are now proceeding routinely. At the end of August 2018,
a total of 140/144 (97%) detectors have been successfully assembled by a mas-
sive effort of all production and quality control sites: 103 of those assembled
detectors have been completely qualified, while 37 other ones are awaiting or
are in different stages of the quality control. In October 2018, the on-detector
electronics assembly and the super-chamber production will be launched at
the CERN production site.

The LS2 - GE1/1 detectors mass production trend is shown on Figure 5.86.
The black solid line shows the level of current production rate, whereas the
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Figure 5.85: Summary of QC5 - Average Effective Gas Gain Measurements
performed on the Long GE1/1 detectors (top) and Short GE1/1 detectors
(bottom) assembled at the CERN production and quality control site.
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blue dashed line shows the expected detectors based on the average production
rates achieved during the GE1/1 Slice Test experience. The red dotted line
shows the actual number of validated detectors at different production sites.
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Figure 5.86: LS2 - GE1/1 detectors mass production trend. The black solid
line shows the level of current production rate, whereas the blue dashed line
shows the expected detectors based on the average production rates achieved
during the GE1/1 Slice Test experience. The red dotted line shows the actual
number of validated detectors at different production sites (latest data as at
31" August 2018).

Table 5.7 shows the summary status of the LS2-GE1/1 detectors mass pro-
duction in the different production and quality control sites involved in the
CMS-GE1/1 project.

An extensive investigation campaign has been scheduled over the coming months
in order to determine the cause of the out of specification results for the re-
jected detectors. Even if a detector is rejected based on an out of specificatio
result during the QA /QC procedures, the investigation is necessary to identify
the causes and possibly recover the detector. Moreover, the detectors which
are out of the specification in one production and quality control site will be
rechecked in the CERN production site before the final rejection.
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. . Current state in August 2018
Production Site Assembled Validatedg Out of Spec.

CERN (from July 2017) 51 46 5
USA (from Aug. 2017) 10 2 1
BE/DE (from Aug. 2017) 21 17 0
ITALY (from Sep. 2017) 26 17 0
INDIA (from Sep. 2017) 17 11 0
PAKISTAN (from May 2018) 15 10 0
Total (August 2018) 140 (69 Long + 71 Short)

Table 5.7: Summary status of the LS2-GE1/1 detectors mass production in
the different production and quality control sites involved in the CMS-GE1/1
project (latest data as at 31" August 2018).
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Chapter

Long-term operation study

6.1 Introduction

The high-luminosity LHC (HL-LHC) upgrade is setting a new challenge for
particle detector technologies. The increase in luminosity will produce a par-
ticle background in the gas-based muon detectors ten times higher than the
current background produced by LHC. The detailed knowledge of the detec-
tor performance in the presence of such a high background is crucial for an
optimized design and efficient operation after the HL-LHC upgrade. A pre-
cise understanding of possible aging effects of detector materials and gases is
of extreme importance. Aging is one of the most critical limitations of the
use of gaseous detectors in strong radiation environments; it includes all the
processes that lead to a significant and permanent degradation of the perfor-
mences: gain drop, non-uniformity, dark current, discharge, etc. To evaluate
the potential detector performance deterioration over the lifetime of an exper-
iment, detector prototypes are subject to accelerated aging tests performed at
a higher instantaneous radiation rate.

The radiation exposure tests aim to accumulate an amount of charge compara-
ble to the values that will be integrated during the lifetime of the HL-LHC. The
estimation of the total charge produced at the HL-LHC in the muon chambers
of CMS experiment includes the maximum interaction rate R,,.., the primary
charges deposited by particles né‘ifir, the gas gain of the detector G and the
exposure time at the HL-LHC t;5¢. Using the numbers given in Table 6.1,
the most probable energy loss by a Minimum Ionizing Particle (MIP) in the

Ar/CO4 (70/30) gas mixture is given by the Bragg additivity law:

E E E
<d> = <d> XwAT—f—<d> X Wweo, & 2.61 keV/em (6.1)
dx tot dx Ar dx CO2

where (dE/dz) 4., (dE/dz) s, and wa,, weo, are respectively the most prob-
able energy loss by a MIP in Ar and CO, and the weight fraction of the Ar
and C'O; in the gas mixture.

171



6. Long-term operation study

Gas Z A Density Ex (eV) E; (eV) W; (eV) (dE/dX)pgp np (cm™') ng (em™!)  Radiation

1072 (g/cm?) (keV cm™?) Leght (m)
He 2 2 0.178 19.8 245 41 0.32 4.2 8 745
Ar 18 39.9 1.782 11.6 15.7 26 2.44 23 94 110
Ne 10 20.2 0.90 16.67 21.56 36.3 1.56 12 43 345

Xe 54 131.3 5.86 8.4 12.1 22 6.76 44 307 15

CF, 42 88 3.93 12.5 15.9 54 7.0 51 100 92.4
DME 26 46 2.2 6.4 10.0 23.9 3.9 55 160 222
COy 22 44 1.98 5.2 13.7 33 3.01 35.5 91 183
CH, 10 16 0.71 9.8 15.2 28 1.48 25 53 646
CyHg 18 30 1.34 8.7 11.7 27 1.15 41 111 340
i—CyHyy 34 58 2.59 6.5 10.6 23 5.93 84 195 169

Table 6.1: Physical Properties of gases at normal temperature and pressure
(NTP): E, and E; are the excitation and ionization energy, respectively, n, and
n; are the number of primary electron-ion pairs per cm and the total number
of electron-ion pairs per cm, respectively, W; is the average energy required
to produce one electron-ion pair in the gas, (dE/dx),,;p is the most probable
energy loss by a minimum ionizing particle (MIP) [84].

In a 0.3 em triple-GEM conversion gap of Ar/CO;y (70/30) gas mixture, the
energy deposited by a MIP is approximately Ey;p = 0.78 keV/. Considering

the detector gas gain GG, the charge produced by each incident particle at the
HL-LHC is given by:

Envirp

Qumip = X ge X G = ”;?ztir X ge X G (6.2)

where W; ~ 28.1 eV and nly;. ~ 28 pair/0.3 cm are respectively the average
energy required to produce one electron-ion pair and the total number of
electron-ion pairs in a 0.3 em triple-GEM conversion gap of Ar/CO, (70/30)
gas mixture. Since the particles crossing the detector arrive with a maximum
angle of 23° at (n = 1.5), the maximum path length in the triple-GEM con-
version gap is 0.33 cm. Therefore the maximum number of primary charges
deposited by MIPs in a triple-GEM conversion gap of Ar/CO; (70/30) gas
mixture is approximately nf;(’fir ~ 31 pair/0.33cm. Taking into account a nom-
inal gas gain of 2 x 10%, the charge produced per MIP yields is approximately
Qurip ~ 98.26 fC.

Assuming the expected background components and their corresponding max-
imum hit rates R, in the GE1/1, GE2/1 and M E0 detectors (see Table
6.2), the primary charge induced by particles n;‘;tir, the gas gain of the detec-

tor G and the effective exposure time at the LHC ¢, g¢, the total integrated
charge generated in 10 years of HL-LHC operation is given by:

Qtot - QM[P X Rmam X tLHC' - n;?ltir X e X G x Rmam X tLHC (63)

Based on the previous operation of the LHC, the effective exposure time
after 10 years is estimated to be 6 x 107 s [69]. Therefore, at a nominal
gas gain of 2 x 10*, the total accumulated charge after 10 HL-LHC years in
the Ar/COy (70/30) gas mixture is ~ 6 mC/cm?, ~ 3 mC/cm? and ~ 283
mC/em? for the GE1/1, GE2/1 and M EQ detectors, respectively.
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GEM Max. Max. Max. Max. Max. Tot. Accum. Charge
Station Neutron | Neutron | Photon et /e Total after 10 HL-LHC
Flux Induced | Hit Rate | Hit Rate | Hit Rate | years [mC/cm?|
[Hz/cm?] | Hit Rate | [Hz/cm?2] | [Hz/cm?] | [Hz/cm?] | — no safety factor —
[Hz/cm?
GFE1/1 0.277 x 106 499 847 123 1469 6
GE2/1 0.191 x 106 343 273 56 672 3
MEO 3.280 x 106 5910 33900 7700 47510 283

Table 6.2: Expected background components and their corresponding hit rates
in the GE1/1, GE2/1, and M E0 detectors. The total accumulated charge is
calculated from the total hit rate at a typical detector gas gain of 2 x 10
after 10 HL-LHC years which correspond an effective exposure time of about
6 x 107 s [69].

The aim of the longevety studies is to reproduce in laboratory this lifetime
with a safety factor 3 before the final installation in the CMS experiment, by
accumulating a charge of ~ 18 mC'/cm?, ~ 9 mC'/em? and ~ 850 mC'/cm? for
the GE1/1, GE2/1 and M EQ detectors, respectively.

6.1.1 Aging phenomena of gaseous detectors

Aging phenomena, a permanent degradation of operating performances un-
der the exposure to ionizing radiation, constitute one of the most complex
and serious potential problems which could limit, or severely impair, the use
of gas-based detectors in high-energy physics experiments. The classical ag-
ing [85] [101] [87] effects, primarily observed on the Multi-Wire Proportional
Chambers, are the result of the polymerization phenomena due to the chemical
reactions occurring in avalanche plasma surrounding the amplification region.
Such hypothesis is based on the fact that the dissociation energies of typical
molecules (3 — 4 eV') are much lower than the ionization energies (> 10 eV).
Since it is necessary to reach the ionization energies in order to generate the
final avalanche, it was argued that the avalanche produce even higher con-
centration of molecular fragments and/or free radicals than that of ions, as
is typical in plasma chemistry. Since most of the free radicals are chemically
very active, they will either recombine back to form the original molecules or
other new volatile species (monomers), or could start to form new cross-linked
molecular structures of increasing molecular weight (polymers) [101]. When
the polymerized chain becomes large enough for condensation to occur, it will
start to diffuse inside the active gas volume of the detector. These polymerized
chains will be then either carried away by a gas flow, or could deposit on the
electrode surfaces due to their charge or dipole moment. Figure 6.1 shows a
Scanning Electron Microscope (SEM) analysis of typical wire deposits after
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sustained irradiation of a Multi-Wire Proportional Chambers [87].

—
LBsm2SBky Z4BET 0345-00

(d)

Figure 6.1: Example of SEM micrographs of a clean gold plated tungsten wire
(a) and damaged wires (b, ¢, d) used in a Multi-Wire Proportional Chambers
after sustained irradiation, showing a different type of polymer deposits on the
wire surface [87].

The formation of these polymer deposits, conductive or insulating, on the an-
ode and/or cathode surface could lead to a number of different operational
problems, such as a decrease of the gas gain and energy resolution, exces-
sive currents, self-sustained discharges, or sparking, voltage instability, wire
corrosion or wire rupture.

e Anode Aging. The accumulation of the polymeric deposit, insulating
and/or conductive, on the anode surface could lead to a significatively
distortion of the electric field in the amplification region [88]. The result
of such distortions of the electric field strength is a permanent decrease
of the gas gain and/or energy resolution loss (see Figure 6.2).

o Cathode Aging. The deposition of polymers at the surface’s cathode
could lead even more dramatic effects on the detector performances. An
example of a particularly disastrous aging effect related to the formation
of the polymeric deposit on the cathode surface, is the so-called Malter
effect [89]. The products of the chemical process could create a thin

174



6.1. Introduction

L4 T
Ar-CH, [90-10]

Relative gain

PR R S U N R

0 0.05 0.1 0.15 0.2 0.25 0.3
Cl/em

Figure 6.2: Example of Classical Aging of a wire chamber exposed to an X-
rays flux from a Cu-target X-ray tube at a rate of about 1.4 M Hz/ecm. The
detector has been operated at a gas gain of ~ 2 x 10* and has been flushed
with the Ar/CH, (90/10) gas mixture. The curve represents the variation
of the relative gas gain normalized with the initial value as a function of the
accumulated charge per unit wire length (C'/em). The energy spectrum of the
X-ray source has been performed at different value of accumulated charge to
quantify the the energy resolution loss [88].

insulating coating on the cathode surface which could inhibit the neu-
tralization of positive ions drifting from the avalanches plasma at the
anode (see Figure 6.3).

Therefore, since the polymeric layer is insulating, the positive ions do
not readily reach the cathode surface, and since the layer is very thin,
the positively charged layer, together with the induced charge on the
cathode surface produces a very large electric dipole field which could
exceed the threshold for field emission (~ 107 V//cm). The result is that
electrons could be extracted from the cathode surface. These electrons
could more successfully penetrate the insulating layer with respect to
the positive ions, and some of them will neutralize the positive charge.
However, most of these electrons will enter in the active gas volume, drift
to the anode, and produce more positive ions, which then drift back to
the cathode and enhance the strength of the dipole field emission of
electrons. Such positive feedback between the electron emission at the
cathode and anode amplification is responsible for an increase of the
dark current and/or rate of noise pulses in the detector, self-sustained
discharges and the electrical breakdown of the gas.

o Electronegative Impurities. Another potentially serious aging effect
is the production of long-lived and highly electronegative radicals which
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Figure 6.3: Schematic of the mechanism leading to the Malter effect [90].

could significantly degrade the performance of the detector by absorbing
the electrons induced by a particle and drastically leading to a decrease
of the effective gas gain of the detector [101].

Several aging laboratory test on gaseous detectors have demonstrated that the
gas mixtures containing hydrocarbon molecules (Cy Ho Fy, CFy/CHy, Ar/CF,/
CHy, etc.) are not trustable for long-term operation in high rate application.
Such gas mixtures can lead to the formation of a large variety of hydrogen-
deficient radicals that can easily make bonds with other molecular fragments
and form large polymer chains (this effect is more pronounced in presence of
pollution or under discharges, sparks and Malter effect) [101] [91] [92]. It is
generally accepted that oxygen-containing additives can improve the detector
life-time in such gas mixture [93] [94] [95]: the resulting oxygen-based radi-
cals can reduce the polymerization processes by absorbing the hydrocarbon
molecules and leading to the formation of relatively stable and volatile prod-
ucts (CO, COs, Hy, HyO, etc.) that can be easily carried away from the
active gas volume of the detector by the gas flow. The hydrogen-free mixtures
such as Ar/CO, are particularly suitable for the modern high-energy physics
experiments: the Ar/COy gas mixture has been adopted by CMS GEM Col-
laboration for the GE1/1, GE2/1 and MEO triple-GEM detectors proposed for
the future upgrade of the innermost muon spectrometer of the CMS experi-
ment.

A vast literature exists describing the dramatic aging effects on the life-time of
the gaseous detectors due to certain traces of pollutants either as contaminants
initially present in the gas system or as the result from outgassing of solid con-
struction materials in contact with the gas volume. A large amount of aging
and outgassing data have been accumulated in the framework of the RD-10 [96]
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[97] and RD-28 [98] projects at CERN in the last decade: it contains test results
for epoxy compounds, adhesive tapes, leak sealers, solid materials, O-rings,
plastic gas pipes, etc. This list, summarized at 2001 International Workshop
on Aging Phenomena in Gaseous Detectors (DESY - Hamburg) [99] is useful
for pre-selecting assembly materials and components that will then be used
in the construction of the detector. In particular, it has been shown in many
experiments that the presence of even minute traces of Si-based molecules in
the active gas volume of a detector readily leads to the production of a large
variety and a high concentration of free radicals resulting in polymer deposits
which could destroy the entire detector [100] [101]. This has been confirmed
by the plasma chemistry where it has been observed that the polymerization
rate of silicon-based compounds by far exceeds that of carbon-base molecules,
despite their identical valence shell structure [85]. Indeed, silicon-based radi-
cals can react both with hydrocarbons and oxygen-based radicals and can lead
to the formation of the rather heavy polymers which cannot be easily evacu-
ated by gas flow. Unfortunately, the silicon-based compounds are present in
many grease and/or lubricants, various oils, adhesives and rubber, O-ring and
in the standard gas system componentes such as diffusion pumps, flow regula-
tors, dust filter, etc. Moreover, the halogens contamination has been shown to
shorten detector life-times considerably and must be banned from the active
gas volume. Because of their low dissociation energy, the compounds contain-
ing halogens can lead to the formation of large quantities of free radicals in
the avalanche plasma and accelerate greatly certain polymerization reactions.
A probable source of these halogen pollution could be from solvents commonly
used during manufacture to degrease and clean various materials and/or the
outgassing of rubber and some plastic materials. This solvent residue can later
contaminate the active gas volume of the detector.

The C'Fy-based mixtures have been proposed as the most attractive candi-
date for future experiments at high-luminosity colliding beam machines. This
is primarily due to their high-drift velocity, high primary ionization and low
electron diffusion. Moreover, C'F} is used as an excellent etching gas for St
and Si-containing compounds, which react with fluorine to form volatile Si-F
based products that can be evacuated from the active gas volume [102] [103].
On the other hand, since the F-F bond in the C'F; molecules is extremely
weak (~ 1.6 V') and easily broken in the plasma avalanche, the C'F dissoci-
ation can lead to the production of highly reactive C'F, and F' radicals which
react violently with exposed electrode surfaces to form metal fluorides or cause
etching phenomena. Moreover, the products of C'F), disintegration, in associ-
ation with H,O present in the gas mixture, can lead to the formation of the
hydrofluoric acid that can chemically attack H F-soluble materials existing in
the detection system [103] [104]. In the particular case of triple-GEM detec-
tors, several aging laboratory tests have shown that the use of the C'Fy-based
gas mixture can lead to a not negligible gas gain variations. The decrease of
the electric field intensity inside the GEM-holes, resulting in a gas gain drop,
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has been attributed to the C'Fj; etching of copper and kapton in proximity
of GEM-hole edges (see Figure 6.4). Further Scanning Electron Microscope
(SEM) analysis have shown the appearance of a thin non conductive layer (a
Cu-F compound) on the surface of the GEM-foils in proximity of the holes
edge resulting in a significant distortion of the electric field inside the GEM-
holes themselves [105]. The solution to this problem consists of increasing the
gas flow rate, since this tends to "sweep away' the harmful radicals and ions
that could result in surface coatings and/or damage the GEM-foils irreversibly.
In general, radiation damage to the triple-GEM technology operating in CF4-
based gas mixture has been found to be the most significant around the rims of
the GEM-holes (where the electric fields intensity exceeds the average value)
and for the third GEM-foils in series (where number and density of avalanche
electrons is the largest).

(a) Cross section of the first (b) Cross section of the third
GEM-foil of a triple-GEM detec- GEM-foil of a triple-GEM detec-
tor tor

il

(c) Surfaces of the first GEM-foil (d) Surface of the third GEM-foil
of a triple-GEM detector of a triple-GEM detector

Figure 6.4: Example of SEM micrographs of GEM holes of a triple-GEM
detector, showing the etching induced by HF' acid [105].
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6.1.2 Past experience on the aging of GEM-based de-
tector

The GEM-based detector is rather insensitive to the classical aging processes
compared to wire-type detectors. Two geometrical particularities were found
to be a major factors which increases the reliability and radiation hardness
of a GEM technology. The first advantage is a full decoupling of the ampli-
fication stage (GEM-foils) and the readout board (PCB). In the GEM-based
detector the gas amplification is localized inside GEM-holes and the absence
of a strong amplification field close to the readout plane drastically reduces
the rate of polymerization and, therefore, the polymer deposition on the read-
out strips system. In the same way, the possibility of polymer formation and
their deposits on the cathode drift plane is significantly reduced, as well as the
resulting Malter effect. The second advantage is the sharing of the gas ampli-
fication into multiple cascade stages; in this way each stage will give rise a not
very intense plasma avalanche with a lower energy avaible for the dissociation
of the molecoles of the active gas. Therefore, the production of free radicals
and monomers is significantly suppressed as well as the resulting formation
of complex polymer chains and polymeric deposits on the detector structures.
Moreover, splitting the amplification in multiple cascaded stages permits to
achieve very high gas gain already at relatively moderate voltages across indi-
vidual GEM-foils. As a consequence, the risk of discharge occurring when a
heavily ionizing particle enters the active gas volume, is strongly reduced.

However, similarly to other gaseous detector, the GEM technology might be
subject to classical aging effect due to the polymer depositions when oper-
ating in a high rate environment. The aging of GEM-based detectors has
been extensively studied in the last decade for different sizes, geometries, and
configurations:

o A longevity study on the double-GEM technology has been performed
in 2000 by COMPASS Collaboration [106], exposing a small double-
GEM prototype to a 6 keV X-rays flux from an X-ray tube at a rate
of about 4.75 M Hz/cm?. The detector has been operated at a gas gain
of 2.2 X 10° (AVyem1 = AVgema ~ 410 V) and has been flushed with the
Ar/COy (70/30) gas mixture. After ~ 900 hours of continuous oper-
ation, the detector accumulated a total charge of 1.2 C'/em? without
showing any loss in gain or instability, demonstrating its relative insen-
sitivity to the classical aging phenomena [107].

o A Longevity study on the triple-GEM technology has been performed in
2001 by COMPASS Collaboration, exposing a full-size triple-GEM proto-
type to a 8.9 keV' X-rays flux from an X-ray tube. The detector under
irradiation test was a standard triple-GEM detector proposed for the
COMPASS experiment, i.e. a 31 x 31 em? triple-GEM prototype with a
gas gap configuration 3/2/2/2 mm. The detector has been operated at
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a gas gain of 8.5 X 10° (AVyen1 ~ 425 V, AVyema ~ 380 V, AV,epnz ~
340 V) and has been flushed with the Ar/CO; (70/30) gas mixture at
80 cc/min. After ~ 240 hours of X-ray irradiation at 630 kHz/cm? and
~ 240 hours at 2.5 M Hz/cm?, the detector accumulated a total charge
of 700 mC'/em? without any reduction of the gain and/or energy reso-
lution [108]. A second longevity test has been performed in 2002 with a
triple-GEM detector operating in Ar/COy (70/30) gas mixture at a gas
gain of 6.0 X 10® (AVyep1 ~ 400 V, AVgema ~ 390 V, AVjepn3 ~ 380 V)
and a gap configuration 5.5/1.5/3/3.5 mm. After ~ 750 hours of X-ray
irradiation at 6 M Hz/cm?, the detector accumulated a total charge of
about 2.7 C'/em? with no visible classical aging effects. These observa-
tions confirm the results of the previous longevity studies, demonstrating
the relative insensitivity of GEM-based detectors to classical aging when
operated with Ar/CO, (70/30) gas mixture [109].

A longevity study on the triple-GEM technology has been performed
in 2004 by LHCb Collaboration [110] at Calliope facility of the ENEA-
Casaccia [111] with an intense 1.25 MeV ~-ray flux from a %°Co source.
The detectors under irradiation test were three full-scale triple-GEM
detectors proposed for the innermost region of the muon spectrome-
ter of the LHCb experiment, i.e. a 20 x 24 cm? triple-GEM proto-
types with a gas gap configuration 3/1/2/1 mm. The detectors have
been operated at a gas gain of 6 x 10®> and have been flushed with the
Ar/COy/CFy (45/15/40) gas mixture. At the end of the longevity test
campaigns, the highest irradiated detector accumulated a total charge of
~ 2.2 C'/em? and a gas gain drop of about 80% have been observed. The
final result obtained during the irradiation test has been attributed to the
low gas flow rate (350 cm?/min) with respect to the very high gamma
ray flux (20 M Hz/cm?): in such experimental conditions, the GEM-foils
were attacked and etched by HF-acid produced in the avalanche plasma
by the fragmentation of the C'Fy molecules, and not quickly removed by
the gas flow. Further laboratory analysis confirmed such hypothesis: the
aged detectors have been dismounted and some GEM-foil samples have
been analyzed with a Scanning Electron Microscope (SEM). The SEM
analysis confirmed the enlargement of GEM-holes and also the etching
of the kapton inside the holes itself due to the presence of the fluorine-
based compounds, leading to a significantly decrease of the gas gain and
enhancing charging-up effects [105] [112].

A longevity study has been performed in 2004 by PHENIX Collabora-
tion [114], exposing a small triple-GEM(CsI) prototype detector to a high
UV — photons flux from a Hg — UV lamp. The detector under irradia-
tion test was a small triple-GEM UV — photon detector proposed for the
PHENIX experiment, i.e. 10 x 10 em? triple-GEM detector with reflec-
tive Csl photocathode and a gas gap configuration 1.5/1.5/1.5/2 mm.
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The detector has been operated at a gas gain of ~ 10* (AVe,, ~ 510 V)
and has been flushed with pure C'F,. After a total accumulated charge

of about 10 mC/cm?, no aging effects or etching of the holes have been
observed in the GEM-foils [113].

Although the previuos longevity studies confirmed that the GEM technology
is particularly resistant to typical aging phenomena that can occur in gaseous
detectors, it is of paramount importance to carefully validate all materials
actually used in the assembly of the GE1/1, GE2/1 and MEO detectors.
Indeed, the mechanical structure designed to stretch the GEM-foils involves
new materials and components that have not been validated from the aging
point of view. Moreover, the production of the CMS GEM-foils is based on
the new single-mask photolithography technique (see Section 5.2.5) which has
never been tested in the previous longevity tests.

The assembly materials and procedure as well as the operating conditions
of the triple-GEM detector proposed for the CMS experiment are significantly
different from the configurations used in other high energy physics experiments
and the results obtained in the previous longevity studies are not sufficient
to ensure the long-term operation of the GE1/1, GE2/1 and MEO triple-
GEM detector in the CMS experiment. For this reason, several outgassing
and longevity test campaigns have been performed at the CERN irradiation
facilities to prove that the triple-GEM detector in the CMS configuration can
operate in the harsh CMS end-cap environmental for over 10 years at HL-LHC
without suffering any gain drop or instability.

e Outgassing Studies. The aging phenomena depend not only on the
active gas mixture composition but also on the presence or not of traces
of contaminants, either initially present in the gas mixture, or appearing
at a later stage as a result of outgassing of some materials used in the
assembly of the detectors and /or of the gas system. The materials which
are in direct contact with the active gas volume could have dramatic
effects on the life-time of the detectors, limiting, or severely impairing,
their use in unprecedented harsh radiation environments.

For this reason, the CMS GEM Collaboration investigated the outgassing
property of all materials present in the GE1/1 triple-GEM detectors to
ensure that none of them release pollutants during their life-time in CMS
experiment [90]. No additional outgassing studies have been needed for
the GE2/1 ad MEO triple-GEM detectors since they will use the material
components adopted for the GE1/1 detector. The materials have been
carefully selected and validated in two main stages:

1. In a first stage, a preliminary selection of materials has been per-
formed on the basis of their chemical, mechanical, electrical, radia-
tion hardness and outgassing properties provided by the manufac-
turers.
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2. In a second stage, the preselected materials have been tested for
potentially harmful outgassing and radiation hardness. The ex-
perimental setup consists of four parallel and independent testing
channels. Each channel contains a gas supply line for the CMS gas
mixture, a stainless steel outgassing box containing the materials
that allowed to heat the samples under test up to 150 °C' and to
enhance its outgassing rate. The active gas mixture passed through
the outgassing box and then through a Single-Wire Proportional
Counter continuously irradiated by a radioactive source in order to
measure the possible outgassing effects. The Figure 6.5 shows a
schematic overview of the outgassing setup.

Particle
Stoinless steel tubing Filter (2um)

Pre-mixed gas Pressure
from cylinders regulator Rotameter
IN

Outgassing Box B
with heating tape E

Outgassing test
Gas system

out
exhgust

Figure 6.5: Schematic overview of the experimental setup for the outgassing
studies showing the outgassing box that contains the material under test and
the Single Wire Proportional Counter (SWPC) placed downstream [90].

In case of material outgassing, the contaminants released in the gas mix-
ture will enter the active gas volume of the SWPC. Such contaminants
could react with the gas molecules during detector operation and trigger
the polymerization on the wire leading to inevitabile degradation of the
energy resolution and/or to a drop in detector gas gain.

The preselected materials under outgassing test are listed below:

— coating materials: 2-component polyurethane (PU) Nuvovern®

LW and PU CellPack URETHAN® Art. n°124017;

— printed circuit board components: Coverlay film Krempel KDF®
0/25/25 HT and Soldering mask Elpemer® 2467.

— gas-sealing components: VITON O-rings and Polyamide wash-

ers;
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— glues: silver glue MSDS-Polytec-EC®;

A detailed list of materials and their properties together with a complete
description of the outgassing studies is given in [90]. The final outgassing
test results are summarized in Table 6.3.

‘ Triple-GEM element ‘ Material ‘ Aging ‘ Comments ‘
O-rings VITON No Baked two hours in vacuum
PU layer CellPack Nr. 124017 Yes 20% gain drop due to Si deposits
PU layer NUVOVERN LW No -
Soldering mask Elpemer 2467 No
Sealing coverlay Krempel AKAFLEX KDF HT No
Silver glue MSDS-Polytec-EC No
Washer Polyamide No -
Tape Kapton No Energy resolution worsens by 4%
Gas sealing tape Teflon No

Table 6.3: Outgassing test campaign results showing the list of the materials
under test, their role in the detector, and the effect of their presence on the
irradiated Single Wire Proportional Counter [90].

As a conclusion, only the PU CellPack URETHAN Art. n°124017 has
been rejected from the final detector design because it displays a large
amount of outgassing before and after irradiation. Therefore, it has been
considered as polluting material, which could lead to a degradation of the
detection performance, and it has been replaced by the PU Nuvovern LW,
already used in other applications and validated during the outgassing
test campaign.

e 2012/2014 Longevity Studies in Ar/CO,/CF, (45/15/40)

A first longevity test campaign has been performed by the CMS GEM
Collaboration at the Gamma Irradiation Facility (GIF) [115] at CERN,
exposing a full-size GE1/1 triple-GEM detector to an high 662 keV -
ray flux from a 566 GBq 3"C's source. The detector under irradiation
test was a GE1/1 triple-GEM prototype detector of the 4" generation,
including the geometry and construction materials very close to those
used in the final version of the GE1/1 detectors which will be installed
in the CMS Muon System during the LS2. The detector has been oper-
ated at a gas gain of 2 x 10* and has been flushed with a Ar/CO,/CF,
(45/15/40) gas mixture at 5 L/hr.

After twelve months of continuous operation at GIF facility, the detec-
tor accumulated a total charge of ~ 53 mC/em?, which represents ten
years of GE1/1 operation at the HL-LHC with a safety factor 8.8 and ten
years of GE2/1 operation with a safety factor 17.7. The result for the
normalized anode current, as parameter of the gas gain variation (cor-
rected for pressure and temperature fluctuations) shown in Figure 6.6
indicates that the CMS triple-GEM detector does not suffer from any
kind of aging effects or long-term degradation [90].
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Figure 6.6: Result of the longevety studies at the GIF facility: normalized and
corrected anode current as a function of the accumulated charge. The detector
under test is a GE1/1 triple-GEM detector of the 4" generation operated in
Ar/CO,/CFy (45/15/40) gas mixture at an initial gas gain of 2 x 10* [90].

« 2015/2016 Longevity Studies in Ar/CO; (70/30)

A second longevity test campaign has been performed by the CMS GEM
Collaboration at the new Gamma Irradiation Facility (GIF++) [116]
at CERN (see Section 6.2.1), exposing a full-size GE1/1 triple-GEM
detector to an high 662 keV ~-ray flux from a 14 TBq 3"Cs source.
The detector under irradiation test was a GE1/1 triple-GEM prototype
detector assembled in 2014, which is representative of the detectors that
will be installed in the CMS-Muon end-caps. The detector has been
operated at a gas gain of 2 x 10 and has been flushed with the Ar/CO,
(70/30) gas mixture at 5 L/hr.

The detector accumulated a total charge of ~ 55 mC'/cm? after six months
of continuous irradiation test, i.e. 10 years of real operation in the GE1/1
environment with a safety factor 9.2. and 10 years of real operation in
the GE2/1 environment with a safety factor 18.3. The normalized and
corrected anode current as a function of the accumulated charge is shown
on Figure 6.7 [90].

In addition to monitoring the anode current during the irradiation test,
the energy spectrum of the 137C's source has been continuously measured
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Figure 6.7: Result of the longevety studies at the GIF++ facility: normal-
ized and corrected anode current as a function of the accumulated charge.
The detector under test is a GE1/1 triple-GEM detector of the 4" generation
operated in Ar/CO, (70/30) gas mixture at an initial gas gain of 2 x 10* [90].

every week, i.e. every about 2 mC/cm? of accumulated charge (see Fig-
ure 6.8a) and the corresponding energy resolution remained stable during
the entire irradiation test (see Figure 6.8b) [90].

The 2012/2016 longevity test campaigns demonstrated that the oper-
ation of the tripleeGEM technology in the CMS GE1/1 configuration
is not affected by the classical aging. The CMS GE1/1 detectors will
be able to survive in the harsh CMS-GE1/1 environmental for over 10
HL-LHC years with safety factor 8.8 in Ar/CO,/CF, (45/15/40) gas
mixture and safety factor 9.2 in Ar/CO; (70/30) gas mixture.

6.1.3 Motivation for additional aging studies

The aging properties of CMS triple-GEM detectors operated with the stan-
dard Ar/COy (70/30) gas mixture have been extensively studied by the CSM
Collaboration since 2012 to cover the CMS GEM projects GE1/1, GE2/1, and
MEOQ. Tt includes the understanding of the classical aging processes described
in Section 6.1.1, and the investigations of possible outgassing of the materials
that compose the triple-GEM detectors proposed for the future upgrade of the
innermost muon spectrometer of the CMS experiment.
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Figure 6.8: Result of the longevety studies at the GIF++ facility. Left: Typical
ADC spectrum of the GIF++ facility of *"C's. The experimental data have
been fitted by a Landau distribution, convoluted with a normal distribution.
Right: energy resolution as a function of the accumulated charge. The detector
under test is a GE1/1 triple-GEM detector of the 4" generation operated in
Ar/CO, (70/30) gas mixture at an initial gas gain of 2 x 10* [90].

The results of the previous CMS GEM longevity studies indicate that the
operation of triple-GEM detectors in the CMS configuration is not affected by
the classical aging processes up to a total accumulated charge per unit area
of about 55 mC'/cm? (see Section 6.1.2). Therefore, the CMS triple-GEM
detectors are expected to survive a minimum of 10 years of real operation with
Ar/CO4 (70/30) gas mixture in the CMS GE1/1 environment (safety factor
9.1) and in the CMS GE2/1 environment (safety factor 18.3) at HL-LHC. The
next step consists in measuring the long-term stability of the CMS triple-GEM
detector in order to make sure that the detector performance will be stable
during the entire life-time of the detectors in the CMS-MEOQ environmental at
HL-LHC.

In the CMS MEO region a CMS triple-GEM detector must tolerate, with-
out damage or performance losses, an integrated charge of ~ 283 mC'/cm? in
10 years of operation at a gain of ~ 2 x 10* and an average particle flux of
~ 48 kHz/cm? for an average machine luminosity of ~ 5 x 103 em=2s71 [69].
For this reason, new longevity studies on full size CMS-GE1/1 triple-GEM
detectors have been carried out in parallel at CERN Gamma Irradiation Facil-
ity (GIF++), using for the irradiation an intense 14 T'Bq (2015) ¥7C's source
emitting 662 kel ~rays, and at the CMS-GEM QA/QC Lab. using as ir-
radiation source a 22 keV X-rays tube. Both detectors were operated with
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Ar/CO, (70/30) gas mixture at an effective gas gain of 2 x 10*.

6.2 Triple-GEM Aging Studies at GIF+4+ fa-
cility
6.2.1 The GIF++ facility at CERN for aging studies

The Gamma Irradiation Facility (GIF++) [116] at CERN is an unique test
area in which an high-energy muon beam (100 GeV/c), from the secondary SPS
beam line H4 in EHN1, is combined with a gamma photons from a radioac-
tive 137C's source. Located in the CERN SPS North Area [117], the facility
has been designed in order to provide a high intensity gamma field for high
rate and longevety studies. The 37C's isotope, with an activity ~ 14.1 T Bq
(December 2015), has been chosen instead of ®°Co isotope due to its long
half-life of 30.08 years, leading to a smaller decrease of the photon rate over
the expected life-time of facility. Further, the spectrum of the 37C's source,
composed of the primary 662 keV photons and lower energetic scattered pho-
tons. The main source of the interaction background in the CMS muon sys-
tem are neutron-induced photons, with an energy in the range 0.1-10 MeV'.
The GIF++ photons have an energy fairly representative of the energy of
LHC/HL-LHC photons seen by the muon detectors [69]. The intense gamma
field background, which is a factor 30 more intense than that at original GIF
facility, allows to simulate the conditions that detectors will suffer in their
future operating environment at the HL-LHC
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Figure 6.9: Floor plan of the GIF++ facility [116].

The GIF++ irradiation area has a total surface of 100 m? divided in two
different radiation zones: the Upstream zone (30 m?) and the Downstream
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zone (70 m?). Tt has been realized in order to host and test simultaneously
full-size detectors and to allow their positioning at different distances from
the source point. The irradiation area is shielded by 1.6 m thick concrete
walls; it is equipped with a raised floor allowing effective distribution of gas
lines and high voltage and/or signal cables. The free height between the floor
of the facility and the raised floor is ~ 0.42 m. The schematic overview of
the GIF++ facility is shown in Figure 6.9. Close to the the irradiation area,
is present a two-floor service zone for hosting the gas (gas zone) and the
electronic services (rack zone). In addition, a preparation zone (80 m?) is
available for preliminary tests on the detectors and their electronics before
installing them inside the irradiation area.
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Figure 6.10: (a) Schematic structure of the irradiator at GIF++ facility with
angular correction aluminium filters and independent filter systems at both
sides. (b) On both sides a set of independently movable and remotely con-
trolled attenuation lead filters and collimator frames permits to fine tune the
intensity of emitted photons. (c) Each set of 3 x 3 movable attenuation fil-
ters, with 27 combinations of filters, leads to 24 different attenuation factors
between 1 and 46415 [116].

The radioactive source in the irradiation position is at 2.06 £ 0.01 m from
the floor of the facility, and it is located at the same height of the muon
beam, or at 1.64 4+ 0.01 m from the raised floor where the detectors under
irradiation test are placed. The wide opening angle of both areas is 37° on the
horizontal and vertical planes in order to cover a large part of the irradiation
area, both in the Downstream and Upstream zones. Both irradiation windows
are equipped with lens shaped angular correction aluminium filter to provide
an uniform photons flux in order to fully irradiate the flat large area detectors,
allowing to study the effects of different background radiations on the detector
rate capability. In Figure 6.10a, one of the two irradiation windows equipped
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with the aluminum angular correction lens is shown. For each irradiation
zone, the photons flux can be independently fine tuned using two complete
and independent attenuation systems (Figure 6.10b), each consisting of an
array of 3 x 3 convex lead attenuation filters. In total, 24 different nominal
attenuation factors between 1 and 46415 can be selected according to the 27
possible combinations of the filters (Figure 6.10c).

The irradiation field inside the GIF++ irradiation area has been simulated:
Figure 6.11 shows the simulation of the 662 keV photons flux inside the irra-
diation area in the zz plane without any attenuation applied; this is thus the
highest photons flux obtainable at GIF++ facility. The simulation has been
validated with experimental measurement, both in Upstream and in Down-
stream zones. The position of the experimental measurement D1-to-D5 (in
Downstream zone) and Ul-to-U6 (in Upstream zone) are also marked in Fig-
ure 6.11 and 6.12.
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Figure 6.11: Simulated photons current in air [em™2s™!] in zz plane at
y = 0.0 m; attenuation filters system at factor 1 [116].

Figure 6.12 shows the simulated absorbed dose rate in air in the xz plane of the
GIF++ irradiation zone. In Figure 6.12a the irradiator is fully opened down-
stream (i.e. attenuation factor 1) and fully closed upstream (i.e. attenuation
factor of 46415), whereas in Figure 6.12b the irradiator is fully closed down-
stream and fully opened upstream. For instance, in Figure 6.12b it is clearly
possible to see the presence of scattered photon from the shielding walls, floor
and roof of the irradiation area on the downstream zone. In any case the
radiation is almost a factor 10* lower than the radiation on the upstream,
where the irradiator is completely open. Nevertheless, the two figures confirm
that the downstream and upstream zones of the GIF++ facility are basically
independent.
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Figure 6.12: Absorbed dose rate in air [uGy/h] in zz plane at y = 0.0 m of
the facility [116].

6.2.2 Aging Test on triple-GEM technology for the MEO
project af the GIF++ facility

This section describes the studies of long-term irradiation effects on the CMS
triple-GEM detectors after long sustained operation in a high-rate environ-
ment at the GIF++ facility. The aim of these new longevity tests is to val-
idate the triple-GEM technology developed for the GE1/1 project also for
CMS-MEO project by integrating a minimum of charge per unit area of about
850 mC'/cm?, which represent a 10 years of the total MEO operation at HL-
LHC with a safety factor of three; at the time of the finalization of this Doctoral
Thesis, the irradiation tests at the GIF++ facility are still ongoing.

6.2.2.1 The CMS GE1/1 triple-GEM detector under test and qual-
ity control

The longevity test campaign at the GIF++ facility are performed with a full-
size CMS GE1/1 triple-GEM detector prototype of the 4" generation assem-
bled in 2014, which is representative of the detectors that will be installed in
the CMS Muon end-caps, including the geometry and adopted material com-
ponents. The assembly and sealing of the detector are entirely mechanical (see
Section 5.3.4). No glue is applied during assembly, which makes it possible to
open a detector again for repairs if needed and to avoid possible gas contami-
nation from glues. A picture of the CMS GE1/1 triple-GEM detector, that is
now under test at the GIF++ facility, can be seen on Figure 6.13.

The GE1/1 triple-GEM detector, operated in Ar/CO; (70/30) gas mixture
with a gas flow rate of ~ 7 L/hr, has been powered through an HV divider
corresponding to the CMS configuration described in Figure 5.23. The gas
gain of the detector has been kept constant at an effective value of 2 x 10*
during the entire irradiation test.
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Figure 6.13: Figure A: The detector under test is a GE1/1 triple-GEM detector
of the 4" generation operated in Ar/CO, (70/30) gas mixture at an initial gas
gain of 2 x 10*. Figure B: close lateral view of the external frame. The frame
is fixed to the PCB with vertical screws. Figure C: close view of the gas input

[90].

It is worth noticing that the detector under irradiation test is the same used
in the aging test campaign described in Section 6.1.2, where the detector has
already been exposed to the intense gamma radiation in the GIF++ facility
during the 2015/2016 longevity test campaign, accumulating a total charge
of ~ 55 mC/cm? after 6 months of continuous irradiation. In 2016, at the
end of the previous longevity test campaign, the experimental setup at the
GIF++ facility has been dismantled and the aged detector has been moved
to the laboratory for further measurements in order to study the detector
performances in post-irradiation condition.

Before to move back to the GIF++ facility, for the new longevity test cam-
paign, the detector has been fully re-characterised following the standard
QA/QC procedures developed for the LS2 GE1/1 detectors qualification:

e QC3 - Gas Leak Test. The QC3 Gas Leak Test has been performed
in order to verify the gas tightness and quantify the possible gas leak
rate of the aged GE1/1 triple-GEM detector by monitoring the drop of
the internal over-pressure as a function of the time. The results from the
QC3 Gas Leak Test on the aged detector is shown in Figure 6.14.

The detector was found not to be gas-tight: ~ 30 minutes after the start-
ing of the QC3 Gas Leak Test, the pressure drop was about 22.7 mBar
resulting in a gas leak rate of ~ 0.89 mBar/min, i.e. a gas leak rate ap-
proximately 8 times higher than the one allowed by the QC3 acceptance
criteria for the LS2 GE1/1 mass production (see Section 5.4.4). As result
of accurate inspection, no faulty screws or deformed washers have been
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Longevity Test Campaign: QC3 Gas Leak Test
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Figure 6.14: Results from the QC3 Gas Leak Test on the aged GE1/1
triple-GEM detector.  The pressure drop is modeled by the function
P, (t) = Py x exp(—t/7). The parameter P, is a constant that takes into ac-
count the initial overpressure of the detector. The parameter 7 is the gas leak
time constant and quantifies how fast the overpressure inside the detector de-
creases as a function of the time. The exponential fit to the experimental data
provides a gas leak time constant 7 ~ 6 min.

identified; in this case in order to solve the gas leak issue is necessary to
re-open the detector in order to verify and possibly to replace the two
rubber O-rings embedded in the external frame and the polyamide wash-
ers against the Drift and Readout Board which ensure the gas-tightness
of the detector (see Section 5.3).

The most important problem with the re-opening of the GE1/1 triple-
GEM detector prototype of the 4" generation is that the GEM-foils are
stretched purely mechanically against the external detector frame. Such
kind of problem has been rectified in the GE1/1 triple-GEM prototype
design of the 5" generation by tensioning the GEM-foils against indepen-
dent "pull-out" pieces (see Section 5.3). Because of this, it is extremely
delicate to re-open a GE1/1 triple-GEM detector prototype of the 4"
generation and un-stretch its GEM-foils in order to replace the external
frame and the O-rings.

For this reason, the CMS GEM Collaboration decided not to re-open the
detector in order to reduce the possibility to damage the detector irre-
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versibly and proposed to increase the input gas flow rate from 5 L/hr to
about 7 L/hr allowing the detector to operate even in very high particle
rates properly.

e QC4 - HV Test. The HV divider has been replaced with a new one
at the end of the previous longevity test and the QC4 HV Test has been
performed in order to identify possible defects in the HV circuit and to
measure the intrinsic noise rate of the aged CMS GE1/1 triple-GEM
detector. The results from the QC4 HV test on the aged detector is
shown in Figure 6.15.
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Figure 6.15: Results from the QC4 HV Test on the aged GE1/1 triple-GEM
detector. Left: current through the HV divider as a function of the applied
voltage. The linear fit to the experimental data provides an equivalent resis-
tance Requiv ~ 5.00 M€, resulting in a deviation of about 0.2% with respect
to the expected value (R = 5.01 £ 0.02 M (). Right: intrinsic noise rate Rypse
as a function of the applied voltage: Rypise ~ 1.3 x 1073 Hz/cm? at 4.9 kV.

The intrinsic noise rate has been found to be ~ 1.3 x 1073 Hz/cm? at
4.9 kV (expected background in the M EQ detectors ~ 47 kHz/cm?, see
Table 6.2).

e QC5 - Effective Gas Gain Measurement. The effective gas gain of
the aged GE1/1 triple-GEM detector in Ar/C'Oy (70/30) gas mixture has
been measured as a function of the applied HV with a 22 keV X — ray
photons from an X — ray tube with Ag — target at a relatively low
particle flux of ~ 20 Hz/cm?. Therefore, it was possible to compare the
performances of the detector before and after the 2015/2016 longevity
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test campaign. In Figure 6.16 the comparison between the effective gas
gain of the GE1/1 triple-GEM detector measured before and after the
2015/2016 longevity test campaign is shown; no significant difference in
the values of the gas gain have been observed before and after the intense
irradiations.
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Figure 6.16: Comparison between the effective gas gain of the GE1/1 triple-
GEM detector measured before (black dots) and after (red dots) the 2015/2016
longevity test campaign.

e« QC5 - Response uniformity. The QC5 Response Uniformity test on
the aged GE1/1 triple-GEM detector has been performed in order to
measure the pulse height distribution all over the active surface of the
detector. The data acquisition system and the analysis procedures are
identical to those used for the QC5 - Response Uniformity test within
the standard QA/QC procedures developed to qualify all the GE1/1
detectors which will be installed in the Muon System of the CMS ex-
periment during the LS2 (see Section 5.4.6.6). The result for the QC5
- Response Uniformity test performed on the aged GE1/1 triple-GEM
detector under test are presented in Figure 6.17.

At the end of the detector characterization in post-irradiation conditions, the
GE1/1 triple-GEM detector has been moved back into the GIF++ facility for
a new longevity test campaign.
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Figure 6.17: (Figure 6.17a) Example of energy spectrum from a slice (four
strips) of the GE1/1 triple-GEM detector under test operated at an average
gain around 600 with Ar/CO;y (70/30) fully illuminated by a 22 keV X-ray.
The solid line represents a fit to the experimental data using a Cauchy distribu-
tion to model the copper fluorescence photopeak plus a fifth order polynomial
that models the background. (Figure 6.17b) The mean of the copper fluores-
cence spectrum extracted from the fit of each slice is assigned to coordinate
point of the slice in the local coordinates of the detector. (Figure 6.17¢) Distri-
bution of fitted photopeak positions obtained from GE1/1 triple-GEM detector
under test: the experimental points represent each photopeak position and the
solid line is a Landau fit to the data. The response uniformity for this detector
is RU. =7.6+0.5%. (Figure 6.17d) Map of the detector response (i.e. the
normalized photopeak energy) across the detector under test.
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6.2.2.2 The CMS GE1/1 triple-GEM detector at GIF++ facility

The CMS GE1/1 triple-GEM detector has been installed in the downstream
area v — field downstream at ~ 1 m from the source point (position D1) ex-
posed to a photons flux up to 108 Hz/cm?, see Section 6.2.1. The schematic
drawing of the new CMS triple-GEM experimental setup installed in the
GIF++ irradiation area is shown in Figure 6.18. It consists of a light and
versatile stand in aluminium bosh-profiles, that allows the installation of sev-
eral GE1/1 triple-GEM detectors up to a maximum of four detector at the
same time. The The Data Acquisition System is placed below the detector
structure outside the irradiation cone of the ¥7C's source and is located in-
side a shielding box with 1 ¢m thick lead walls in order to be protected by
the low-energy photon component that develops due to the multiple scatter-
ing of primaries photons within the irradiator and the concrete walls of the
irradiation area.

Figure 6.18: Schematic drawing of the CMS triple-GEM stand designed in
aluminium bosh-profiles for the longevety studies at GIF++ facility.

The high voltage is provided by a CAEN module N1470 (negative polarity)
installed outside the irradiation area in the apposite rack zone. Cables, 30
meters long, have been routed under the concrete walls and the raised floor
inside the irradiation area to power the GE1/1 triple-GEM detector. The high
voltage line has a low-pass filter to attenuate high frequency ripple in the HV.
The CAEN HV power supplier can be remotely controlled and an apposite data
acquisition program using LabVIEW has been developed in order to monitor
and record the high voltage and the current through the HV divider during the
entire radiation exposure test. The LabVIEW-software has been developed to:
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« increase (ramp-up) and/or decrease (ramp-down) gradually the high volt-
age applied to the GE1/1 triple-GEM detector with programmable con-
secutive steps. The high voltage output ramp-up and ramp-down rates
can be selected independently in the range 1-500 V/s in 1 V' steps.

e to set the operating current limit /,.; value and the maximum time 7,4
which an "overcurrent" is allowed to last. The high voltage channel in
"overcurrent" works as a current generator; the output high voltage varies
in order to keep the output current lower than the programmed value
L. The "overcurrent' lasting more than set value T, causes the high
voltage channel to "TRIP" and the output high voltage is drop to zero
at the programmated ramp-down rate.

o monitor and record the operating current and high voltage at a pro-
grammable rate expressed in seconds.

The LabVIEW-software has been developed to avoid damages to triple-GEM
detectors during unexpected situations (discharges, variation in gas mixture
composition, for example) and also provided a basic interface for an easy mon-
itoring (see Figure 6.19).
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Figure 6.19: LabVIEW-software interface for the N1470 CAEN power supply
to control and monitor the high voltages and current of detector. It is possible
to see the high voltage real-time monitoring (top right) and the current real-
time monitoring (bottom right).

The gas system was designed and built in 2014 by the CERN Gas Group,
following strict guidelines concerning the materials to be used, and cleanliness
conditions in general. The gas system, schematically shown in Figure 6.20, in
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the last 2015 version, is constructed in stainless-steel tube. All the parts, glass
tube flow-meters and connectors were previously cleaned with alkaline soap
and de-ionized water. In 2017, before to restart the activities at the GIF++
facility, the whole gas line has been flushed in the Ar/CO, (70/30) gas mixture
without the detectors with gas flow rate of ~ 5.0 L/h for a week in order to
clean the gas pipe after a long term of non-operation.

stainless-steel tubes input flowmeter

Ar/C0, (70/30)
pre-mixed gas bottle

0

stainless-steel tubes
e \O/_

pressure regulator particle filter (2um)

2017/2018 Longevity Test Campaign
Gas System @ GIF++

GE1/1 triple-GEM
(4" generation)

exhaust
(polypropylene tubes) output flowmeter

Figure 6.20: Schematics of the gas system in the GIF++ facility. The whole
gas inlet line is made of stainless-steel tubes, while the exhaust gas line is made
of polypropylene tubes (not hygroscopic).

The parameters of the high voltage power supply and data acquisition system
are remotely controlled from outside of the GIF++ irradiation area via USB
cables. All data are collected in an appropriate server installed in the rack zone
accessible from the CERN network, minimizing the need of stopping the irra-
diation to access inside the irradiation area. The picture of the experimental
setup at GIF++ facility can be seen on Figure 6.21.

6.2.2.3 Data acquisition and analysis procedure

The aim of the long-term stability test has been to detect variation in gas
gain, measured as the anode current of the detector exposed to very high rate.
Any large variation of the anode current could indicate an instability in the
gas gain of the detector under irradiation test. Moreover, in order to monitor
fluctuation of the gas gain of the detector under test not correlated with the
aging phenomena but with the environmental condition, temperature, atmo-
spheric pressure and relative humidity have been also measured and recorded
continuously during the whole irradiation period

A Data Acquisition System has been developed in order to monitor the re-
sponse of the GE1/1 triple-GEM detector under irradiation at GIF++ facility.
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Figure 6.21: Picture of the longevety test at GIF++ facility. The GE1/1
triple-GEM detector is placed directly in front of the 37C's source irradiator.
The DAQ electronics is placed below the detector structure and is protected
inside the lead shielding box. The entire system is connected to the DAQ
station via USB cables.

Figure 6.22 shows the electronics chain, the read-out and the device to store
and analyse the data. The readout system for the longevity studies consists of
two main readout channels:
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2017/2018 Longevity Test Campaign
Readout System @ GIF++

Figure 6.22: Scheme of the electronic chain and data acquisition system used
during the longevity test at GIF++ facility.

o Two KEITHLEY 6487 pico-ammeters connected to the R/O sectors of
the readout board to measure the anode current, which reflects the ef-
fective gas gain of the detector. The read-out of such devices is made
through a GPIB interface between the pico-ammeters and the computer
station. Every 5 minutes: the GPIB module, in listen mode, receives
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1000 different measurements from the pico-ammeters; the LabVIEW ac-
quisition program converts them to their mean value and stores it in a
data file. Figure 6.23 shows the main panel of LabVIEW-software to con-
trol and monitor the anode current of the GE1/1 triple-GEM detector
under irradiation.
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Figure 6.23: LabVIEW-software interface for the KEITHLEY 6487 pico-
ammeters to control and monitor the anode current on the R/O sectors under
irradiation. The software has been developed to read a maximum of four pico-
ammeters at the same time. It is possible to see the anode current real-time
monitoring for the R/O sector in = 7;ip = 2 (top left) and for the R/O sector
in = 2;ip = 2 (top right), as defined in Section 5.2.2.

e An Enviromental Monitoring System to monitor the environmental pa-
rameters (atmospheric pressure, temperature, relative humidity) within
the experimental irradiated area. Each minute: the system monitors and
records the atmospheric pressure through a GEFRAN T'S A sensor [118],
the temperature and relative humidity through a Michell PC'Mini 70
sensor [119].

During the longevity test, all relevant parameters in the GE1/1 triple-GEM
detector are recorded and the corresponding data files are transferred to a
dedicaded server outside the GIF++ facility for backup saving and analysis.

The long-duration tests needed to carry out longevity studies exposes the de-
tectors under irradiation to gas gain fluctuations due to the variations provoked
by the ambiental conditions (pressure, temperature, humidity); also variation
in gas mixture composition and/or the particle flux could mask the longevity
effects, or be wrongly interpreted as sign of the deterioration of the detector
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performances. Additionally, the temperature variations can slightly affect the
operation of readout electronics and induce baseline fluctuations in the data.
It is therefore, essential to take into account the environmental fluctuations in
order to isolate the possible aging effects.

GE1/1 Meteo Station
Keithey 6487 T/P/RH Sensor
Anode Current T/P/RH
charge after environmental
amplification ( gain ) fluctuation
Conversion Conversion
Anode Current T/P/RH
e
SVnr_hronization Build the events
—» with all the
Raw Data relevant data
v
Zero-Suppression Remove all the events with
the source OFFor
Zero-Suppression data " aptenuation
l by factor grater than 1000
Correlation Correlation between gain
@ = f(T' P) — fluctuation and
i environmental fluctuations

Correction & Remove the
. . fluctuation due the
Normalization — Environmental

Plot

parameters and
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Figure 6.24: Schematic representation of the analysis steps for the longevity
studies.

The analysis procedures aim to extract information of gas gain variations as
a function of time and/or as a function of accumulated charge, using the data
obtained during the irradiation tests. An overview of the analysis procedures
is shown in Figure 6.24 It comprises four main steps:

o Data Conversion. The data files from the various DAQ-systems are
converted into the same format (.txt and .root file), including the relative
time of each measurement, the average value of the anode current and
the environmental parameters.

e Time Synchronization and Marging Data. The relative timestamp
of each data point is compared to a reference time common to all the DAQ
systems in order to do the synchronization of the data and to assign the
correct environmental parameters to each anode current measurement.
All the relevant information is stored into single data event, including the
gas gain indicator (i.e. the anode current), the environmental parameters
and the absolute timestamp.
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o Data Cleaning. All the events corresponding to the source OFF or the
detector not powered are removed from the data set;

e Correlation with the environmental parameters. The purpose
of the correlation step is to parameterize the influence of the environ-
mental variations on the response of the detector. During the long-term
longevety studies, the temperature and the pressure have been monitored
in order to establish the correlation with the value of gas gain. The vari-
ations of the ambient parameters during the longevity test campaign are
plotted in Figure 6.25.
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Figure 6.25: Ambient parameters versus time (The accuracy is +0.2 °C' for
temperature, £2% for relative humidity, and £2 mBar for atmospheric pres-
sure).

The influence of the variations of temperature and pressure on the anode
current are not negligible and had to be considered. Figure 6.26 shows
a sample of data collected at GIF++ facility with the GE1/1 triple-
GEM detector during three weeks of continuous irradiation. The anode
current fluctuations, of the order of 30%, follow the ratio temperature
over pressure (1'/P).

In gaseous detector the anode current, which reflects the effective gas gain
of the detector, depends approximately through an exponential function,
on the gas density, function itself of the ratio temperature over pressure
(T'/P). Therefore, the corrected and normalized anode current (/,eq)
has been computed from the measured and normalized anode current
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Figure 6.26: Result of the 2017/2018 longevity test campaigns at the GIF++
facility: the normalized anode current and the ratio temperature over pres-
sure of the gas mixture as a function of time. The large fluctuations of the
anode current are essentially correlated to the variations of the environmental
conditions.

(Imeasurea) according to the equation:

Imeasured
4
A-exp(B-T/P) (64)

where A and B are fit parameters, determined by fitting the exponential
function:

Ireal =

Lneasu'r@d(T/P) =A- GCL’p(B ’ T/P) (65)

to the correlation plot shown in Figure 6.27: the scatter plot correlates
the value of normalized anode current I,,cqsured, measured at high rate
and fixed voltage with the GE1/1 triple-GEM detector at the GIF++
facility, to the ratio (T'/P).

Past experiences [88] show that in some cases the correlation with the
environment condition is better described by power functions of pressure
and temperature. The previous relation 6.4 becomes:

[real = [measured X (Pz X <1/P1>)F1 X <<E> /TIL)FZ (66)

where (T;) and (1/P;) are the mean values of the temperature and inverse
of pressure during the entire irradiation period. The exponents F; and F3
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Figure 6.27: Correlation plot: measured and normalized anode current as a
function of the ratio temperature over pressure. A best fit to the data with the
Equation 6.5 gives for the slope parameter B the value of ~ 56.22 mBar/°C.
The dependence can be used in the experiment to actively correct the value
of the measured anode current in order to maintain it constant in varying
ambient conditions.

reflect the goodness of the correlation between the detector anode current
and the temperature and pressure fluctuactions. The exponents F; and
F5 represent the strength of the detector anode current dependency with
temperature and pressure, including not only the gas density effects but
also other effects such as the influence of the environment paramenters
on the DAQ electronics.

The value of the first exponent F} is selected by fitting the power func-
tion:

Imeasured(f)iaTi) = (Pz X <1/R>)F1 (67)
In (Imeasured(Ba E)) = Fl X [ln (B) + In (<1/Pz>)} (68)

to the correlation plot shown in Figure 6.28: the scatter plot correlates
the logarithm value of the normalized anode current In(1,eqs. (P, T3)),
measured at high rate and fixed voltage with the GE1/1 triple-GEM
detector at the GIF++ facility, to the logarithm value of the pressure
in(P).

The value of the second exponent F, is selected by fitting the power
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Figure 6.28: Correlation plot: logarithm value of the measured and normalized
anode current as a function of the logarithm value of the pressure. A best fit
to the data with the Equation 6.8 gives for the slope parameter I} the value
of —5.93 and for the mean values of the inverse of pressure (1/P;) the value
of ~ 0.001 mBar~!. The dependence has been used in the experiment to
actively correct the value of the measured anode current in order to maintain
it constant in varying ambient conditions.

function:

Leasurea(T;) = ((T3) /T)"™ (6.9)
0 (Ineasured(Th)) = —F3 x [In (T;) — In ((T3))] (6.10)

to the correlation plot shown in Figure 6.29: the scatter plot corre-
lates the logarithm value of the normalized anode current (n(/,eqs.(73)),
already corrected in order to remove fluctuations due to the pressure
changes, to the logarithm value of the temperature In(T;).

In order to verify the stability of the detector response under continuous ir-
radiation, the corrected and normalized anode current has been studied as a
function of the total accumulated charge per unit irradiated area of the detec-
tor, that is directly proportional to exposure time.

In order to estimate the total accumulated charge, the average anode current
(I; + I;+1)/2 of two adjacent time intervals, (¢;) and (¢;11), has been taken and
multiplied by the time interval (¢; — t;11). The total accumulated charge will
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Figure 6.29: Correlation plot: logarithm value of the measured and normalized
anode current, already corrected in order to remove fluctuations due to the
pressure changes, as a function of the logarithm value of the temperature. A
best fit to the data with the Equation 6.10 gives for the slope parameter F; the
value of —0.756 and for the mean values of the temperature (7;) the value of
~ 22.0 °C. The dependence has been used in the experiment to actively correct
the value of the measured anode current in order to maintain it constant in
varying ambient conditions.

be the sum of the accumulated charge over all the intervals during every two
consecutive readings );. To get the total accumulated charge per unit area,
the total accumulated charge has been then divided by the irradiated area. So
mathematically the total accumulated charge per unit irradiated area is given
by:

Qe =Y. Qi/S=|> +2“ (b1 — )] /S (6.11)
=1

i=1

where S is the irradiated area of the detector under irradiation test.

6.2.2.4 Aging Test Results for CERN GEM-foils

The GE1/1 triple-GEM detector of the 4" generation operated with Ar/CO,
(70/30) gas mixture at an effective gas gain of 2 x 10* has been exposed to
the radiation in the GIF++ facility for several months. Figure 6.30 shows the
accumulated charge per unit of detector area (mC/cm?) as a function of time
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from May 2017 to the beginning of August 2018. During this time, the detector
under irradiation test integrated about 126.92 mC/cm? after 5.7 months of
continuous irradiation of sustained operation in front of the 37C's source.
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Figure 6.30: Result of the longevity studies at the GIF++ facility: accu-
mulated charge per unit of detector area (mC/cm?) as a function of time.
Different slopes account for different attenuation factors during data taking.

The result for the normalized anode current (corrected for pressure and tem-
perature variations) indicates that the CMS triple-GEM detector does not
suffer from any kind of longevity effects or long-term degradation. The anode
current, which reflects the effective gas gain of the detector, is stable during
the entire irradiation test and only fluctuates within 2 — 3% of its initial value
(see Figure 6.31).

Taking into account that the GE1/1 triple-GEM detector under test accu-
mulated a charge of ~ 55 mC/em? during the previous longevity studies per-
formed at GIF ++ facility between March 2015 and September 2016 (see
Section 6.1.2), the final accumulated charge is about 181.9 mC//em?, which
represents only 64.3% of the total M EO operation. The final normalized
and corrected anode current as a function of the accumulated charge for both
longevity test campaigns is shown on Figure 6.32.

The 2015/2016 and 2017/2018 longevity test campaigns demonstrated that the
operation of the GE1/1 triple-GEM detectors in the CMS configuration is not
affected by the aging phenomena up to an integrated charge of 181.9 mC'/cm?.
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Figure 6.31: Result of the longevity studies at the GIF+4+ facility: normal-
ized and corrected anode current as a function of the accumulated charge.
The detector under test is a GE1/1 triple-GEM detector of the 4" generation
operated in Ar/CO, (70/30) gas mixture at an initial gas gain of 2 x 10,

The longevity studies will continue at the GIF++ facility under the same
conditions until the detector accumulates a total charge equivalent to ten HL-
LHC years in the MEQ environment with a safety factor 3. This will take
additional 5-5.5 years of exposure due to the duty factor of the GIF++ facility
and its concurrent use by other experiments. To overcome the extremely long
time required at the GIF++ facility to assess the triple-GEM technology as
suitable choice for the MEO detector, an additional longevity test has been
setup in summer 2017 exposing a GE1/1 triple-GEM detector to 22 kel X-
rays from an X-ray source with Ag-target at a higher rate (see Section 6.3).

6.2.3 Aging Test on triple-GEM technology for GE2/1
project
6.2.3.1 Introduction

The Korean CMS group (KCMS) has made a consortium with Mecaro [120],
a Korean company producing component and material of semiconductor pro-
duction located in Chungcheongbuk-do, Republic of Korea, for the production
of large GEM-foils. As the CERN is only one supplier of large size GEM-foils
and GEM-based detectors are getting popularity in experimental high-energy
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Figure 6.32: Result of the 2015/2016 and 2017/2018 longevity test campaigns
at the GIF++ facility: normalized and corrected anode current as a function
of the accumulated charge. No gas gain degradation is observed. The detector
under test is a GE1/1 triple-GEM detector of the 4 generation operated in
Ar/CO, (70/30) gas mixture at an initial gas gain of 2 x 10*.

physics community, the supply of GEM-foils could not satisfy its demand even
because the primary mission of CERN is in the field of research and develop-
ment (R&D) and not the mass production. Single source supply also increases
the risk due to a single point of failure such as inability to meet increased
demand, or product quality issues. This has been the strategy adopted for
the GEM-foils mass production for the GE1/1 project, which the CMS-GEM
community want to avoid for the future GEM upgrade projects. Consequently,
it’s necessary to find another supplier of large size GEM-foils. The Korean con-
sortium has been made to be second supplier of large size GEM-foils for the
CMS-GE2/1 and CMS-MEO upgrade project.

The Korean consortium aims to produce large size GEM-foil with standard ge-
ometry via double-mask photolithography technique (see Section 5.2.5). The
pattern and the GEM-holes size is expected to be similar to those of the GEM-
foils produced with the single-mask photolithography technique developed by
CERN PCB Workshop. Due to the double-mask technique, the shape of the
hole is symmetric and bi-conical compared to the asymmetric and bi-conical
shape obtained with single-mask technique (see Figure 6.33). The Korean
group will be the first large size GEM foils supplier using double-mask tech-
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nique. Thanks to the double-mask photolithography technique and fully au-
tomated machineries, much faster production rate is expected to be achieved.
The foil production process from lamination of dry film resist (DFR) to etching
of polyimide is done by the automated machineries.

(a) Top layer of the double-mask korean  (b) Bottom layer of the double-mask ko-
GEM-foil. rean GEM-foil.

Figure 6.33: Scanning Electron Microscope (SEM) picture of double-mask
korean GEM-foil, the top layer (left) and the bottom layer (right). The outer
diameters of the hole are 68-72 um. (design goal = 70 um) and the inner
diameter is 48-52 pm. (design goal = 50 pm); the hole pitch is 140 pm.

In the double-mask technique, masks alignment become extremely crucial. The
large bipolar UV exposure machine handles not only the DFR development,
but also the alignment. A four-view bifocal microscope is used to align the top
and bottom masks; the residual misalignment is measured less than 3 pm. The
size of producible GEM-foils is limited by the dimension of the UV exposure
machine: 1300 mm x 610 mm is the maximum size of GEM-foils which can
be produced by the Korean consortium.

An intense R&D activity is currently underway in the CMS-GEM QA/QC
facility on small- and full-size triple GEM prototypes detectors which have
been assembled using GEM-foils developed and produced with the double-
mask photolithography technique by the Mecaro company. The aim of this
R&D activity, carried out in collaboration with Korea CMS group, is to deter-
mine the possible differences between the two different production techniques
and measure the absolute characteristics of the double-mask foils produced
by the Mecaro company compared to the single-mask foils produced by the
CERN PCB workshop, which are currently used in the large CMS triple-GEM
detectors for the LS2 GE1/1 detectors mass production. It includes the study
of the effective gas gain, the energy response to an X-ray source and the typ-
ical behavior when irradiated by an intense flux of particles, such as the rate
capability, the discharge probability and the long-term stabiliy.

As for the GEM-foils produced at CERN PCB Workshop with the single-
mask photolithography technique, the GEM-foils produced at Mecaro com-
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pany with the double-mask photolithography technique have to undergo and
pass longevity studies to be qualified as suitable components for the GE2/1
triple-GEM detectors. Indeed, the large GEM-foils based on the double-mask
technique are not yet tested from the aging point of view. The aim of these
longevity tests is to validate the large Korean GEM-foils, based on the double-
mask photolithography technique produced by the Mecaro company for CMS-
GE2/1 project by integrating a minimum of charge per unit area of about
9 mC'/em?, which represent 10 years of the total GE2/1 operation at HL-LHC
with a safety factor of three.

6.2.3.2 The triple-GEM detector with korean GEM-foils quality
control

The longevity test campaign has been conducted at the GIF++ facility and has
been performed with a detector assembled using a full-size LS2 - CMS GE1/1
mechanics of 10" generation and korean GEM-foils based on the double-mask
photolithography technique produced by the Mecaro company. The detector
has been assembled in 2017. The picture of CMS GE1/1 triple-GEM detector,
that is now under test at the GIF++ facility, can be seen on Figure 6.34.

Figure 6.34: The detector under test is a triple-GEM detector equipped with
korean GEM-foils based on the double-mask photolithography technique pro-
duced by the Mecaro company and operated in Ar/CO, (70/30) gas mixture
at an initial gas gain of 2 x 10%.

The triple-GEM detector, operating in Ar/CO, (70/30) gas mixture with a
gas flow rate of ~ 5 L/hr, has been powered through an HV divider corre-
sponding to the CMS configuration described in Figure 5.23. The gas gain of
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the detector has been kept constant at an effective value of 2 x 10* during the
entire irradiation test.

Quality control procedures and the detector performances measurements have
been carried out on the detector before the installation inside the GIF++ facil-
ity, following the same techniques developed to qualify all the GE1/1 detectors
which will be installed in the Muon System of the CMS experiment during the
LS2.

e QC3 - Gas Leak Test. The detector was perfectly gas-tight: ~ 60
minutes after the starting of the QC3 Gas Leak Test, the pressure drop
was about 0.99 mBar resulting in a gas leak rate of ~ 0.02 mBar/min,
i.e. a gas leak rate allowed by the QC3 acceptance criteria for the LS2
GE1/1 mass production (see Section 5.4.4). The results from the QC3
Gas Leak Test on the detector under test is shown in Figure 6.35.
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Figure 6.35: Results from the QC3 Gas Leak Test for the triple-GEM detector
assembled with korean GEM-foils. The pressure drop is modeled by the func-
tion P,,(t) = Py x exp(—t/7). The parameter Fy is a constant that takes into
account the initial overpressure of the detector. The parameter 7 is the gas
leak time constant and quantifies how fast the overpressure inside the detector
decreases as a function of the time. The exponential fit to the experimental
data provides a gas leak time constant 7 ~ 25 hr.

e QC4 - HV Test. The intrinsic noise rate has been measured to be
~9.2x 1073 Hz/em? at 4.9 kV (expected background in the GE21/
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detectors ~ 1.5 kHz/cm?, see Table 6.2). The results from the QC4
HV test on the detector under test are shown in Figure 6.36.
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Figure 6.36: Results from the QC4 HV Test for the triple-GEM detector as-
sembled with korean GEM-foils. Left: current through the HV divider as
a function of the applied voltage. The linear fit to the experimental data
provides an equivalent resistance Requin ~ 4.97 M2, resulting in a deviation
of about 0.8% with respect to the expected value (R =5.01+0.02 MQ).
Right: intrinsic noise rate R,.s as a function of the applied voltage:
Rvise ~ 9.2 x 1073 Hz/cm? at 4.9 kV.

QC5 - Effective Gas Gain Measurement. The effective gas gain of
the triple-GEM detector assembled with the korean GEM-foils based on
the double-mask photolithography technique developed by the Mecaro
company, shows the same behavior of the effective gas gain measured
with the LS2 GE1/1 detector assembled with GEM-foils produced with
the single-mask photolithography technique developed by CERN PCB
Workshop. The results from the QC5 - Effective Gas Gain Measurement
on the detector under test are shown in Figure 6.37.

QC5 - Response uniformity. Results from the QC5 - Response uni-
formity for the triple-GEM detector equipped with GEM-foils based on
the double-mask photolithography technique produced by the Mecaro
company are presented in Figure 6.38.

At the end of the quality control and the detector characterization, the triple-
GEM detector has been installed into the GIF++ facility for a first longevity
test campaign.
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Figure 6.37: Results from the QC5 - Effective Gas Gain Measurement on
the triple-GEM detector assembled with GEM-foils based on the double-mask
photolithography technique produced by the Mecaro company. The detector
under test has been operated in Ar/CO, (70/30) gas mixture and irradiated
by a 22 keV photons X-ray from an X-ray tube with an interaction rate of
1.5 kHz.
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Figure 6.38: (Figure 6.38a) Example of energy spectrum from a slice (four
strips) of the triple-GEM detector under test operated at an average gain
about 600 with Ar/COy (70/30) fully illuminated by a 22 kel X-ray. The
solid line represents a fit to the experimental data using a Cauchy distribution
to model the copper fluorescence photopeak plus a fifth order polynomial that
models the background. (Figure 6.38b) The mean of the copper fluorescence
spectrum extracted from the fit of each slice is assigned to coordinate point of
the slice in the local coordinates of the detector. (Figure 6.38b) Distribution
of fitted photopeak positions obtained from GE1/1 triple-GEM detector under
test: the experimental points represent each photopeak position and the solid
line is a Gaussian fit to the data. The response uniformity for this detector
is R.U. =164+ 0.4%. (Figure 6.38d) Map of the detector response (i.e. the
normalized photopeak energy) across the detector under test.

215



6. Long-term operation study

6.2.3.3 Aging Test Results on Korean GEM-foils

The triple-GEM detector equipped with korean GEM-foils based on the double-
mask photolithography technique developed by the Mecaro company and op-
erated with Ar/CO, (70/30) gas mixture at an effective gas gain of 2 x 10* has
been exposed to the radiation in the GIF++ facility for several months. Figure
6.39 shows the accumulated charge per unit of detector area (mC'/cm?) as a
function of time from January 2018 to the beginning of August 2018. During
this time, the detector under irradiation test integrated about 54.27 mC'/cm?
after 3.1 months of continuous irradiation of sustained operation in front of the
137C's source, which represents ten years of GE2/1 operation at the HL-LHC
with a safety factor 18.1, and 19.2% of the total M E0 operation.
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Figure 6.39: Result of the longevity studies at the GIF++ facility: accu-
mulated charge per unit of detector area (mC/cm?) as a function of time.
Different slopes account for different attenuation factors during data taking.

The result for the normalized anode current, which reflects the effective gas
gain of the detector (corrected for pressure and temperature variations) in-
dicates that the triple-GEM detector, with korean GEM-foils based on the
double-mask photolithography technique produced by the Mecaro company,
does not suffer from any kind of longevity effects or long-term degradation.
The gas gain is stable during the entire irradiation test and only fluctuates
within 2% of its initial value (see Figure 6.40).

The 2017/2018 longevity test campaigns demonstrated that the operation
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Figure 6.40: Result of the longevity studies at the GIF++ facility: normalized
and corrected anode current as a function of the accumulated charge; no gas
gain degradation is observed. The detector under test is a triple-GEM detector
assembled with korean GEM-foils based on the double-mask photolithography
technique developed by the Mecaro company and operated in Ar/CO, (70/30)
gas mixture at an initial gas gain of 2 x 10%.

of the triple-GEM detectors assembled with korean GEM-foils based on the
double-mask photolithography technique developed by the Mecaro company
and operated in the CMS configuration is not affected by the aging phenom-
ena; they are then expected to survive a minimum of 10 years of real opera-
tion (safety factor 18) with Ar/CO, (70/30) in the CMS end-cap environment
at HL-LHC. Therefore, the large GEM-foils based on the double-mask pho-
tolithography technique are fully validated for CMS-GE2/1 upgrade project
from a radiation hardness assurance point of view. The longevity studies will
continue at the GIF++ facility under the same conditions until the detec-
tor accumulates a total charge equivalent to ten HL-LHC years in the MEQ
environment.
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6.3 Triple-GEM Aging Studies at CMS-GEM
QA /QC facility with X-ray source

6.3.1 Aging Test on triple-GEM technology for MEO
project

This section describes the studies of long-term irradiation effects on the CMS
triple-GEM detectors after long sustained operation under intense X-ray radi-
ation at the CMS-GEM QA /QC facility. The aim of these new longevity tests
is to validate the triple-GEM technology developed for the GE1/1 project also
for CMS-MEO project by integrating a minimum of charge per unit area of
about 850 mC'/em?, which represent a 10 years of the total MEO operation at
HL-LHC with a safety factor of three.

As previously mentioned, the longevity studies, restarted at the GIF++ facility
in 2017, will continue under the same conditions until the detector accumulates
a total charge equivalent to ten HL-LHC years in the MEO environment with
safety factor of 3. This will take additional 5-5.5 years of exposure due to the
~-photons rate provided by the 37C's source and the duty factor of the GIF++
facility. To overcome the extremely long time required at the GIF++ facility
to assess the triple-GEM technology as suitable choice for the MEQ detector, an
additional longevity test has been setup in summer 2017 at CMS-GEM QA /QC
that exposes a GE1/1 triple-GEM detector to 22 keV X-rays from an X-ray
source with Ag-target at a higher rate. Based on the particular characteristic
of the X-ray generator available in the CMS-GEM QA /QC facility and the
expected duty factor for the experimental setup operation, the exposure time
needed to accumulated 850 mC'/em? in GE1/1 detector is expected to be ~ 10
times shorter than the GIF4++ time (5/6 months of continuous irradiation).

6.3.1.1 GE1/1 detector under test and quality control

The longevity test campaign at the CMS-GEM QA /QC facility has been per-
formed with a full-size CMS GE1/1 triple-GEM detector. One of the first
detectors assembled in 2017 for the LS2 GE1/1 installation has been devoted
specifically to R&D activities and it has been labelled to as GE1/1-X-S-
CERN-0002 following the standard format of the serial numbers used for
the LS2 GE1/1 detectors. Picture of CMS GE1/1 triple-GEM detector under
test at the CMS-GEM QA /QC facility, can be seen on Figure 6.41.

The GE1/1-X-S-CERN-0002 detector, operating in Ar/CO; (70/30) gas mix-
ture with a gas flow rate of ~ 5 L/hr, has been powered through an HV divider
corresponding to the CMS configuration described in Figure 5.23. The gas gain
of the detector has been kept constant at an effective value of 2 x 10* during
the entire irradiation test.

The standard GE1/1 LS2 detectors quality control procedures and perfor-
mances measurements have been performed on the GE1/1-X-S-CERN-0002
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Figure 6.41: The detector under test is a GE1/1 tripleeGEM detector of the
10" generation operated in Ar/COy (70/30) gas mixture at an initial gas gain
of 2 x 10* for the longevity studies at the CMS-GEM QA /QC facility.

detector before starting the irradiation test. As usual, the Gas Leak Test
(QC3), the HV Test (QC4) and the Effective Gas Gain and Response Uni-
formity measurement (QC5) have been performed. Results in the average of
the GE1/1 mass production QA /QC tests have been found. The results from
the QC4 HV test on the detector under test are shown in Figure 6.43. The
intrinsic noise rate of the GE1/1 triple-GEM detector under test has been
measured to be ~ 4.7 x 1072 Hz/cm? at 4.9 kV (expected background in the
MEQ detectors 47 kHz/cm?, see Table 6.2).

Due to the fact that the GE1/1-X-S-CERN-0002 detector was expected to be
devoted to the longevity studies, the QC5 - Effective Gas Gain measurement
has been performed not only on the usual readout sector in = 4,i¢ = 2, but
also in several readout sectors in order to create a better map of the detector
efficiency at several operationg working points. The QC5 - Effective Gas Gain
measurement has been performed on thirteen different readout sectors. The
Figure 6.43a shows the schematic overview of the detector readout board and
the thirteen readout sectors upon which the effective gas gain measurement
has been performed. An example of a QC5 - Effective Gas Gain measurement
is shown in the Figure 6.43b.

As a graphical representation, Figure 6.44 shows the effective gas gain values
for the thirteen readout sector of the GE11-X-S-CERN-0002 detector at an
applied voltage of 3390 V' (676.6 uA divider current equivalent) as a function
of spatial location.

In addition to perform the effective gas gain measurements, the energy res-
olution of the detector has been studied using a low-intensity °Cd source
(mainly ~ 22 keV X-ray photons) with a rate of ~ 2 Hz/mm?. For the these
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Figure 6.42: Results from the QC4 HV Test on the GE1/1 triple-GEM de-

tector.

Left: current through the HV divider as a function of the applied

voltage. The linear fit to the experimental data provides an equivalent resis-
tance Reguip ~ 4.98 M, resulting in a deviation of about 0.4% with respect
to the expected value (R = 5.01 £ 0.02 MQ). Right: intrinsic noise rate R,,yise
as a function of the applied voltage: Rise ~ 4.7 X 1072 Hz/em? at 4.9 kV.
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Figure 6.43: Results from the QC5 - Effective Gas Gain Measurement. Left:
Schematic overview of the CMS GE1/1 triple-GEM detector readout board
showing the readout sectors under test for the effective gas gain measure-
ment (red circle). Right: Example of QC5 - Effective Gas Gain measurement
performed on the readout sector in = 4,i¢ = 2 of the GE11-X-S-CERN-0002
detector.

measurements the detector has been operated at an applied voltage of 3390 V'
(676.6 nA divider current equivalent), which corresponds to an effective gas
gain of about 2 x 10%. In each readout sector under test, a clean separation
of the main photopeak and the Ar escape peak is achieved (see Figure 6.45a).
The energy resolution, defined by the ratio of the F'W H M value and the mean
value p of the main photopeak, is of about 17%. By measuring the 1*°C'd energy
spectrum in thirteen different readout sectors, a map of the energy resolution
as a function of spatial location has been obtained (see Figure 6.45b).

Finally, the QC5 Response Uniformity test on the GE11-X-S-CERN-0002 de-
tector has been performed in order to measure the pulse height distribution all
over the active surface of the detector. The data acquisition system and the
analysis procedures are identical to those used for the QC5 - Response Uni-
formity test within the standard QA/QC procedures developed to qualify all
the GE1/1 detectors which will be installed in the Muon System of the CMS
experiment during the LS2. The result for the QC5 - Response Uniformity test
performed on the GE11-X-S-CERN-0002 detector under test are presented in
Figure 6.46.

At the end of the quality control and the detector characterization, the GE11-
X-S-CERN-0002 detector has been installed inside a high intensity X-ray gen-
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Figure 6.44: Results from the QC5 - Effective Gas Gain Measurement showing
the gas gain values for the thirteen readout sector of the GE11-X-S-CERN-0002
detector at an applied voltage of 3390 V' (676.6 nA divider current equivalent)
as a function of spatial location.

erator cage for a longevity test campaign.

6.3.1.2 Experimental setup

The GE1/1-X-S-CERN-0002 detector under test is placed in front of a high
intensity X-ray generator. The X-ray generator installed in the CMS-GEM
QA/QC facility is a conventional X-ray tube with a silver target (AMPTEK
mod. Mini-X X-ray Tube [80]), which consists of an electron gun with an
accelerating power of the order of tens of £V and electron currents up to
200 A (see Figure 6.47a). The electron gun is pointing to a metallic cathode
which is excited and emits X-rays, the energy of which depends on the cathode
material (22 keV for Ag-target). Figure 6.47b shows the energy spectrum for
the X-rays emitted by the Ag-target X-ray generator operating at tube voltage
of 50 £V and a tube current of 25uA4; a Cadmium Telluride (CdTe) detector
has been used to record it [121].

The X-ray generator is fixed on a movable support in the horizontal and vertical
direction with high accuracy. The entire system is located inside a large copper
box which acts both as a radiation shielding and a Faraday cage (see Figure
6.48), this allows for the irradiation of the detector in any position and the
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Figure 6.45: Results from the Energy Resolution Measurement. Left: °°Cd
energy spectrum taken with the GE11-X-S-CERN-0002 detector at an applied
voltage of 3390 V' (676.6 pA divider current equivalent). The solid line repre-
sents a fit to the experimental data using a sum of two gaussians distribution, to
model the copper fluorescence photopeak and the Ar escape peak, plus a fifth
order polynomial that models the background. The energy resolution (FWHM
value of the photopeak divided by the mean value p) is 17.2%. Right: En-
ergy resolution as a function of spatial location for the GE11-X-S-CERN-0002
detector at an applied voltage of 3390 V' (676.6 pA divider current equivalent).

effective gas gain measurement on the entire active area can be performed
in order to control the gas gain stability and uniformity before the intense
irradiation and during the longevity test campaign.

The gas system for the CMS-GEM QA/QC installation is substantially iden-
tical to the longevity experimental setup at GIF++ facility. The schematic
overview of the gas system used for the X-ray longevity test is shown in Fig-
ure 6.49. However, the Ar/CO; pre-mixed cylinder has been replaced by the
mass flow controllers (MFCs) and gas mixer unit, which supplies the entire
CMS-GEM QA/QC facility. Three mass flow controllers F-210CM, provided
by Bronkhorst company [122], adjust the proportion of each component (Ar,
C'Oy and possibly C'Fy) in ordet to inject a constant and fresh gas mixture into
the main gas line. The Ar flow rate is set to 0.52 L/min. the CO, flow rate
is 0.22 L/min., whereas the C'Fy flow rate is equal to 0 L/min.: the resulting
gas mixture has a composition of 70% Ar and 30% COs.

Figure 6.50 shows the complete experimental setup for the X-ray longevity test
campaign at CMS-GEM QA /QC facility.
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Figure 6.46: (Figure 6.46a) Example of energy spectrum from a slice (four
strips) of the GE1/1-X-S-CERN-0002 detector under test operated at an av-
erage gain around 800 with Ar/CO, (70/30) fully illuminated by a 22 keV
X-ray. The solid line represents a fit to the experimental data using a Cauchy
distribution to model the copper fluorescence photopeak plus a fifth order poly-
nomial that models the background. (Figure 6.46b) The mean of the copper
fluorescence spectrum extracted from the fit of each slice is assigned to coordi-
nate point of the slice in the local coordinates of the detector. (Figure 6.46¢)
Distribution of fitted photopeak positions obtained from GE1/1 triple-GEM
detector under test: the experimental points represent each photopeak posi-
tion and the solid line is a Gaussian fit to the data. The response uniformity
for this detector is R.U. = 3.4 £ 0.2%. (Figure 6.46d) Map of the detector re-
sponse (i.e. the normalized photopeak energy) across the detector under test.
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(a) Schematic overview of the AMPTEK (b)) Energy spectrum of the X-ray tube
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Figure 6.47: (left) Picture of the AMPTEK mod. Mini-X X-ray Tube with the
main specifications shown in the table. (right) Energy spectrum of the X-ray
emitted by the Ag-target X-ray tube operated at tube voltage of 50kV and a
tube current of 25uA. It has been registered with a CdTe detector [121].

Figure 6.48: Schematic overview of the X-ray copper box showing the detector
under test irradiated by the silver X-ray source.
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Figure 6.50: Pictures of the longevity test stand showing the X-ray generator
in front of the detector under test (left) and the detector equipped with the
readout electronics (right).

226



6.3. Triple-GEM Aging Studies at CMS-GEM QA/QC facility with X-ray source

6.3.1.3 X-ray generator set-up and working parameters definition

The X-ray generator settings (powering current and voltage) have been stud-
ied in order to determine the irradiation properties that the detector would be
subjected to, and to decide the final X-ray generator settings to be used which
allow to tune its illumination rate and the energy spectrum, and therefore the
absolute value of anode current of the GE1/1-X-S-CERN-0002 under irradia-
tion test. For this purpose, the X-ray generator settings have been studied in
order to maximize the anode current of the detector under test, and therefore
to accelerate the longevity studies.

The procedure for the definition of the X-ray generator settings can be sum-
marized as follows:

o 1°" step: The GE1/1-X-S-CERN-0002 detector under test has been placed
in front of the AMPTEK miniX X-ray generator and flushed with Ar/CO,
(70/30) gas mixture at gas flow rate of the order of 5L/hr for one and
half day. Then, the high voltage has been switched ON and the operating
voltage has been selected in order to work at a gas gain of about 2 x 10,
The detector has been kept for several hours at the selected high voltage
of ~ 3390 V (676.6 nA divider current equivalent) without radiation.

o 2°¢ step: the X-ray generator has been positioned in the direction of the
readout sector in = 6, i¢p = 2, at ~ 80.0 cm from the detector under test
and ~ 32.5 cm from the floor of the X-ray copper box (see Figure 6.51).
Since the aperture of the X-ray tube is of the order of 120°, the detector
was fully irradiated at a distance of 80.0 ¢m from the source.

« 3" step: a scan of the X-ray tube powering current has been performed
for several powering voltage of the X-ray tube, in order to maximize the
anode current from the readout sector under test. The typical tube volt-
age offers a tunable range from approximately 10 to 50 kV'. The highest
tube current attainable is dependent on the wattage of the tube, which
is restricted in handheld units to 4 W. The tube current is restricted on
the basis of the ideal iso-power curve [80] associated with the AMPTEK
miniX X-ray. Therefore, based on the iso-power curve, the possible range
of values allowed to the tube current for each tube voltage are shown in
the table of Figure 6.52.

o 4" step: The anode current collected from the irradiated readout sector
m = 6, 10 = 2 has been measured using a KEITHLEY 6487 pico-
ammeters for all possible configurations of the powering current and
voltage allowed to the X-ray tube. Figure 6.53 shows the anode current
monitored on the irradiated readout sector in = 6, 1¢ = 2 at different
operating point of the X-ray tube.
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Figure 6.51: Schematic overview of the X-ray copper box showing the detector
under test irradiated by the silver X-ray source. The X-ray generator has been
initially placed at ~ 80.0 ¢m from the detector under test and ~ 32.5 cm from
the floor of the X-ray copper box

Two possible configurations of the X-ray generator parameters, that max-
imize the anode current of the irradiated detector, have been selected (see
Table 6.4).

Considering that the active area of the irradiated readout sector is about
111 em?, the resulting anode current flow was about 6.66 nA/cm? in the
first configuration and 7.83 nA/cm? in the second configuration, i.e. a
factor 0.8 and 0.9 compared to the anode current flow observed on the
detector under test at GIF++ facility (~ 7.95 nA/cm?). On equal duty
factor of the facilities, this working settings lead to an exposure time
needed to accumulated 850 mC/cm? in the GE1/1 triple-GEM detector
essentially equivalent to the GIF++ time.

o« 5 step: Since the X-ray photons flux from the X-ray source is increased
by reducing the distance from the source according to the inverse square
law, the X-ray tube has been moved as close as possible to the detec-
tor under test in order to optimaze the X-ray photons flux and thus
maximize the anode current collected from the irradiated readout sector.
Therefore, for the two previous selected configurations of the X-ray tube
parameters, the anode current has been measured as a function of the
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Tube Voltage Tube Current
20 kV (10 — 200) pnA

30 kV (10 — 130) A

X-ray Tube Poweting Gurrent {pA)

40 kV (10 — 100) pA

50 kV (10 — 80) A

(1] w20 3 40 50 60
X-ray Tube Powering Voltage (kV)

Figure 6.52: AMPTEK miniX X-ray iso-power curve: the tube current and
the voltage must be set in accordance with this curve in order to avoid severely
damage of the device [80].

] X-axis \ y-axis \ tube voltage \ tube current \ anode current ‘
80.0 cm | 32.5 ecm 40 kV 100 pA ~ 739 nA
80.0 cm | 32.5 cm 50 KV 70 pA ~ 802 nA

Table 6.4: Configurations which maximize the anode current in the GE1/1-
X-S-CERN-0002 detector for the X-ray generator placed at 80cm from the
irradiated detector. The anode current has been measured from the readout
sector in =6, 1¢p = 2.

distance of X-ray tube from the detector (see Figure 6.54).

Two new possible configurations of the X-ray generator parameters, that
maximize the anode current of the irradiated detector, have been selected
(see Table 6.5)

Considering that the active area of the irradiated readout sector is about
111 em?, the resulting anode current flow was about 74.6 nA/cm? in the
first configuration and 79.0 nA/cm? in the second configuration, i.e. a
factor 9.4 and 9.9 compared to the anode current flow observed on the
detector under test at GIF++ facility (~ 7.95 nA/cm?).

However, both selected configurations were at the operating limit of the
X-ray generator (see Figure 6.52) and therefore, in order to avoid stress-
ing or damaging the X-ray tube during the expected long period of irradi-
ation, the powering current has been reduced at 70 pA and the powering
voltage at 40 kV. Furthermore, the distance between the X-ray tube
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Figure 6.53: Anode current measured on the irradiated readout sector in =
6, 1¢ = 2 at different operating point of the X-ray tube. The X-ray generator
has been placed at ~ 80.0 ¢m from the detector under test and ~ 32.5 cm
from the floor of the X-ray copper box. The GE1/1-X-S-CERN-0002 detector
has been operated in Ar/CO, (70/30) gas mixture at gas gain of 2 x 10%.

and the detector has been optimized in order to allow the source cone to
cover the perimeter and frames of the detector, so that to evaluate the
aging process on all the detector material and components (GEM foils,
internal and external frame, O-ring, etc.) during the irradiation test.
The distance between the X-ray tube and the drift plate of the detector
under test has been fixed at 12 em (see Figure 6.55).

As a conclusion, in order to maximize the anode current and therefore,
in order to accelerate the longevity studies and preserve the integrity of
the X-ray generator, it has been set at a tube current of 70 uA and tube
voltage of 40 KV and placed at ~ 12.0 ¢m from the detector under test:
these values resulted in an initial anode current flow, measured in the
irradiated readout sector in = 6, 19 = 2 using a KEITHLEY 6487 pico-
ammeter, of about 64.2 nA/cm?, which corresponds to about a factor of
8.1 compared to the anode current flow measured on the detector under
test at GIF4++ facility. With the X-ray generator at 12 e¢m from the
GE1/1-X-S-CERN-0002 detector under irradiation test and considering
the X-ray cone of about 120°, only 40% of the active area of the detector
under test was directly irradiated. The interaction particle flux, as result
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Figure 6.54: Anode current measured on the irradiated readout sector in =
6, i¢ = 2 at different positions of the X-ray tube from the detector under test.
The experimental data are modeled by the function I, = A x 8. The
X-ray generator settings have been selected at 40 £V and 100 pA (black dots)
and at 50 £V and 70 pA (blue dots). The GE1/1-X-S-CERN-0002 detector
has been operated in Ar/CO, (70/30) gas mixture at gas gain of 2 x 10%.

of the conversion of the X-ray photons flux in the hottest region of the
detector, has been evaluated to be about 140 kHz/cm? in the readout
sector in = 6, i¢ = 2, while the other 60% was almost not irradiated.
Figure 6.56 shows a map of the anode current flow in several readout
sectors both in the irradiated and in the non-irradiated zone using the
final configuration of the X-ray settings: tube powering current of 70 uA,
tube powering voltage of 40 £V and distance between the X-ray tube and
the detector of 12 ecm.

Such configuration allowed to reduce the exposure time by a factor of
~ 8 compared to the one expected at the GIF++ facility. Therefore,
the expected accumulated charge in the MEO region during 10 years of
HL-LHC operation (with a safety factor 3) has been integrated in ~ 6
months of continuous irradiation compared to 5-5.5 years of exposure
time expected to the GIF++ facility.

The final step of the experimental setup characterization consisted in the mea-
surement of the X-ray photons interaction rate. However, the X-ray photons
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Figure 6.55: Schematic overview of the X-ray copper box showing the detector
under test irradiated by the silver X-ray source. The X-ray generator has been
placed at ~ 12.0 em from the detector under test and ~ 32.5 ¢m from the
floor of the X-ray copper box
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] xX-axis ‘ y-axis ‘ tube voltage ‘ tube current ‘ anode current ‘
10.0 em | 32.5 cm 40 £V 100 pA ~ 8.28 uA
10.0 em | 32.5 cm 50 kV 70 pA ~ 8.77 nA

Table 6.5: The two intermediate working settings for which the anode current
has been measured on the readout sector in = 6, i¢p = 2.

] X-axis ‘ y-axis ‘ tube voltage ‘ tube current ‘ anode current ‘

12.0 em | 32.5 cm 40 kV 100 pA ~ T7.13 uA

Table 6.6: The final working settings for which the anode current has been
measured on the readout sector in = 6, 1¢ = 2.

flux would be too high to measure directly the interaction rate with the de-
tector itelf since the signal pulses passing through the pre-amplification stage,
available in the CMS-GEM QA/QC facility, overlap in time at rates higher
than ~ 50 kHz. In order to measure the interaction rate, a combination of
the two following steps has been used:

o The first step consisted of measuring the interaction rate with a cop-
per attenuators. By introducing a 2.40 mm thick copper attenuator, it
was possible to reduce the total interaction rate to a few kHz. There-
fore, knowing the attenuation factor, it would be possible to extrapolate
the real interaction rate without attenuation. For this measurement the
powering voltage of the X-ray generator has been fixed at 40 £V. Figure
6.57 shows the measured interaction rates with and without the copper
attenuator at different current settings for the X-ray generator at 10 cm
from the detector under test.

o The second step consisted of measuring the interaction rate without cop-
per attenuator as a function of the distance of the X-ray generator from
the detector under test. For this measurement the X-ray generator set-
tings have been set at 40 kV and 5 pA in order to obtain the lowest
possible X-ray photons flux. The interaction rate has been measured for
five different positions of the X-ray tube in which the measured rate was
always below 50 kH z and therefore measurable by the electronics. Fig-
ure 6.58a shows the interaction rate measured as a function of the inverse
square distance between the X-ray tube and the detector: the linear fit
to the experimental data allows to extrapolate the interaction rate at
10 em from the detector in the X-ray generator configuration: 40 kV,
5 nA and without copper attenuator. Therefore, knowing the interaction
rate measured in the same configuration (40 £V, 5 pA, 10 em from the
detector) with 2.40 mm thick copper attenuator, it was possible to esti-
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irradiated zone L non-irradiated zone

readout sector under test

irradiated 1one

Figure 6.56: Anode current flow map in the final configuration of the X-ray
settings: tube powering current of 70 pA, tube powering voltage of 40 kV
and distance between the X-ray tube and the detector of 12 cm. The GE1/1
triple-GEM detector has been operated in Ar/CO, (70/30) gas mixture at an
initial gas gain of 2 x 10*.

mate the attenuation factor of ~ 1.2 x 10* and then to extrapolate the
interaction rate without attenuation. Figure 6.58b shows the measured
and the extrapolated interaction rates at different current settings for
the X-ray generator at 10 cm from the detector under test.

Considering that the inverse square law describes the photon flux, fix-
ing the X-ray generator settings at 40 £V, 70 pA and 12 e¢m from the
detector under test, the extrapolated interaction X-ray photons flux at
the detector level was about ~ 140 kHz/cm? at an effective gas gain of
2 x 10%.

When the X-ray generator is switched-on, the current through the resistive
high-voltage divider is larger than the current observed when the source is
switched-off. This is basically due to the high number of ions collected on
the top of the GEM-foils and drift plate in presence of high background ra-
diation. This extra current flowing through the 10 M2 protection resistance
(see Section 5.3) will induce a significant voltage drop on the top electrode,
resulting in a decrease of the effective gas gain of the detector under irradia-
tion test. Therefore, using a high impedance HV-probe, the voltage drop has
been measured during the irradiation and the voltage on the resistive high-
voltage divider has been slightly increased in order to compensate the high
rate-induced voltage drop in the GEM-foils.
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Figure 6.57: Measured interaction rates with and without the copper atten-
uator at different current settings for the X-ray generator at 10 ¢m from the
detector under test. The measured rate without copper attenuators clearly
shows the pile-up effect on the preamplifier stage from starting ~ 50 kH z.
The GE1/1-X-S-CERN-0002 detector has been operated in Ar/COy (70/30)

gas mixture at an initial gas gain of 2 x 10%.

6.3.1.4 Data acquisition and analysis procedure

The DAQ system and the analysis procedure for the X-ray longevity test are
substantially identical to the GIF++ experimental setup:

« Four KEITHLEY 6487 pico-ammeters are connected to several R/O sec-
tors of the readout board in order to monitor the anode current, which
reflects the effective gas gain of the GE1/1-X-S-CERN-0002 detector un-
der test: three pico-ammeters are connected in the irradiated zone and
another in the non-irradiated zone as a reference. The devices are con-
nected in series with a GPIB protocol and controlled with a LabView
interface. The anode current is recorded every 5 minutes for each sector;

e An Enviromental Monitoring System based on ARDUINO Mega 2560
microcontroller in order to monitor the environmental parameters (tem-
perature, atmospheric pressure and relative humidity) responsible for
the temperature and pressure variations of the gas mixture within the
experimental irradiation area. Fach minute: the system monitors and
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Figure 6.58: (left) Interaction rate measured as a function of the inverse square
distance between the X-ray tube and the detector. The experimental data are
modeled by the function R = A x -5 + B. (right) Measured and extrapolated
interaction rates at different current settings for the X-ray generator at 10 cm
from the detector under test.

records the the temperature through a LM335Z/NOPB sensor [123], at-
mospheric pressure through a MPXA61/15AC6U sensor [124] and the
relative humidity through a HIH-4000-003 sensor [125].

Figure 6.59 shows the electronics chain, the read-out and the device to store
and analyse the data.

All the relevant parameters of the detector under test and the environmental
parameters (temperature, pressure and relative humidity) have been recorded
during the entire irradiation test. The evolution of the detector under test has
been constantly monitored. The data analysis follows the same procedures
presented in previous Section 6.2.2.3. It consists of four main steps:

1. Data Conversion: the data files from the various DAQ systems are
converted into the same format (.txt and .root file), including the relative
timestamp of each measurement, the average value of the anode current
and the environmental parameters;

2. Time Synchronization and Marging Data: the relative timestamp
of each data point is compared to a reference time common to all the DAQ
systems in order to do the synchronization of the data and to assign the
correct environmental parameters to each anode current measurement.
All the relevant information is stored into single data event, including the
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Figure 6.59: Scheme of the electronic chain and data acquisition system used
during the longevity test at CMS-GEM QA /QC facility.

gas gain indicator (i.e. the anode current), the environmental parameters
and the absolute timestamp;

3. Data Cleaning: all the events corresponding to the X-ray generetor
OFF or the detectors not powered are removed from the data set;

4. Correlation with the environmental parameters and P/T Cor-
rection: to parameterize and remove the influence of the environmental
variations on the response of the detector.

As mentioned, the gas gain of a gaseous detector, and therefore its anode
current, is a function of the density of the gas mixture. The measurements
have then to be corrected in order to take into account of the temperature
and pressure variability in the day—night cycle and/or in the different weather
patterns that may occur during the irradiation test. Figure 6.60a shows the
clear correlation between the anode current of the GE1/1-X-S-CERN-0002
detector and the atmospheric pressure during the entire irradiation test. Figure
6.60b shows the normalized anode current (I,,c.s.) measured as a function of
the time on the detector under test during the irradiation period (~ 1 month).
The figure shows also the normalized and corrected anode cuttent (I,.q) after
applying the temperature and pressure correction expressed in the Equation
6.6.

During the irradiation test, in addition to the monitoring of the anode current:

o The effective gas gain and the energy resolution have been continu-
ously measured every week (i.e. every about 30 mC/cm? of accumulated
charge) on the readout sectors under test.
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Figure 6.60: (top) Correlation between the anode current of the GE1/1-X-S-
CERN-0002 detector and the atmospheric pressure during the entire irradia-
tion test (~ 5 months). (bottom) Normalized anode current (I,eqs.) of the
GE1/1-X-S-CERN-0002 detector under test, over the irradiation period (~ 1
month). I,y is the normalized and corrected anode current after the apply-
ing the correction expressed in Equation 6.6. All the data points have been
normalized with the initial value of the anode current.
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o the gas gain map uniformity measurements have been performed every
month (i.e. every about 100-120 mC/cm? of accumulated charge) in
order to check for the gas gain variation between the irradiated and non
irradiated detector active area.

6.3.1.5 Aging Test Results for CERN GEM-foils

The GE1/1-X-S-CERN-0002 detector operated with Ar/COy (70/30) gas mix-
ture at an effective gas gain of 2 x 10* has been exposed to the X-ray radia-
tion in the CMS-GEM QA /QC facility for several months. Figure 6.61 shows
the accumulated charge per unit of detector area (mC/cm?) as a function
of time from August 2017 to the beginning of May 2018 for the irradiated
sector 1) = 6,i¢ = 2. During this time, the detector under irradiation test
integrated about 875.05 mC'/cm? after ~ 3767 hours of continuous irradia-
tion with 22 kel X-ray photons from an X-ray tube with Ag-target. Such
accumulated charge represents ten years of M E0 operation with safety factor
3.1.
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Figure 6.61: Result of the longevity studies at the CMS-GEM QA /QC facility:
accumulated charge per unit of detector area (mC/cm?) as a function of time
for the irradiated i = 6,i¢ = 2.

Figure 6.62 shows the accumulated charge per unit of detector area as a func-
tion of time in two different periods of continuous irradiation. The linear fit
to the experimental data allows to extrapolate the accumulated charge rate
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expressed as accumulated charge per unit irradiated area and per unit time
(mC/cm? - day).
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Figure 6.62: Accumulated charge per unit of detector area as a function of
time in two different periods of continuous irradiation. The linear fit to the
experimental data provides the average integrated charge rate: R(Qint)x—ray =
5.54 0.1 mC/em? - day
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The average integrated charge rate achieved during the irradiation test at

the CMS-GEM QA /QC facility has been estimated to be R(Qint) x —ray =

5.5 + 0.1 mC/em? - day. Considering that the expected accumulated

charge rate in MEO detectors during the HL-LHC operation is R(Qint) mEO
= 28.3 mC'/cm? - year, the resulting Aging Acceleration Factor (A.A.F.)

has been calculated as follows:

R(Qint)X—ray

AAF. =
R(Qint)MEO

= 55.5 4+ 0.7 (6.12)

The normalized anode current (corrected for pressure and temperature varia-
tions) provides a good indication that the CMS GE1/1-X-S-CERN-0002 detec-
tor does not suffer from any kind of longevity effects or long-term degradation.
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Figure 6.63: Result of the longevity studies at the CMS-GEM QA/QC facil-
ity: normalized and corrected anode current as a function of the accumulated
charge for the irradiated sector in = 6,i¢ = 2. The GE1/1-X-S-CERN-0002
has been operated in Ar/CO, (70/30) gas mixture at an initial gas gain of
2 x 10%.
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The anode current measured on the hottest irradiated sector in = 6,i¢p = 2 is
stable during the entire irradiation test and only fluctuates within 2% of its
initial value (see Figure 6.63).

The other two irradiated sectors in = 6,7¢ = 1 and in = 6,i¢ = 3 have accu-
mulated 363.38 mC'/cm? and 178.46 mC'/cm?, respectively. Figure 6.64 shows
the accumulated charge per unit of detector area (mC'/cm?) as a function of
time and the normalized and corrected anode current as a function of the accu-
mulated charge for the other two readout sectors under test. The normalized
anode current is stable over the entire irradiation test, with fluctuations within
2-3% of its initial value.
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Figure 6.64: Result of the longevity studies at the CMS-GEM QA /QC facility:
accumulated charge per unit of detector area (mC/cm?) as a function of time
(6.64a, 6.64c) and normalized and corrected anode current as a function of the
accumulated charge (6.64b, 6.64d) for the readout sectors in = 6,i¢ = 1 (top)
and in = 6,i¢ = 3 (bottom).
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Effective gas gain measurements campaign. The effective gas gain of
the CMS GE1/1-X-S-CERN-0002 detector in Ar/CO, (70/30) gas mixture
has been measured as a function of the applied HV with a 22 keV' X-ray
photons from an X-ray tube with Ag-target approximately every 30 mC/cm?
of integrated charge

The Figure 6.65 shows the effective gas gain measurement performed on the
readout sectors in = 6, i¢ = 2 for different accumulated charge value: 0 mC'/cm?,
326.06 mC'/cm? (safety factor ~ 1.2), 570.31 mC'/cm? (safety factor ~ 2.0)
and 874.16 mC'/cm? (safety factor ~ 3.1). The complete campaign of all effec-
tive gas gain measurements performed every week for the selected HV divider
current can be seen on Figure 6.66a (lgiyiger = 660 pA) and Figure 6.66b
(Idivider = 630 H’A)

)
o
o

Longevity Test Campaign: Effective Gas Gain
GE1/1-X-S-CERN-0002 Detector .
Gas Mixture: Ar/CO, (70/30)
r X-ray Tube: Silver(Ag) Target
X-ray Voltage Tube = 40 kV
X-ray Current Tube = 5 pA

Effective Cias Gain (a.u.
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Figure 6.65: Effective gas gain measurement as a function of the divider
current performed on the readout sectors in = 6,1¢ = 2 for different accu-
mulated charge value: 0 mC/cm?, 326.06 mC/cm? (safety factor ~ 1.2),
570.31 mC/em? (safety factor ~ 2.0) and 874.16 mC/cm? (safety factor
~ 3.1).

The effective gas gain is stable during the entire irradiation test and only
fluctuates within 10% of its initial value. Such gas gain fluctuations include
also the variations induced by the environmental conditions.

Energy resolution measurements campaign. The energy resolution of
the GE1/1 triple-GEM detector in Ar/CO;y (70/30) gas mixture has been
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Figure 6.66: Results from the effective gas gain measurement campaign.
Effective gas gain measurements performed every week (i.e. every about
30 mC/em? of accumulated charge) on the readout sectors in = 6,i¢ = 2 for
the selected HV divider current Iy;yiger = 660 pA (left) and Igipiger = 680 pA
(right).
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measured using a low-intensity '%Cd source (mainly ~ 22 keV X-ray pho-
tons) with a rate of ~ 2 Hz/mm?. For these measurements the detector has
been operated at an applied voltage of about 3390 V' (676.6 pA divider cur-
rent equivalent). The effective gas gain of the detectors for these measurements
was at the beginning of the irradiation test campaign, and as demonstrated in
this section during the entire radiation exposure period, about 2 x 10%. Fig-
ure 6.67a shows the typical *°Cd energy spectrum for the readout sectors
in = 6,1¢ = 2: a clean separation of the main photopeak and the Ar escape
peak is achieved. The energy resolution, defined by the ratio of the F'W HM
value and the mean value p of the main photopeak, is on the order of 17%.
The complete campaign of all energy resolution measurements performed every
week for the selected applied voltage can be seen on Figure 6.67b.

The energy resolution is stable during the entire irradiation test and only
fluctuates within 2-3% of its initial value. Such energy resolution fluctuations
include also the variations induced by the environmental conditions.

The effective gas gain and the energy resolution measurements campaign per-
formed every week on the other two irradiated readout sectors can be seen on
Figure 6.68.

Response Uniformity Finally, the uniformity of the gas gain across the entire
detector active area has been continuously measured every month (i.e. every
about 100-120 mC'/cm? of accumulated charge). The DAQ system and the
analysis procedure for the response uniformity measurements are identical to
the QC5 - Response Uniformity setup adopted in the quality control for the L.S2
GE1/1 detectors mass production (see Section 5.4.6.6). Figure 6.69 - Figure
6.73 show the map of the detector response (i.e. the normalized photopeak
energy) across the detector under irradiation test for different accumulated
charge value. Figure 6.74 shows the Response Uniformity of the GE1/1-X-S-
CERN-0002 detector under irradiation test, normalized to the initial value, as
a function of the accumulated charge.

The results of the effective gas gain measurements, together with the results
obtained from the energy resolution and response uniformity measurements
demonstrated that the performances of the triple-GEM detectors, assembled
with the GEM-foils based on the single-mask photolithography technique pro-
duced by the CERN PCB workshop, are not affected by any classical aging
phenomena and the detector remains fully operational after 875 mC/cm? of
accumulated charge.

The online monitoring of the operating high voltage and current drawn by the
detector can reveal the instantaneous problems, like GEM-discharges and/or
shorts in the GEM foils. The detector under test has been supplied by a HV
power supply CAEN N1470. This module allowed to fix a protection against
overcurrent, operating current limit with a precision of 50 nA. The protection
threshold has been fixed at 10 uA above the operating current measured at
the beginning of the irradiation test campaign. The environmental variation
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Figure 6.67: Results from the energy resolution measurement campaign. Top:
19Cd energy spectrum taken with the GE11-X-S-CERN-0002 detector at an
applied voltage of 3390 V' (676.6 uA divider current equivalent). The solid
line represents a fit to the experimental data using a sum of two gaussians
distribution, to model the copper fluorescence photopeak and the Ar escape
peak, plus a fifth order polynomial that models the background. The energy
resolution (FWHM value of the photopeak divided by the mean value p) is
17%. Bottom: Energy resolution as a function of accumulated charge for
the readout sectors in = 6,i¢ = 2 at an applied voltage of 3390 V' (676.6 pnA
divider current equivalent).
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Figure 6.68: Results of the effective gas gain and the energy resolution measure-
ments campaign: effective gas gain and the energy resolution measurements
campaign performed every week (i.e. every about 30 mC'/cm? of accumulated
charge) on the readout sectors in = 6,i¢ =1 (top) and in = 6,i¢ = 3 (bot-
tom).
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Figure 6.69: Results from the response uniformity measurement campaign.
The detector under test is a GE11-X-S-CERN-0002 detector operated in
Ar/CO, (70/30) gas mixture at an effective gas gain of ~ 600.
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Figure 6.70: Results from the response uniformity measurement campaign.
The detector under test is a GE11-X-S-CERN-0002 detector operated in
Ar/COy (70/30) gas mixture at an effective gas gain of ~ 600.
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Figure 6.71: Results from the response uniformity measurement campaign.
The detector under test is a GE11-X-S-CERN-0002 detector operated in
Ar/CO4 (70/30) gas mixture at an effective gas gain of ~ 600.
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Figure 6.72: Results from the response uniformity measurement campaign.
The detector under test is a GE11-X-S-CERN-0002 detector operated in
Ar/CO4 (70/30) gas mixture at an effective gas gain of ~ 600.
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Figure 6.73: Results from the response uniformity measurement campaign.
The detector under test is a GE11-X-S-CERN-0002 detector operated in
Ar/COy (70/30) gas mixture at an effective gas gain of ~ 600.

induced operating current fluctuations in the range between 694.70 uA and
698.65 pA. The 10 pA was enough to cause a trip in the HV power supply
when a sustained discharge occurred in a single GEM.

During the entire irradiation test, four trips of the power supply have been
recorded: considering them as discharges, the upper limit of the 22 keV X-ray
photons induced discharge probability Pp;s. has been calculated as follows:

NDisch.
Prioy = 1
Disch Rmeas. X A,I'meas. (6 3)

where R,,cqs. is the measured X-ray photons interaction rate and AT}, 4. is the
irradiation period. In the case of the gas gain used in the measurement, since
Ripeas. ~ 15.5 M Hz (see Section 6.3.1.3), Npjsch. = Nivip = 4 and AT a5 ~
1.3x107s of continuous irradiation, Ppjsn. ~ 1.9x107 at gas gain of ~ 2x 10%.

As result of the 2017/2018 longevity test campaigns, the triple-GEM technol-
ogy is fully validated for CMS-MEOQ upgrade project.
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Figure 6.74: Result from the response uniformity measurement campaign
showing the response uniformity of the detector under irradiation test, normal-
ized to the initial value, as a function of the accumulated charge. The detector
under test is a GE11-X-S-CERN-0002 detector operated in Ar/COy (70/30)

gas mixture at an initial gas gain of 2 x 10%.
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Chapter

Discharge Probability Studies in
triple-GEM detectors

7.1 Introduction

The increase of the energy and luminosity during the future upgrades of the
LHC machine will adversely affect the performance of the CMS Muon Sys-
tem due to the harsh background environment and the high pile-up. Among
the innovative detector techniques, Micro-Pattern Gaseous Detectors, and in
particular the Gas Electron Multiplier, should be good alternatives for the
muon detector upgrade in the high luminosity LHC framework because of a
good spatial and time resolutions, high-rate capability, possibility to build
large active areas, radiation hardness, ageing resistance and stability against
electrical discharges. In particular, the discharge damages represent a serious
limitation to the integrity of the gas-based detectors, as they could cause irre-
versible damages to the detector itsef, ranging from enhanced leakage currents
to permanent electric short circuits that render the detector effectively blind.
Moreover, the discharges are not only a problem concerning the detector ro-
bustness or their electronics on which one can had a suitable protection, but
the discharge of the whole electrode could induces a dead time on the order of
ms to recover the nominal voltage.

The occurrence of discharges in a gas-based detector is generally correlated to
the transition from the avalanche-multiplication regime to the streamer regime.
This transition is highly dependent on the gas gain and primary ionization
density. In studies with parallel-plate counters, the transition from avalanche
to streamer regime and the resulting discharge have been measured to occur
when the total charge in the avalanche-multiplication process exceeds a critical
value of the order of 107-10% electron—ion pairs (the so-called Raether’s limit)
[65] [126].

As for the GEM-based detectors, the typical high-rate capabilities for these
detectors are of the order of several M Hz/cm?. Considering the geometry of
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such detectors (few mm drift gaps) and gas mixtures (Ar-based), a single MIP
particle crossing the gas-filled conversion gap generates an average primary
charge density of a few electrons per em?. Even at a rate of the order of
1 MHz/cm?, taking into account the electron drift time, no pile-up effects
are expected. Therefore, the resulting primary charge density is far below
the Raether’s limit, even if amplified by gas gain values of O(10%) at which
such detectors are typically operated. However, an accidental release of larger
amounts of ionization could lead the total charge above the Raether’s limit
and trigger possible destructive discharges. Large and high charge densities
could be released in the closest vicinity of the GEM-foils by heavily ionising
particles, such as nuclear fragments, gamma and neutron that appear due to
hadronic interactions in the detector materials exposed to high energy hadron
beam.

The triple-GEM technology has two main benefits regarding the mitigation
of the induced discharge probability and the damage caused by it. The first
advantage is the sharing of the gas amplification into multiple cascade mul-
tiplication stages; this allows to achieve gas gains as high as 10° without ap-
proaching the Raether’s limit on each single GEM-foil. In the same time, the
spread of the multiplication electrons during the transport between adjacent
foils allows to dilute the charge densities over more than a single hole, reduc-
ing the probability of reaching the Raether’s limit in the third multiplication
stage. The second advantage is a full decoupling of the amplification stage
(GEM-foils) and the readout board (PCB). In the GEM-based detector the
gas amplification is localized inside GEM-holes and the absence of a strong
amplification field close to the readout plane drastically reduce the discharge
probability.

Extensive studies on the induced discharge probability of the GEM-based de-
tectors have been investigated since 2000, which provide a set of recommen-
dations to minimize the discharge probability [127]. These recommendations,
adopted in the CMS triple-GEM detector, include a sectorization of the GEM-
foils in several partition whose area in restricted to ~ 100 ¢m? and the use
of 10 MS) protection resistors (see Section 5.3) to limit the energy available
in case of a discharge process. In the case of a discharge, the current flowing
through the protection resistance will induce a voltage drop on the upper elec-
trode of the GEM-foil preventing the propagation of the discharge. Moreover,
a asymmetric distribution of the voltage difference across the GEM electrodes,
in which the highest amplification occurs in the first foil in the stack and
successively decreases towards the readout board, allows to minimize signifi-
cantly the induced discharge probability even for a total gas gain of the order
of 10°. Such configuration has been successfully adopted by the GEM-based
trackers of COMPASS experimental [128] [129] and LHCD experiment [130] at
CERN-LHC.

Several measurements of the discharge probability have been performed by
CMS-GEM Collaboration in order to confirm the robustness of the CMS triple-
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GEM detectors, by estimating the total number of discharges detected by
the detector, and evaluating the effect of discharge processes on the long-
term detector operation [69] [90]. In 2014, a CMS triple-GEM detector has
been irradiated by a 5.6 MeV a-particles from an 24! Am source in order to
replicate the Heavily lonizing Particle (HIP) interactions induced by the high-
energy neutron background during the operation in the Muon Spectrometer
of the CMS experiment. The discharges have been identified via the transient
fluctuations of the high voltage power supply and anode current by using a
pico-ammeter. Additionally, the signals induced on the lower electrode of last
GEM-foil have been used to count the total number of particles crossing the
active gas volume of the detector under test and to identify the a-particles.
Since the discharge probability for a triple-GEM detector is expected to be
less than of 1071°/HIP at the normal CMS operation, the gas gain has been
set to the extreme values 3-6x10°. These extreme operating conditions are
not realistic, but they allow to accumulate a sufficient number of discharges in
order to evaluate the discharge probability in a reasonable time. Finally, the
data has been extrapolated to obtain the discharge probability at the effective
gas gain of 1-2x10%. The results demonstrated that the discharge probability
for a CMS triple-GEM detector operating in the CMS configuration is on the
order of 10~"°/HIP.

7.2 Discharge probability studies on triple-GEM
technology at CHARM facility

More recently, a series of discharge probability studies have been performed by
the CMS-GEM Pavia group in the harsh mixed-radiation fields available at the
CHARM facility [131] [132] [133] at CERN in order to estimate the discharge
probability of the CMS triple-GEM detectors in more realistic conditions.

7.2.1 The CHARM facility at CERN

The CERN High Energy Accelerator Mixed-field (CHARM) facility is situated
in the CERN PS (Proton Synchrotron) East Experimental Area hall [117] at
the Meyrin Site of CERN in Switzerland. The purpose of CHARM facility is
to have a dedicated experimental area for testing particle detactors, electronic
equipment and systems in a mixed-radiation fields, which can replicate a wide
number of real radiation environments that are typical of the CERN accelerator
complexes and other applications of interest such as space, atmosphere, etc.

Starting with the 24 GeV/c proton beam from the Proton Synchrotron, the
beam is directed along a number of beam-lines to various test area. The
CHARM facility is located at the end of the T8 beam-line, that is shared with
the IRRAD facility [134], located up-stream of CHARM facility. A 3D Catia
drawing of the PS East Experimental Area hall is shown in Figure 7.1.
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m

Figure 7.1: A 3D Catia schematic overview for the T8 beam-line on the PS
East Experimental Area hall showing the position of the IRRAD and CHARM
facilities along the T8 beam-line [132].

The beam structure is in "spills" (or bunches) of length 325 ms, separated by
1.2 seconds and ordered in a "super-cycle' usually of around 30 spills. This
gives the beam a "burst' like nature, as opposed to a constant beam without
interruption. Once the proton beam passes through IRRAD facility, it enters
the CHARM experimental area where it impinges on a massive cylindrical
copper or alluminium target. A horizontal view of the CHARM experimental
area is shown in Figure 7.2.

In addition, there are four movable blocks of shielding installed in the middle
of the experimental area between the target and the test positions, which can
be moved in and out of place in order to module the energy, composition and
intensity of the mixed-radiation field. The outer two layers of 40 c¢m thick
concrete surround two layers of 40 ¢m thick iron in a "sandwich" arrangement
(see Figure 7.2). Since the secondary mixed-irradiation field, produced from
the interaction between the 24 GeV/c proton beam and the copper or allu-
minium target penetrates the movable shielding blocks, the energy is reduced,
the particle field composition is modified (more neutrons are produced and
the quantity of charged hadrons are reduced) and the dose rate and fluxes are
decreased. The 'concrete-iron-iron-concrete" layout is referred to as "CIIC"
for the facility configuration, while partial or null shielding is referred to as
"CIOO" (concrete-iron-open-open) and "OOOQ" (all four open).

Within the CHARM experimental area there are a total of thirteen possible
test positions, which are referred to as "r1" to 'r13" (see Figure 7.2): the de-
vices under irradiation test can be placed either directly in the proton beam,
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Figure 7.2: FLUKA Monte Carlo geometry simulations of the experimental
area, cut at beam-height. The racks 1 to 13 are the regions that correspond
to the test position. The grey and brown plates are concrete and iron movable
bloks of shielding respectively [132].

behind shielding or at various angles and distances from the target. Depend-
ing on the target and the test position selected, the device under test will be
exposed to different mixed-radiation field. In order to understand it, dedicated
FLUKA Monte Carlo simulations [135] [136] and experimental dose measure-
ments have been performed for the various target/shielding configurations and
test positions. A detailed list of the available information related to the radia-
tion spectra, total ionising dose, 1 MeV equivalent neutron fluence in Silicon,
ete. is given in [131] [132] [133].

An example plot of the radiation spectra seen at the R1 test position is shown
in Figure 7.3. The FLUKA Monte Carlo analysis has been used in order to
perform the radiation field calculations for the copper target configuration
without shielding (copper-OOQOQ). The plot shows the relative particle flu-
ences for several type of particles expressed in lethargy form. The lethargy is
defined as the differential flux multiplied by the geometrical mean of the bin
energy. Of particular interest is the neutron spectrum which typically has a
much larger energy range than the other particles, and is strongly influenced
by the shielding configuration and test position.

Figure 7.4a and 7.4b show the dose and fluence of the High Energy Hadrons
(HEH) mapped out at the proton beam height for the whole experimental area.
The plots show the presence of large gradients at the test positions close to
the beam axis and some "shadows" in the HEH fluence due to the interaction
with structural supports of the shielding.
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Figure 7.3: An example plot of the radiation spectra seen at the R1 test posi-
tion for the facility configuration copper-OOQO. The artificial lower thresholds
seen for electrons and photons at ~ 1 MeV is due to the threshold settings
used for the FLUKA Monte Carlo simulations and is not strictly a physical
phenomena [137].

7.2.2 The triple-GEM detector prototype under test
and characterization

A triple-GEM detector prototype, consisting of 10 cm x 10 em GEM-foils de-
veloped and produced with single-mask photolithography technique, obtained
from CERN PCB Workshop has been assembled with the drift gap, two trans-
fer gaps and induction gap of 3/1/2/1 mm respectively. Differently from the
GE1/1 detector assembly technique the 10 ¢m x 10 em GEM-foils have been
directly glued on Fiberglass (FR4) frames, defining the drift gap, the two trans-
fer regions and induction gap between GEM-foils themselves, then sandwiched
between a cathode and anode PCBs. The read-out board consist of 81 pads
of 1 x 1 em? size. All the readout pads were routed to a 128 signal-pins Pana-
sonic connector. To power a triple-GEM, a total of seven different high-voltage
potentials have to be applied to its layers. During the R&D phases, these volt-
ages have been typically achieved with a single high voltage channel using an
on-chamber resistive divider circuit. However, using the high voltage resistive
divider is not possible to appreciate the fluctuation of the current induced by
the discharge (few p1A) on the single GEM-foil due the high current absorbed by
the resistive divider (~ 700 uA). To overcome these issues, the seven channels
have been powered individually using the CAEN A1515TG multi-channel HV
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Figure 7.4: An example plot of the dose (left) and high energy hadrons fluence
(right) normalised per day inside the experimental area at beam height. (1.5 X
10% protons per day) [132].
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power supply [138], specifically designed for triple-GEM detectors. This board
has been developed through a collaboration of CAEN and INFN Napoli, based
on the experience in LHCb experiment with a triple-GEM multi-channel high-
voltage power supply [139]. One A1515TG module provides fourteen floating
HV channels, grouped in two complex channels. Within a complex channel,
the seven channels can be configured individually. The floating design assures
that the failure of one channel shall not result in an increase of the potential
on the neighboring layer. The A1515TG module allows for 1 £V and 1 mA per
channel. The voltage for each channel can be set and read with a 20 mV reso-
lution, and an accuracy of 0.2% £+ 0.2 V + 50 ppm/°C, and current limits can
be set with a 20 nA resolution. Below 100 puA, the current can be monitored
with a resolution of 100 pA, and in the range of 100 uA to 1 mA, the resolution
becomes 1 nA with accuracy 0.5% £+ 5 nA £+ 50 ppm/°C. The ramp-up and
ramp-down rates can be selected independently for each channel in the range
1-100 V/s in 1 V steps and the reaction to an overcurrent (trip time) can be
delayed from 0 s to 1000 s in steps of 0.1 s. The configuration of potentials
in the triple-GEM detector is shown in Figure 7.5. A 10 M protection re-
sistors have been mounted on the upper electrode of each GEM-foils, while a
HV low-pass filters composed of 100 k€2 resistors and 2.2 nF' capacitors have
been employed on the lower electrode of each GEM-foils in order to cut the
high frequency noise from the HV power supply. The details of the values for
electric potentials on the seven electrodes and for voltages and electric fields
across the drift, induction and two transfer gaps and the three GEM-foils are
summarized in Figure 7.6.

Before to start the studies for the discharge probability measurement, the
detector prototype has been fully characterized.

7.2.2.1 Effective gas gain measurement

The effective gas gain has been measured in Ar/CO, (70/30) gas mixture by
comparing the primary current, induced in the drift gap by a X-ray source,
and the amplified current induced on the readout board. The detectors has
been irradiated by a °°Fe source producing X-ray photons with an average
energy of 5.9 keV that fully convert into the drift gap via photoelectric effect.

Despite the X-ray photons interaction rate was of the order of kH z, the primary
current doesn’t exceed several tens of fA. Therefore, it was extremely difficult
to measure such primary current directly from the drift plane or from the first
GEM-foil, which were powered at high voltage and thus subject to noise. This
issue is overcome by measuring the interaction rate R, i.e. the number of
pulses induced by particles per unit time. The readout of the detector was
done using a charge sensitive pre-amplifier (ORTEC 142A model) connected
to the bottom electrode of the third GEM-foil. This connection was made
through a decoupling RC circuit already present on the detector’s frame. The
output of the pre-amplifier was then sent to an amplifier+shaper unit (ORTEC
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Figure 7.5: Voltage distribution in the triple-GEM detector prototype under
test at CHERM facility.

474 model) and then to a discriminator (Lecroy 623A model). The resulting
digital pulses went through a dual timer and then to a scaler unit for the rate
measurement. Knowing the average ionization energy of the Ar/CO, (70/30)
gas mixture, the number of primary electrons n.- per incoming 5.9 kel X-ray
photon was calculated as follows:

% Ar %C O, 0.7 0.3
- FE _ Lo v
Mem = By X (Wi(Ar) * Wi(C’Og)> o900 (26 33

where E., ~ 5.9 keV is the energy of the incident X-ray photons, %Ar and
%C O, are the percentages of the gases in the mixture, W;(Ar) and W;(COs)
are the work functions of the gases. Finally, the primary current was estimated
by multiplying the X-ray photons interaction rate R, the number of primary
electrons n.- per X-ray photon and the elementary charge e.

> ~212 (7.1

On the contrary, the amplified current I, induced on the readout board, var-
ied from 1071 to 1078 A depending on the voltage applied on the GEM-foils.
Therefore, its measurement can be performed easily with a pico-ammeter con-
nected to the anode. Even though the readout is segmented, in the effective
gas gain measurement the signals obtained from all pads were fed into a single
channel 6487 Keithley pico-ammeter and analyzed with LabVIEW based data
acquisition system. Finally, the effective gas gain G is expressed as follows:

I
G — a

Rxn. xe

(7.2)
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Figure 7.6: Principle of operation of the triple-GEM tedector prototype and
definition of drift, transfer, and signal induction gap regions within the de-
tector. The columns on the right give the actual gap sizes in the detector.
They also list typical values for electric potentials on the seven electrodes and
typical values for voltages and electric fields across the four gaps blue) and the
three GEM-foils (red) if the nominal potential of 3275 V' in Ar/CO, (70/30)
is applied to the drift cathode (696.8 pA divider current equivalent).

The experimental setup for the effective gas gain measurements is shown on
Figure 7.7. The detector and the readout elements were shielded with copper
plates to minimize the electronic noise and its contribution to the measure-
ments.

Figure 7.8 shows the measured particle interaction rate (black dots) and the
effective gas gain (blue dots) as function of the voltage difference applied to the
drift cathode Vp,;p for a Ar/COy (70/30) gas mixtures. A clear exponential
relation between the gas gain and the high voltage can be seen. The maximum
gas gain can reach 3.5 x 10* when the voltage difference applied to the drift
cathode Vp,f is 3300 V' (702.1 pA divider current equivalent).

7.2.2.2 Energy resolution measurement

The energy resolution was measured in Ar/COy (70/30) gas mixture at an
initial gas gain of 2 x 10* by using a multi-channel analyzer (MCA) in order
to record the pulse height induced on the readout pads. The detectors is ir-
radiated by a ®>Fe isotope producing X-ray photons with an average energy
of 5.9 keV that fully convert into the drift gap via photoelectric effect. As
previously mentioned, although there was a segmented readout pads, in the
energy resolution measurement the induced signal was obtained from all the
pads added by a sum up connector (Panasonic to LEMO connector) and a sin-
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Figure 7.7: Schematic overview of the experimental set-up used for the ef-
fective gas gain measurement on the 10 e¢m x 10 e¢m triple GEM detector
prototype.

gle input was fed to a charge sensitive preamplifier (ORTEC 142A model). The
output of the pre-amplifier was then sent to an amplifier+shaper unit (OR-
TEC 474 model) and then to a multi-channel analyzer (MCA-8000D Amptek).
Since multi-channel analyzer requires positive pulse, hence the polarity of the
induced signal was inverted by the amplification stage. The experimental setup
for the energy resolution measurements is shown on Figure 7.9.

Figure 7.10 shows the typical ®® Fe energy spectrum: a clean separation of the
main photopeak and the Ar escape peak is achieved. The energy resolution,
defined by the ratio of the FW HM value and the mean value p of the main
photopeak, is on the order of 25.9 +0.1%.

At the end of the detector characterization, the triple-GEM detector has been
installed into the CHARM facility for a first discharge probability test cam-

paign.

7.2.3 The triple-GEM detector prototype at the CHARM
facility
The triple-GEM detector prototype under test has been situated in a dedicated

test location within the CHARM experimental area, as shown in Figure 7.11.

As previously mentioned, a 24 GeV proton beam coming from the PS extrac-
tion line hits a target and the resulting particle shower irradiates the whole
experimental area, with energies ranging from thermal neutrons (meV’) up to
tens of GeV. The environment is dominated by hadrons, mainly protons and

263



7. Discharge Probability Studies in triple-GEM detectors

—~10° - 110 —
> [ 10 cm x 10 cm triple-GEM detector ] E
&S [ Gap configuration 3/1/2/1 mm Hoo X
.% - Gas Mixture: Ar/CO, (70/30) - 5 L/hr . v %
0] 3 . - 08
w - " — o))
i 1
(‘5" . . o7 £
L . B c
(0] ] >
é ] ! —0.6 Q
O o R O
[} e ]
"m‘ 10* ! 3 0.5
B ¥ ]
L i —0.4
" A ]
= o3
¢ - o2
- - Effective Gas Gain
—+ Counting Rate = 0.1
L | l | ‘ LI ‘ | ‘ | ‘ | ‘ | ‘ L | . 0 0
3000 3050 3100 3150 3200 3250 3300
Drift Voltage VDriﬂ (V)

Figure 7.8: Measured particle interaction rate (black dots) and the effective
gas gain (blue dots) as function of the voltage difference applied to the drift
cathode Vp,is:. The detector under test is a single-mask GEMs in tripple stack
configuration of 10 em x 10 ¢m operated in Ar/COy (70/30) gas mixture.
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Figure 7.9: Schematic overview of the experimental set-up used for the energy
resolution measurement on the 10 cm x 10 em triple GEM detector prototype.

neutrons. Four movable shieldings can be placed in the experimental area to
realize different environment spectra. The expected dose rate and High Energy

264



7.2. Discharge probability studies on triple-GEM technology at CHARM facility

3
x
08510
~ 10cm = 10 em triple-GEM Detector —+— Data
0.7 1_ Gap configuration 3/1/2/1 mm = Curve Fitting

Gas Mixture: AriCO, (70/30) - 5 Lihr
Fe™ (5.9 keV X-ray - 34.2 MBqg)

o
o

Effective gas gain = 2 x 10°

Entries / ADC Channel
o
P

0‘0 11 l- | S - I_ _ ) AN [ [ N N — —— .
0 610 1220 1830 2440 3050

ADC Channel

Figure 7.10: % Fe energy spectrum taken with single-mask GEMs in tripple
stack configuration of 10 ¢m x 10 em operated in Ar/CO, (70/30) gas mixture
at an Vp,ipe = 3275 V (696.8 pA divider current equivalent). The solid line
represents a fit to the experimental data using a sum of two gaussians distribu-
tion, to model the main photopeak and the Ar escape peak, plus a fifth order
polynomial that models the background. The energy resolution (FWHM
value of the main photopeak divided by the mean value p) is 25.9 4+ 0.1%.

Hadron (HEH) flux depend on the chosen test location, target material and
shielding.

During the discharge probability test campaign, the triple-GEM detector pro-
totype has been placed in the R3 test location and copper target and shielding
configuration Copper-CIIC has been selected in order to achieve a neutron en-
ergy spectrum which is representative of the neutron energy spectrum in the
CMS Muon System. The particles lethargy spectra obtained by Fluka simu-
lation for the this configuration is shown on Figure 7.12. On Table 7.1 the
different type of particles with the relative contribution is shown [137].

As a comparison, Figure 7.13 shows the simulated CMS energy spectra for the
MEO detector for different background particles at instantaneous luminosity
of 5x 10%* em?s™! [69]. One can see that the neutron energy spectrum closely
resembles that in the innermost region of the Muon Spectrometer of the CMS
experiment.

The gas system has been designed and built in 2016 by the CERN Gas Group,
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Figure 7.11: Layout of CHARM configuration with copper target with shield-
ing (copper-CIIC). The position used during the discharge probability test
campaign is highlighted in green.
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Figure 7.12: Particles lethargy spectra obtained by Fluka simulation for the
CuClIIC configuration in the R3 test position, i.e. the available particle flu-
ence for the configuration copper-CIIC in the R3 test position normalized over
primary Protons On (copper-)Target (POT) [137].

following strict guidelines concerning the materials to be used, and cleanliness
conditions in general. The gas system, schematically shown in Figure 7.14,
is constructed in stainless-steel tube. The whole gas line has been flushed in
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Particle type Fluence (cm™2/Spill)
Neutrons 8.30 x 107
HEH 1.31 x 10°
et /e” 6.29 x 10°
Muons 2.29 x 10*
Pions 3.97 x 10*
Protons 4.80 x 10*

Table 7.1: Different type of particles with the relative contribution for the con-
figuration copper-CIIC in the R3 test position. HEH refers to "High Energy'
Hadrons, i.e. all hadron particles with energy above 20 MeV [137].
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Figure 7.13: Simulated energy spectra for different background particles con-

sidering CMS-FLUKA Phase-2 geometry and an instantaneous luminosity of
5 x 103" em?s™! for the upgrade MEO detector [140].

the Ar/CO, (70/30) gas mixture without the detectors with gas flow rate of
~ 5.0 L/h for several days in order to clean the gas pipe after a long term of
non-operation.

The control and monitoring equipment of the full experimental set-up is in-
stalled in an appropriate technical-locale, where the operating point, the pa-
rameters of the Data Acquisition Systems and the collection of the data are
remotely controlled from outside of the CHARM irradiation area via CERN
network, minimizing the need of stopping the irradiation to access the detec-
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Figure 7.14: Schematic overview of the gas system used during the irradiation
test at CHARM facility. The whole gas line is made of stainless-steel tubes.

tor. The picture of experimental setup at CHARM facility can be seen on
Figure 7.15.
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Figure 7.15: Pictures of the experimental set-up for the discharge probability
studies at CHARM facility. The triple-GEM detector prototype is placed
in the R3 test location and the copper target in the shielding configuration
copper-CIIC has been selected.
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7.2.4 The data acquisition system and discharge moni-
toring at the CHARM facility

A data acquisition system has been developed in order to monitor the response
of the triple-GEM detector prototype under irradiation at CHARM facility.
Figure 7.16 shows the electronics chain, the read-out and the device to store
and analyse the data. The readout system for the discharge probability studies
consists of four main readout channels:

o CAEN A1515TG multi-channel HV power supply is used to monitoring
the operating current and the high voltage in all the individual channels:
the drift plane and the upper and lower electrode of the three GEM-
foils. The A1515TG board, housed in a CAEN SY1527 HV mainframe,
is read-out through a Ethernet interface between the mainframe and
the computer station. A custom software written in C++ programming
language has been developed in order to record the operating current
and the high voltage information provided by the A1515TG board during
the entire radiation exposure test. The software has been developed to
monitor the operating current and the high voltage every second and
store the raw data in a file for subsequent analysis.

o« KEITHLEY 6487 pico-ammeter is connected to the readout board to
measure the anode current, which reflects the effective gas gain of the
detector. The read-out of such device is made through a RS232 interface
between the pico-ammeter and the computer station. The pico-ammeter
is configured to sample the anode current: 40 sequential measurements
at a rate of about 80 Hz, i.e. an anode current measurement every
~ 12.5 ms for a total sampling time of ~ 500 ms in order to cover the
whole PS spill length.

o« NIM+VME based data acquisition system is employed to measure the
interaction rate. The readout of the detector is done using a charge
sensitive pre-amplifier (ORTEC 142A model) connected to the bottom
electrode of the third GEM-foil. This connection is made through a de-
coupling RC circuit already present on the detector’s frame. The output
of the pre-amplifier is then sent to an amplifier+shaper unit (ORTEC
474 model) and then to a timing single channel analyzer unit (ORTEC
551 model). The timing single channel analyzer unit is operated in inte-
gral mode and the lower level in the unit is used as the threshold to the
signal. The threshold is set at 0.5 V' to reject the noise. The resulting
digital pulses go through a NIM/ECL adapter (CAEN V538A model)
then to a scaler unit (CAEN V560E model) for the rate measurement.
The acquisition is made through a CAEN V1718 controller with an USB
interface between the electronic chain and the computer station.

o Enviromental Monitoring System based on ARDUINO Mega 2560 micro-
controller has been designed to monitor the environmental parameters
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(atmospheric pressure, temperature) within the experimental irradiated
area. Each minute: the system monitors and records the atmospheric
pressure through a MPXA61/15AC6U sensor, the temperature through
a LM335Z/NOPB sensor.
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Figure 7.16: Scheme of the electronic chain and data acquisition system used
during the discharge probability studies at CHARM facility.

The picoammeter is configured in external trigger mode in order to measure
the anode current from the detector readout board in sync with the 24 GeV
proton beam extracted from the PS accelerator and directed on the copper
target inside the CHARM experimental area. The synchronization with the
PS spill structure is achieved distributing across the experiment two signals,
received from the PS accelerator and available in the central trigger crate inside
the control room of the facility: the Start-Of-Spill (SOP) and the End-Of-
Spill (EOS). The Start-Of-Spill and the End-Of-Spill signals from the central
trigger crate, which are TTL nature, are fed to a TTL-NIM adapter and then
converted from TTL to NIM signals. The Start-Of-Spill signal, converted from
TTL to NIM signal, is split by using a linear Fan-in-Fan-out. A firsr NIM
output signal (1) of the Fan-in-Fan-out is converted back to a TTL signal
through a NIM-TTL adapter and the resulting output TTL signal is used
to trigger the picoammeter which accepts a TTL signal as a digital trigger
signal. Therefore, the picoammeter is configurated to receive the Start-of-Spill
from the central trigger crate, read out and buffer events during the spill, and
between the spills it send the event "blobs" to the computer station. A second
NIM output signal (2) of the Fan-in-Fan-out is sent together with the End-Of-
Spill, converted from TTL to NIM signal, to a dual timer unit in order to build
a proper gating signal used as a digital veto signal to disable the scaler unit in

270



7.2. Discharge probability studies on triple-GEM technology at CHARM facility

the out-of-spill period. A third NIM output signal (3) of the Fan-in-Fan-out
is directly sent to the scaler unit in order to record the total number of spill
during the entire irradiation test.

In order to measure the discharge probability under neutron irradiation, the
anode current, readout from the readout pads (connected all together) using
a KEITHLEY 6487 pico-ammeter, has been combined with the operating cur-
rent and voltage information provided by the CAEN A1515TG multi-channel
HV power supply: if a discharge occurs in one of the three GEM-foils, the
corresponding potential difference will drop to zero. As a consequence, the gas
gain of one of the three GEM-foils is temporarily reduced and a lower anode
current is measured on the anode. Alternatively, the possible occurrence of
a discharge in the triple-GEM detector under test can be identified through
a drop in the counting rate of the signals induced on the lower electrode of
the third GEM-foil. During a discharge, a sudden drop in the electric field
inside a GEM-holes reduces the overall gas gain and thus the counting rate
in the triple-GEM detector. Additionally, measuring the operating current
from the individual channels and observing an increase in the current value
particularly from the upper electrode of the three GEM-foils is another way
to determine the occurance of a discharge during a spill. Thus, the occurrence
of a discharge can alternatively be determined from such a sudden operating
current increase on any one of the electrodes of the three GEM-foils. The latter
method to detect a discharge can be implemented through a built-in feature of
the A1515TG multi-channel HV power supply. The board comprises a special
function called overcurrent detection [138] when a channel attempts to exceed
the programmed current limit, it is signalled to be in "overcurrent' and the
channel enter in a TRIP status. The output voltage is varied to keep the op-
erating current below the programmed limit for a programmable TRIP time.
The overcurrent lasting more than set value, causes the TRIP of the chan-
nel: the channel is switched off and the output high voltage is drop to zero
at the programmed ramp-down rate. A TRIP current threshold (1;;.) and a
TRIP time window (7,,q) can be properly set so that the board together with
the data acquisition software can register the number of times (Nrg;p) that
the operating current readings has gone beyond the specified threshold value.
Considering the TRIPs of the HV power supply as possible discharges, with
a high current threshold value, a count of the Nrg;p yields an estimate the
number of discharge that occured during the radiation exposure test. An in-
crease in Npgrp indicates in increase in the number of discharge. This method
has one particular advantage: it not only yields the number of discharge in a
particular supply channel, but also points to the particular GEM-foil where
the discharge occured.
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7.2.5 Measurement of the discharge probability

A triple-GEM detector in CMS configuration has ben placed near the CHARM
target and has been irradiated up to a neutron fluence close to 2.5 x 10% n/cm?
and a dose of about 9.4 Gy, i.e. a dose rate of about 1 Gy/day has been
collected at the R3 test location. The detector has been operated at a gas
gain of 3.5 x 10* in Ar/CO, (70/30) gas mixture. As previously mentioned,
the GEM-foils have been powered independently with a multi-channel power
supply in order to monitor the operating current and high voltage induced
on each electrode and to detect possible discharge signals. Additionally, the
signals induced on the bottom electrode of third GEM-foil have been used to
count the total number of particles crossing the detector active volume and to
identify the high-charge signals induced by highly ionizing particle (HIPs).
A pico-ammeter connected to the readout electrode also measured the total
charge generated in the triple-GEM detector prototype under test.

The aim of the discharge probability test at CHARM facility has been to count
the number of discharges that could induce a TRIP in the high voltage system.
The TRIP current threshold for each GEM-foils and for the drift cathode has
been set 1 pA higher than the normal operating current seen by each one
within a spill. The discharge probability has been defined as the ratio of the
total number of discharge produced in the detector to the total number of
particles interacting with the detector under test:

P B Npisch. B Nrgrp (7.3)
Disch. — — .
Rppeas. X ATsprir X Ngpin Rimeas. X ATsprrr X Nepin

where R,,.qs. is the counting rate per spill, i.e the rate of interacting particles
per spill, ATsprrr, the spill length, Ny the total number of spills recorded
during the entire radiation exposure test and Np;s.. the total number of dis-
charge produced in the triple-GEM detector under irradiation test, which is
equivalent to the total number of TRIPs Npgr;p in the high voltage system.

Figure 7.17 shows the average counting rate per spill as a function of the voltage
difference applied to the drift cathode Vp,;sx measured by the triple-GEM
detector under irradiation test within the spill at a discriminator threshold
value of 500 mV. The "average net" counting rate per spill, defined as the
average counting rate inside the spill to which the average counting rate outside
the spill has been subtracted, is also plotted and shows a plateau in the region
of the working point Vp,;zr = 3350 V' (712.8 pA divider current equivalent).
The average counting rate outside the spill is affected by the neutron activation
of the materials and varies with time.

The irradiation test with the triple-GEM detector prototype operated in stable
condition lasted for a total of 18524 spills during which none of the high voltage
power supply trips or disruptive events have been observed. To set an upper
limit the rule of the three-sigma rule [141] [142] has been used for the discharge
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Figure 7.17: Average counting rate per spill from the lower electrode of the
third GEM-foil as a function of the voltage difference applied to the drift
cathode Vp,is measured by the triple-GEM detector under irradiation test
at CHARM facility a discriminator threshold value of 500 mV. The average
counting rate inside the spill (black dots) has been corrected by the average
counting rate outside the spill and the average net counting rate per spill
(blue dots) has been obtained. The working point corresponding to a Vi, =
3350 V (712.8 pA divider current equivalent) has been used to calculate the
discharge probability.

probability at 95% C.L.:

NDisch. o
Rmeas. X AZTSPILL X Nspill

PDisch. =

3
175 x 105 571 /spill x 0.325 s x 18524 spill

~2.85x 107Y/HIP (7.4)

Finally, the irradiation test at CHARM facility has enabled to estimate the
neutron sensitivity of the triple-GEM detectors directly. Since charged hadrons,
electrons/positrons, and other particles are also present in this mixed-radiation
field, the neutron signals have been selected in the triple-GEM detector un-
der test by requiring hits with large charge using an appropriate discriminator
threshold. The signal from the lower electrode of the last GEM-foil has been
picked-up, pre-amplified and sent to the control room of the facility where it has
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been amplified and discriminated for counting purposes. Figure 7.18 shows the
typical counting rate per spill measured from this channel as a function of the
discriminating threshold at working point corresponding to a Vp,;zs = 3350 V/
(712.8 pA divider current equivalent).
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Figure 7.18: Average net counting rate per spill from the lower electrode of
the third GEM-foil as a function of the applied discriminating threshold at
working point corresponding to a Vp,ip = 3350 V' (712.8 pA divider current
equivalent). The point corresponding to a threshold value of 500 mV" has been
used to calculate the triple-GEM neutron sensitivity.

By changing the threshold value, a minimum amount of charged released into
the triple-GEM detector can be identified. As the threshold increases, the
counting rate decreases signaling that high charge releasing events have been
selected. It has been relied on this approach for identify neutron-like events
since, due to the characteristic of the CHARM facility, a pure neutron beam
could not be selected. By considering Figure 7.18, the point corresponding
to a threshold of 500 mV has been used in order to calculate the triple-GEM
neutron sensitivity. From the ratio of measured counts above threshold and
incident neutron fluence, the neutron sensitivity for the triple-GEM detector
has been measured to be 7.5 x 107%. A comparison of the measured triple-
GEM neutron sensitivity with the simulated triple-GEM neutron sensitivity
2.6 x 10~* obtained for the spectrum showed in Figure 7.12 and for the triple-
GEM used materials, showed an agreement within a factor 3, which represents
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a significant result given the complexity of the neutron interactions with the
triple-GEM detectors and the dearth of experimental studies on this topic.

7.2.5.1 Expected number of discharges during detector operation

The expected background components and their corresponding hit rates in the
GE1/1, GE2/1, and MEO regions in the CMS Muon System has been computed
using the CMS-FLUKA simulation software. Additionally, the sensitivity of
triple-GEM detectors to the different background components and energies has
been simulated with the GEANT4 framework. The results of the simulation,
shown in Table 6.2 (Section 6.1), indicate that the background hit rate is
mainly dominated by neutrons and photons: neutrons are produced by the
hadronic interactions in the inner part of the detector and by the interactions
of protons of the beam with the collimators, with energies between few meVl’
and hundreds of GeV; photons instead come from neutron capture, with typical
energies between few kel and tens of MeV. Based on the neutron hit flux
presented in Table 6.2, it can be estimated the total number of discharges per
detector after ten years of operation at the HL-LHC. However, only neutrons
with an energy above 1 MeV are expected to produce HIPs and trigger possible
discharges, which represents about 20% of the total neutron spectrum in the
innermost region of the forward CMS Muon Spectrometer. Therefore, the
expected number of discharges in GE1/1, GE2/1, and MEO detectors after ten
years of operation at HL-LHC is given by:

NDisch. - PDisch. X Rma:v (> 1 M@V) X truc (75)

where Pp;sen. is the discharge probability estimated with the alphas source test
(Ppisen. = 1071 /HIP) and with harsh mixed-radiation fields at the CHARM
facility using the upper limit for the discharge probability (Ppisen. = 2.85 X
107°/HIP), Rpar (> 1 MeV) is the maximum expected neutron fluence in the
hottest region of the detector assuming that all neutrons with energy higher
than 1 MeV can induce heavily ionising particles, and ¢, ¢ is the effective
exposure time after ten HL-LHC years.

Table 7.2 shows the expected number of discharges per ecm? after ten years
of operation at HL-LHC, considering the discharge probabilities estimated
both with the alphas source test and with the harsh mixed-radiation fields
at the CHARM facility. Due to the high background rate in the innermost
MEO region, the largest number of discharges is expected in that station:
~ 225 Disch./em?. However, this number is to be compared against a dis-
charge test with alpha particles in which ~ 450 Disch./cm? discharges have
been observed. Those discharges did neither damage the GEM-foils, nor did
they degrade the detector performance [69] [90].
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GEM Station

Expected number
of discharges (using
P = 107"*/HIP from
test with alphas) [1/cm?]

Expected number of
discharges (using P =
2.85 x 107%/HIP from
CHARM test) [1/cm?]

GE1/1 0.6 17.0
GE2/1 0.4 11.7
MEO 7.9 2248

Table 7.2: Expected number of discharges in GE1/1, GE2/1, and MEO triple-
GEM detectors after ten years of operation at HL-LHC.

7.2.5.2 Effects of the discharges on the detector operation

The triple-GEM detector prototype based on the single-mask photolithography
technique developed by the CERN PCB Workshop and operated with Ar/CO4
(70/30) gas mixture at an effective gas gain of 2 x 10* has been exposed to the
radiation in the CHARM facility. Figure 7.19 shows the accumulated charge
per unit of detector area (mC'/em?) as a function of time. During this time, the
detector under irradiation test integrated about 0.9 mC'/em? after ~ 120 hours
of continuous irradiation of sustained operation in the harsh mixed-radiation
fields, which represents the 15% of the total GE1/1 operation and the 30% of
the total GE2/1 operation at the HL-LHC.

No performance degradation or unstable operation has been observed during
the entire irradiation test at CHARM facility . An effective gas gain mea-
surement has been performed before and after the irradiation test in order
to identify a possible degradation of the GEM-foils. Figure 7.20 shows the
comparison of effective gas gains of the triple-GEM detectors under test at the
CHARM facility in pre- and post-irradiation conditions with the irradiated
electronics. It has not been observed any significant gain differences before
and after the intense irradiations.
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Figure 7.19: Result of the discharge probability studies at the CHARM fa-
cility: accumulated charge per unit of detector area (mC/cm?) as a function
of time. The detector under irradiation test integrated about 0.9 mC/cm?
after ~ 120 hours of continuous irradiation of sustained operation in the harsh
mixed-radiation fields, which represents about 1.5 years of operation in GE1/1
environment at the HL-LHC.
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Figure 7.20: Comparison of effective gas gains of the triple-GEM detectors
under test at the CHARM facility in pre- and post-irradiation conditions with
the irradiated electronics.
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Chapter

General conclusions

The Compact Muon Solenoid (CMS) is a general purpose experiment measur-
ing proton-proton and heavy-ion collisions at Large Hadron Collider (LHC) at
CERN laboratory, in Geneve. The detector has been running successfully at
unprecedented proton-proton center-of-mass energies up to 13 TeV, with an
LHC luminosity exceeding 103* ¢m~2s~!. The missing key particle of the Stan-
dard Model, the Brout-Englert-Higgs boson, was discovered through its two-
photon and four-lepton decay modes in 2012. To extend the sensitivity for new
physics searches, a major upgrade of the LHC machine has been decided and
is being prepared, the High Luminosity LHC (HL-LHC). The center-of-mass
energy for proton-proton collisions is expected to be raised from the current
13 TeV up to 14 TeV and the instantaneous luminosity of LHC is expected to
exceed the nominal value and reach 2.5 x 103* em =257, after the second Long
Shutdown (LS2) foreseen in 2019-2020. A further increase is planned during
the third Long Shutdown (LS3) in 2024-2026, up to 5 x 103" em™2s7! i.e. a
yield five times greater than the initially design value of the current LHC. The
increase of the center-of-mass energy and instantaneous luminosity during the
future upgrades of the LHC machine will deeply affect the performance of the
CMS detectors as well as their data acquisition system due to the harsh back-
ground environment and the high pile-up. To cope with very high operation
condition, high pile-up and background environment the CMS experiment and
the muon detectors in particular need major upgrades.

This Doctoral Thesis has been carried out in the framework of the upgrade
of the forward muon spectrometer of the CMS experiment. One of the future
major CMS upgrade is the addition of new detector layers in the forward muon
spectrometer of CMS experiment. The detector technology that has been cho-
sen by the CMS Collaboration for this upgrade is the triple Gas Electron
Multiplier (triple-GEM) technology. The triple-GEMs are gaseous detectors,
characterized by a detection efficiency more than 98% even for rate exceeding
few M Hz/cm?, high spacial resolution of order ~ 100 pm, and good time reso-
lution of order ~ 8 ns and ~ 5 ns at the efficiency plateau for Ar/CO, (70/30)
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and Ar/CO,/CFy (45/15/40) gas mixture, respectively. Additionally, the gas
gain is observed to be stable up to a several M Hz/cm? of incident particle rate
by demonstrating that the triple-GEM detectors have a high rate capability
and will be suitable to operate in the forward muon region of CMS experiment,
where a maximum rate on the order of 50 kHz/cm? is expected. Despite be-
ing invented just in 1997 by F. Sauli, the triple-GEM technology has become
a widely used detection technology for high-rate experiments like COMPASS,
LHCb or TOTEM and are foreseen for new experiments or upcoming upgrades,
such as the CMS Muon System or the ALICE TPC upgraded.

The triple-GEM detectors are approved to instrument two forward region of
the Muon System of the CMS experiment at 1.6 < n < 2.4, called GE1/1
and GE2/1 station during the second and third Long Shutdown, respectively.
The GE1/1 and GE2/1 detectors are "super-chambers', each made of a double
layer of trapezoidal triple-GEM detector. They will cover slightly more than
10° in GE1/1 station and 20° in GE2/1 station, overlapping in ¢ just like the
corresponding CSC detectors in ME1/1 and ME2/1 stations, complementing
them and providing redundancy and enhanced triggering and tracking capa-
bilities in the region which currently suffering from the highest background
rates and a non uniform magnetic field. Therefore, 36 super-chambers will be
installed for the GE1/1 station and 18 for the GE2/1 station in each muon end-
cap in order to ensure the full azimuthal coverage. In addition to GE1/1 and
GE2/1 station, the MEO station is approved to be instrumented with triple-
GEM detector. Indeed, with pixel tracking extension close to n < 4 and the
replacement of the endcap of the electromagnetic and hadronic calorimeters
during the third Long Shutdown, comes the opportunity to extend the muon
coverage beyond the present limit of n < 2.4 with the addition of a muon gas-
based detector installed in a space of ~ 30 ¢m freed behind the new end-cap
calorimeters. The MEQ detector station comprises 36 module stacks (18 per
endcap), each composed of six layers of triple-GEM detectors, compared to
the two-layer design of GE1/1 and GE2/1, covering the region 2 < n < 2.8,
in order to allow proper rejection of neutron background, particularly intense
in that region. The large n coverage foreseen would lead to an improvement
of the acceptance, with a consequent boost in the signal over noise ratio in
the signature with muons, especially with the multiple-muon final states, and
better hermeticity for signature without muons.

The Doctoral Thesis subject has been proposed by the CMS GEM Collabora-
tion and three main research projects have been conducted in this context:

The first project, conducted in the framework of the LS2 GE1/1 detector mass
production, has been focused on the production and quality control of the
triple-GEM detectors for the CMS-GE1/1 station, to be installed in the CMS
Muon System during the second Long Shutdown in 2019/2020. The aim of
the LS2 GE1/1 detector mass production was to assembly, certify and charac-
terize the CMS GE1/1 triple-GEM detectors using the large amount of data
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acquired during the 18 months of quality certification tests at the CERN pro-
duction site. The Quality Assurance (QA) and the Quality Control (QC) are
key elements to ensure the delivery of fully efficient GE1/1 detectors yielding
their best performance when installed in the Muon Spectrometer of the CMS
experiment. The final detector quality and performance depend on the pro-
duction quality and on the accuracy of the detector assembly procedures. For
this reason, a standardized QA and QC protocol for the GE1/1 chamber and
super-chamber assembly and certification has been carefully prepared for each
level of the mass production in order to prevent any mechanical or electrical
issues that might affect the detector performance. The quality control tests
involved all the principal GE1/1 detector components and focused on the fol-
lowing main aspects: Gas Tightness, Electric Test, Noise, Effective Gas Gain
and Response Uniformity Measurement. The LS2 GE1/1 triple-GEM detec-
tors mass production and quality control is carried out by several universities
and research institutes, distributed around the world and led by CERN which
is the headquarters of the production collaboration. Among the production
and quality control sites, CERN implemented the most exhaustive quality as-
surance/quality control tests, since the production headquarters takes care of
both raw materials and integration of the detectors. As for the raw materials,
CERN is the only production site that deals with verifying the integrity and
specifications of the detector components. As for the integration of the de-
tectors, CERN, being the final recipient of the detectors assembled externally
at the other production sites, implemented additional quality control tests to
verify and test the performance of received detectors. A great effort of whole
CMS-GEM team is under way to complete the assembly and qualification of
the GE1/1 triple-GEM detectors, which will be installed in the muon forward
region of the CMS experiment during the second Long Shutdown. The assem-
bly and acceptance/qualification testing of the GE1/1 triple-GEM detectors
are now proceeding routinely. At the end of August 2018, a total of 140/144
(97%) detectors have been successfully assembled by a massive effort of all pro-
duction and quality control sites: 103 of those assembled detectors have been
completely qualified, while 37 other ones are awaiting or are in different stages
of the quality control. In October 2018 the on-detector electronics assembly
and the super-chamber production will be launched at the CERN production
site.

The second project has been focused on the long-term operation of triple-GEM
detectors, in particular the study of the aging phenomena. Similarly to several
gaseous detector, the triple-GEM detector might be subject to aging effect
when operating in a high-rate environment. For this reason, several aging tests
of full size CMS-GE1/1 triple-GEM detectors have been carried out in parallel
at CERN Gamma Irradiation Facility (GIF++4), using for the irradiation an
intense 14 T'Bq (2015) 37C's source emitting 662 keV ~y-rays, and at the CMS-
GEM QA/QC facility using as irradiation source a 22 keV X-rays source.
Both detectors have been operated with Ar/CO, (70/30) gas mixture at an
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effective gas gain of 2x 10%. The aim of this aging test campaign was to validate
the triple-GEM technology developed for the CMS-GE1/1 project, using large
GEM-foils based on the single-mask photolithography technique produced by
the CERN PCB workshop, also for CMS-MEO project which is expected to
integrate an accumulated charge of 283 mC'/cm? in 10 years of HL-LHC.

o Gamma exposure at GIF++ facility

After twelve months of continuous operation, the detector accumulated
charge was about 182 mC/em?, which represents only 64% of the total
MEO operation. The longevity test campaigns at the GIF++ facility
demonstrated that the operation of the triple-GEM detectors in the CMS
configuration is not affected by the aging phenomena up to an integrated
charge of ~ 182 mC/em?. The longevity studies will continue at the
GIF++ facility under the same conditions until the detector accumulates
a total charge equivalent to ten HL-LHC years in the MEO environment
with a safety factor 3. This will take additional 5-5.5 years of exposure
due to the duty factor of the GIF++ facility and its concurrent use by
other experiments. To overcome the extremely long time required at the
GIF++ facility to assess the triple-GEM technology as suitable choice
for the MEO detector, an additional longevity test has been setup in
summer 2017 exposing a GE1/1 triple-GEM detector to 22 keV X-rays
from an X-ray source with Ag-target at a higher rate.

o X-ray exposure at CMS-GEM QA/QC facility

After five months of continuous irradiation with X-ray, the detector ac-
cumulated a total charge of about 875 mC'/cm?, thus providing a safety
factor of more than 3 with respect to 10 years of HL-LHC operations in
the CMS-MEO environment. The anode current remained stable, proving
the detector gas gain was not affected on the whole irradiation period.
In addition to monitoring the anode current during the irradiation, the
effective gas gain and the energy resolution were continuously measured
every week, i.e. every about 30 mC/cm? of accumulated charge. The
results of the effective gas gain measurements, together with the results
obtained from the energy resolution measurements demonstrated that
the performances of the triple-GEM detectors in the CMS configuration
are not affected by any classical aging phenomena and the detector re-
mains fully operational after 875 mC'/cm? of accumulated charge.

An additional aging test on the triple-GEM technology based on the double-
mask photolithography technique developed by the Mecaro company (Korea)
has been carried out in parallel at GIF++ facility. The detector is operated
with Ar/CO, (70/30) gas mixture at an effective gas gain of 2 x 10*. The aim
of this aging test campaign was to validate the large double-mask GEM-foils
for CMS-GE2/1 project by integrating a minimum of charge per unit area of
about 9 mC'/cm?, which represent a 10 years of the total GE2/1 operation at
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HL-LHC with a safety factor three, and future applications. The detector un-
der irradiation integrated about 54 mC'/cm? after three months of continuous
irradiation of sustained operation in front of the ¥"C's source at the GIF++
facility, which represents ten years of GE2/1 operation at the HL-LHC with a
safety factor 18.1, and 19.2% of the total MEO operation. The longevity test
demonstrated that the operation of the triple-GEM detectors assembled with
large double-mask GEM-foils in the CMS configuration is not affected by the
aging phenomena up to an integrated charge of ~ 54 mC'/cm?

The third project included a systematic investigation of the discharge probabil-
ity with the triple-GEM detectors under neutron irradiation in Ar/CO, (70/30)
gas mixture. Still on the subject of the capability of the new detectors of work-
ing in intense neutrons and photons environment, the CMS-GEM Pavia group
performed a neutron test at CERN CHARM (Cern High energy AcceleRator
Mixed Field facility): it provides neutrons, produced in spallation reaction of
the Proton Synchrotron (PS) beam with a copper target, with an energy spec-
trum similar to CMS Muon System. The aim of these neutron tests has been
the study of neutron sensitivity and neutron-induced discharge probability of
a triple-GEM detector irradiated by neutrons. These measurements have been
crucial in the choice of technology to be installed on the detector in order
to preserve adequate detector performance and its discovery potential in high
luminosity environment of the HL-LHC era. A triple-GEM detector in CMS
configuration was placed near the CHARM target and was irradiated up to a
neutron fluence close to 2.5 x 10% n/cm? and an integrated charge of about
0.9 mC'/cm?. The detector was operated at a gas gain of 3.5 x 10* in Ar/CO,
(70/30). The GEM foils were powered independently with a multi-channel
power supply in order to monitor the current induced on each electrode and
to detect possible discharge signals. Additionally, the signals induce on the
bottom electrode of third GEM-foil were used to count the total number of
particles crossing the detector and to identify the high-charge signals induced
by HIPs. A pico-ammeter connected to the readout electrode also measured
the total charge generated in the GEM detector. No trips of the power supply
or disruptive events were recorded during the entire test. As a results, consid-
ering the average interaction rate at the CHARM facility, an upper limit for the
discharge probability of 2.85 x 1072 /HIPs at 95% C.L. has been established.

The aging and the discharge probability studies have been performed in the
framework of an R&D activity on detectors for the innermost region of the for-
ward muon spectrometer of the CMS experiment. These long-term operation
test campaigns have demonstrated the robustness and the radiation hardness
of the triple-GEM technology, which could tolerate the radiation dose fore-
seen in 10 HL-LHC years of operation in the MEO environmental of the CMS
experiment. Therefore, the triple-GEM technology, based on the single-mask
photolithography technique produced by the CERN PCB workshop, is fully
validated for CMS-MEQO upgrade project. The results obtained during the
three years of Ph.D. have been contributed to the success of the CMS-MEOQ
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upgrade project and its approval by the CMS and LHCC Collaboration.
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Appendix

CMS-GEM QA /QC facility in
CERN

The CMS-GEM QA/QC facility is located in CERN building 904 at the
Prévessin site. This facility includes a Clean Room for the GE1/1 triple-GEM
detector assembly and a laboratory where the assembled detectors are tested
through multiple stages of strict quality control.

The Clean Room for the GE1/1 detectors assembly. Given the com-
plexity of triple-GEM detectors and the quantity needed to instrument the
CMS GE1/1 muon station, several assembly and quality control lines have
been established to perform the GE1/1 detecor mass production using a pro-
gressive assembly approach. In accordance with this approach, the GE1/1
detector design relies on interchangeable parts added in sequence until the fi-
nal assembly. The entire detector assembly takes place in a class 1000 Clean
Room fully equipped with all the necessary tooling and assembly devices. The
Clean Room is necessary to meet the environmental purity requirements for
the detectors assembly and to have the ability to retrofit them if it turns out
to be necessary during the production phase. Figure A.1 shows the plan of the
Clean Room installed at the CMS-GEM QA /QC facility at CERN.

The Clean Rooms are classified according to the number and size of particles
permitted per volume of air. This Clean Room installed at the CMS-GEM
QA/QC facility is classified as ISO 6 (Class 1000), with an internal area of
about 40 m? limited by moveable curtain, with improved quality. The Clean
Room facility comprises the clean room proper, the SAS Pass Through (Safety
Access System) area for the entrance of the users and two SAS Pass Through
zone for the entrance and exit of the material. The SAS Pass Through are
chambers with an independent filtration air system that ensure the entrance
of the users or the transfer of objects and materials in a safe way, avoiding any
kind of contamination in both directions. The complete facility is equipped
with vertical laminar walls and roof producing a vertical airflow extracted by
the lateral wall. The total flow rate is distributed through 42 housings with
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A. CMS-GEM QA/QC facility in CERN
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Figure A.1: Plan of the Clean Room installed at the CMS-GEM QA/QC
facility at CERN.

absolute filtration 1220 x 610 x 70 mm? (each one 1200 m?/h = 180 air cycles
per hour). Additionally, the Clean Room is equipped with a temperature and
humidity control and a related monitoring system. The Clean Room is able to

host

two GE1/1 detector production lines (QC2 Long - Current Leakage Test

and GE1/1 detectors assembly).

Technical Specifications:

An available surface area of about 102 m? (Clean Room) + 18 m? (SAS);

Clean room proper: ISO 6 (CLASS 1000) according to ISO 14644-1 over-
pressurized for simultaneously 6-7 people working inside;

SAS Pass Through zone for the entrance of the users;

SAS Pass Through zone for the material in/out from the room before
entering the proper clean room;

SAS Pass Through zone on over pressure of AP = 10 Pa with respect
to the main building. The clean room over pressure is AP = 20 Pa;

Clean room is equipped with sub-area, delimited by curtain;

Two Local Exhaust Ventilation systems (LEV) to extract fumes eventu-
ally produced by soldering activities;

Interlock system to the entrance doors to avoid possible clean room con-
tamination;

Temperature and the relative humidity controlled: Relative Humidity
40% =+ 10% and Temperature 23 °C' &2 °C.
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Pictures of the Clean Room installed at the CMS-GEM QA/QC facility at
CERN are shown on Figure A.2, A.3, A.4 and A.5.

Yy e dl ..-r:r;’,vl__

Figure A.3: The internal view of the Clean Room installed at the CMS-GEM
QA/QC facility at CERN.

The GEM Laboratory for the GE1/1 detectors quality control. Any
industrial mass production implies the adoption of several Quality Assurance
(QA) and Quality Control (QC) procedure in order to verify the manufactur-
ing output against the requirements set by the specification. Following this
principle, the GE1/1 detectors are also systematically subjected to a series
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A. CMS-GEM QA/QC facility in CERN

Figure A.4: The view of the assembly zone in the Clean Room installed at
the CMS-GEM QA/QC facility at CERN.

Figure A.5: The view of the QC2 Long - Current Leakage Test in the Clean
Room installed at the CMS-GEM QA /QC facility at CERN.

of rigorous tests in order to prevent any mechanical or electrical issues that
might affect the detector performance during their operation at CMS Muon
System. Figure A.6 shows the plan of the GEM Laboratory installed at the
CMS-GEM QA/QC facility at CERN for the GE1/1 detectors certification
and qualification.

Technical Specifications:

¢ An available surface area of about about 284 m?;
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Figure A.6: Plan of the GEM Laboratory installed at the CMS-GEM QA /QC
facility at CERN.

Controlled environment parameters (temperature and relative humidity);

The GEM Laboratory can handle a minimum of two quality control lines:

1. QC3 - Gas Leak Test

2. QC4 - HV test

3. QC5 - Effective Gas Gain Measurement
4. QC5 - Response Uniformity

The GEM Laboratory can handle the final steps of the production and
quality control phase:

1. QC6 - HV test with multichannel power supply
2. Superchamber assembly
3. QC8 - Cosmic Stand

About 18 m? available for GE1/1 detectors storage (6 m? footprint).

Pictures of the GEM Laboratory installed at the CMS-GEM QA /QC facility
at CERN are shown on Figure A.7 and A.8 .
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A. CMS-GEM QA/QC facility in CERN

Figure A.7: The view on the QC3/4 stands in the CMS-GEM QA /QC facility
at CERN.

A "E!'lﬂ “I | 30a

Figure A.8: The view on the QC5 stands in the CMS-GEM QA /QC facility
at CERN.
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