@ CERN-THESIS-2024-063

Thermal Measurements with a 25 Module

on a TEDD-like Structure for the CMS
Phase-2 Upgrade

Masterarbeit in Physik

von

Vanessa Oppenlander

vorgelegt der
Fakultédt fiir Mathematik, Informatik und Naturwissenschaften der
RWTH Aachen

im

November 2023

angefertigt im

I. Physikalischen Institut B

bei
Priifer: Prof. Dr. Lutz Feld
Zweitpriifer: Prof. Dr. Oliver Pooth






Contents

1 Introduction 1
2 The LHC and the CMS Experiment 3
2.1 The Large Hadron Collider . . . . . . . ... ... ... ... .. ...... 3
2.2  The Compact Muon Solenoid Experiment . . . . . .. ... ... ... ... 4
3 The High Luminosity LHC and the Phase-2 Upgrade 9
3.1 The High Luminosity LHC . . . . . . . . ... .. ... ... ... .. .... 9
3.2 The CMS Phase-2 Upgrade . . . . . . . . .. .. .. ... .. .. ...... 9
3.2.1 The CMS Phase-2 Tracker . . . . . . . .. ... ... ... ...... 9
3.3 Cooling of the Phase-2 Tracker . . . . . ... ... ... ... ... ..... 10
3.3.1 The 2PACL Principle . . . . . . . . .. . ... 11
3.32 COgasaCoolant . . . . . . . . . . e 11
4 The 2S Module 13
4.1 Description of the 2S Module Design . . . . . .. ... .. ... ... .... 13
4.2 General Concept of the pr Module . . . . .. .. .. .. .. .. ... .... 14
4.3 Power Consumption of the 25 Module . . . . . ... ... ... ... ..... 15
4.4 COg Cooling and Thermal Design . . . . . . . .. .. .. ... ... ..... 17
4.4.1 Thermal Design of the 2S5 Module . . . . . . . ... ... ... .. .. 17
4.42 COy Cooling in the TEDD . . . . ... ... ... ... ... .... 18
4.4.3 Thermal Runaway . . . . ... ... . ... ... .. ... ..., 19
5 Experimental Setup 21
51 COg Cooling System . . . . . . . . ... 21
5.2 Module Cooling Box . . . . . . . . .. . . 22
5.3 Cooling Structure and Inserts . . . . . . . . . .. ... L. 23
6 Preparatory Measurements 27
6.1 Thermal Characterization of Temperature Sensors . . . . . . . ... .. .. 27
6.2 Gluing Tests of Temperature Sensors on Dummy Sensors . . . . . . . .. .. 30
6.3 Gluing of Temperature Sensors on the 25 Module . . . . . . .. . ... ... 33
6.4 Generation of Leakage Current with LEDs . . . . . . . .. .. .. ... ... 35
6.4.1 Regulation of the Generated Current using a PID Control . . . . . . 38
7 Thermal Characterization of the Setup and Integration of the 2S Module 41
7.1 Thermal Characterization of the Inserts . . . . . ... .. ... ... .... 41
7.2 Thermal Contact between Bridge and Insert as a Function of the Torque . . 43
7.3 Integration of the 25 Module on the Cooling Structure . . . . . . .. .. .. 44
7.3.1 Measurement of the Noise . . . . . . . ... ... ... ... ..... 45
8 Thermal Measurements with the 2S Module 49
8.1 Possible Scenarios for the Operation at the HL-LHC . . . . .. ... .. .. 49
8.2 Measurements with Realistic Power Consumption for Different Scenarios at
the Nominal COg Temperature . . . . . .. .. ... ... ... ....... 51

8.2.1 Analysis of the Thermal Interfaces . . . . .. .. .. ... ... ... 54

ii



8.3

8.2.2 Comparison with a Thermal Simulation . . . .. .. ... ... ...
Thermal Runaway for the Ultimate at 800V Scenario . . . . . . . . ... ..
8.3.1 General Concept of the Measurement . . . . . . . .. ... ... ...
8.3.2 Measurement of the Thermal Runaway . . . . . ... ... ... ...
8.3.3 Comparison with a Thermal Simulation . . . .. ... ... ... ..

9 Summary

Bibliography

A Cooling System, Module Cooling Box and Cooling Structure
B Characterization of Temperature Sensors

C Measurement of the Noise

iii

71

73

77

79

80



1 Introduction

The discovery of the Higgs boson [1| at the Large Hadron Collider (LHC) at CERN, the
European Organization of Nuclear Research, near Geneva in 2012 has been a great success
for the Standard Model of Particle Physics. At the LHC the interactions of matter are
investigated by accelerating two beams of protons almost to the speed of light and collid-
ing them with each other at center-of-mass energies of up to 13.6 TeV, making the LHC
the most powerful particle accelerator to date [2]. The decay products of the interactions
are studied by placing four main detectors around the collision points of the two particle
beams, with the CMS (Compact Muon Solenoid) detector representing one of them. The
CMS detector is composed of several subdetectors to identify the particles based on their
measured properties [3].

Since its start of operation the LHC has already exceeded its design value by reaching an
instantaneous luminosity of 2.0 x 103 cm™2s~! in 2018. To increase the precision of the
measurement, of several Standard Model processes as well as to search for physics beyond
the Standard Model the LHC will receive its next major upgrade, the High-Luminosity
LHC (HL-LHC), after the end of Run 3 in 2025. The HL-LHC is expected to reach peak
instantaneous luminosities of 5.0 — 7.5 x 103 cm™2s~! with an estimated integrated lu-
minosity of 300fb~! per year. At its scheduled end of lifetime in 2041 the HL-LHC is
expected to have delivered an integrated luminosity of 3000 fb~!. In a scenario of maximal
performance a total integrated luminosity of 4000 fb~! could even be possible [4].

As part of the HL-LHC upgrade the CMS detector needs to be upgraded as well to cope
with the new operating conditions of the HL-LHC. This is referred to as the CMS Phase-2
upgrade. Within this upgrade the complete tracking system of the CMS detector will be
replaced. A part of the new Phase-2 tracker will be composed of so-called 25 modules that
represent a new type of silicon module. The main feature of the 2S module are two silicon
strip sensors that are stacked on top of each other. By correlating the measured hits in
both sensor layers particle tracks can be reconstructed and the transverse momentum of
the particles determined. For particles with a high transverse momentum this information
will be sent to the Level-1 trigger, which marks the first time that tracking information is
included in the first stage of the event selection process at CMS [4].

The challenging conditions of the HL-LHC include the operation of the 2S5 modules at
high radiation levels. After irradiation the silicon sensors exhibit a leakage current that is
exponentially dependent on the sensor temperature. For the Phase-2 tracker a new cooling
system based on evaporative COq cooling will be installed. In a case of unstable cooling
it is possible that the 2S modules enter an uncontrolled self-heating loop called thermal
runaway which leaves the modules unusable in the detector. Therefore the longevity of
the tracking detector is strongly influenced by the performance of the cooling system. To
ensure a reliable and successful operation of the 2S5 modules until the planned end of life-
time it is of utmost importance that the nominal operating temperature of —33 °C provides
enough margin to the expected point of thermal runaway. Thus it is crucial to characterize
the thermal properties of the 2S module and test the performance of the cooling system.
This includes the assessment of the CO49 temperature at which the thermal runaway would
occur.

Depending on the location inside the detector the 2S modules will be mounted onto differ-
ent cooling and support structures. In the endcap of the Phase-2 tracker the 2S modules
will be mounted on the so-called Tracker Endcap Double-Disks (TEDD). In the TEDD re-
gion the 25 modules themselves will have six cooling points at which they will be mounted



onto aluminum inserts that provide the thermal interface to the cooling pipe. Within this
thesis thermal measurements of a 2S module are carried out on a small version of such
a TEDD cooling structure. For this the cooling structure is connected to a COs cooling
system that is based on the same principle as the future cooling system in the detector. To
minimize the heat exchange with the ambient the cooling structure is placed in a module
cooling box that is actively cooled by an external chiller. By setting the ambient tem-
perature to the mean sensor temperature of the 2S module a thermal equilibrium can be
achieved between the sensors and the ambient.

Since the 2S5 module used for this thesis is not irradiated a setup has been developed that
allows the emulation of the expected leakage current of irradiated sensors by illuminat-
ing them with light emitted by LEDs. For the operation at the HL-LHC three scenarios
are under investigation: the nominal, Ultimate@600V, and Ultimate@800V scenario. The
latter denotes the case of maximal performance that would lead to the highest expected
power consumption for the silicon sensors of the 2S module. The adjustment of the leak-
age current in this setup via the LEDs allows to emulate the power consumption of the
2S modules according to the expected values of each scenario. By gluing small tempera-
ture sensors onto several components of the 2S module including the silicon sensors the
temperature distribution on the 2S module can be measured and analyzed. Within this
thesis the thermal properties of the 2S5 module have been assessed for all three scenarios at
the nominal CO9 temperature of —33 °C. Additionally a method has been established that
enabled the measurement of the thermal runaway for the Ultimate@800V scenario within
the given setup.

This thesis starts with a detailed introduction to the LHC and the current CMS detector
in Chapter 2, followed by a description of the HL-LHC and the CMS Phase-2 upgrade,
including the working principle of the cooling system, in Chapter 3. Subsequently the 2S
module with focus on the thermal design and the power consumption will be introduced in
Chapter 4. The experimental setup as well as the preparatory measurements are presented
in Chapter 5 and 6. The thermal characterization of the setup and the integration of the 25
module onto the cooling structure are discussed in Chapter 7. The thermal measurements
of the three scenarios at the nominal operating temperature as well as the measurement
of the thermal runaway for the Ultimate@800V scenario are explained and analyzed in
Chapter 8. Finally a summary is given in Chapter 9.



2 The LHC and the CMS Experiment

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle acceler-
ator to date. It is located at CERN, the European Organization of Nuclear Research, near
Geneva in Switzerland. The LHC is a circular synchrotron that accelerates mainly protons
and collides them with each other to study the fundamental structure of matter by analyz-
ing the particles that arise from these collisions |2]. This is achieved by the installation of
four main experiments at the crossing points of the particle beams: ALICE (A Large Ion
Collider Experiment) [5], ATLAS (A Toroidal LHC ApparatuS) [6], LHCb (Large Hadron
Collider beauty) [7] and CMS (Compact Muon Solenoid) [3]. Both ATLAS and CMS are
general purpose detectors that aim to perform precision measurements of a wide range of
Standard Model processes as well as to look for new particles beyond the Standard Model,
such as supersymmetry. The detectors have similarities but differ in design and technical
implementation. ALICE and LHCb are covering more specific fields of particle physics.
While ALICE is specialized in heavy ion collisions to study the quark-gluon plasma, LHCb
has its focus on particle interactions involving bottom quarks to investigate the matter-
antimatter asymmetry. The following sections provide a description of the LHC and the
CMS experiment.

2.1 The Large Hadron Collider

The LHC was commissioned in 2008 and re-uses the 26.7km long tunnel around 100 m
underground between the Jura Mountains and Lake Geneva that was previously built for
the Large Electron-Positron (LEP) Collider. In the tunnel two counter-rotating beams of
protons or lead nuclei are accelerated almost to the speed of light and collide with each
other at four crossing points [2]. In general pp, PbPb and pPb collisions are possible. The
following descriptions focus on protons, but are applicable also to lead ions.

The proton beams are arranged in bunches. Each beam consists of 2808 bunches with
approximately 10'!" protons per bunch. The bunch crossing frequency is at 40 MHz which
corresponds to a bunch spacing of 25 ns. The number of particle interactions during a single
bunch crossing is called pileup [8]. Three other parameters important for the character-
ization of a particle accelerator are the center-of-mass energy and the instantaneous and
integrated luminosity. The center-of-mass energy /s is considered as the total energy of the
particle collision while the instantaneous luminosity measures the rate of potential particle
collisions per unit area and time. The integrated luminosity describes the rate of potential
particle collisions per unit area for a given time interval. Thus the integrated luminosity
is used as a quantity that expresses the amount of data collected by a detector.

Before traversing the LHC, the protons are passing through a chain of pre-accelerators
with each machine having an increasingly higher energy. Figure 2.1 shows an overview
of the accelerator complex at CERN. First the protons are extracted from hydrogen gas
before the acceleration process starts at the LINAC 2 (LINear ACcelerator). There they
are accelerated to 50 MeV before being injected into the PS Booster (PSB), where they are
accelerated to 1.4 GeV. Then the protons reach the second circular accelerator, the Proton
Synchrotron (PS), and are accelerated to 25 GeV. Before entering the LHC, the protons
are fed into the Super Proton Synchrotron (SPS), accelerated to 450 GeV and finally trans-
ferred to the LHC [§].

The accelerator ring of the LHC can be divided into eight sections, each consisting of an
arc and a longer straighter section. The arc section includes superconducting dipole mag-



Figure 2.1: Overview of the LHC and the accelerator complex at CERN, modified from Ref. [9].

nets that are used to bend the particle beam in order to maintain the curved trajectory,
whereas quadrupole magnets are installed at the collision points to focus the beam to the
smallest possible diameter before the two beams are crossing. The long straight sections
are composed of so-called cavities which are electromagnetic resonators that accelerate the
particle beam up to the maximum energy reachable at the LHC [8].

The LHC was originally designed to reach a center-of-mass energy of /s = 14 TeV with
an instantaneous luminosity of 1.0 x 103*ecm™2s~!. Since the start of the operation in
2009 it has already exceeded this value with a peak instantaneous luminosity of 2.0 x
103 cm=2s~! in 2018. During the last running period from 2015 to 2018, which is re-
ferred to as Run 2, the CMS experiment has collected data at center-of-mass energies of
Vs = 7TeV, 8TeV and 13TeV that correspond to an integrated luminosity of 178 fb~*
collectively [10]. Run 2 was followed by Long Shutdown 2 (LS2) during which the LHC
machine received several repairs and updates. The present running period, referred to as
Run 3, has started in 2022 with the aim of reaching 300fb~! at its end in 2025. So far
the CMS detector has collected around 67fb~! of pp collision data at a center-of-mass
energy of /s = 13.6 TeV during the ongoing Run 3 with a peak instantaneous luminosity
of 2.2x 10** cm™2s~!. In Run 3 up to now the pileup was on average in the order of 50 [10].

2.2 The Compact Muon Solenoid Experiment

The CMS experiment is one of the four main experiments at the LHC, installed around
100 m undergound at Point 5 near the village Cessy in France. It is designed as a general-
purpose detector consisting of several subdetector systems that are arranged in cylindrical
layers around the collision point and the beam pipe. This central part is also known as
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Figure 2.2: Sketch of the CMS detector with an overview of its subdetectors [11].

the barrel. It is closed at each side with the so-called endcaps that are also composed of
several detector layers orientated perpendicular to the beam axis. Figure 2.2 shows an
overview of the detector architecture with its subdetectors. Overall the CMS detector has
a length of 28.7m and a diameter of 15.0m with a weight of 14000t. A central piece of
the detector is the solenoid magnet that is also giving the detector its name |[3].

The CMS Collaboration adapted the following coordinate system: the center is at the
collision point inside the experiment, the x-axis is pointing to the direction of the center of
the LHC accelerator ring while the y-axis is going vertically up and the z-axis is orientated
along the beam axis in the counterclockwise direction. Additionally the radial coordinate
r and the azimuthal angle ¢ are defined in the z-y plane with ¢ starting at the z-axis.
The polar angle 6 is defined in the r-z plane and measured from the z-axis, while the
pseudorapidity n can be calculated from n = —In[tan (6/2)] [3].

The Pixel Detector

The pixel detector is the innermost subdetector installed close to the beam pipeline and
therefore exposed to the highest radiation levels within the detector. As a consequence
the original pixel detector was replaced and upgraded during the year-end technical stop
2016/2017 with the CMS Phase-1 pixel detector which is in operation since. The detector
is subdivided into two parts: the barrel pixel detector (BPIX) with four concentric layers
and the forward pixel detector (FPIX) that is composed of six disks, three disks positioned
at each side of the BPIX as an endcap. The BPIX and the FPIX are both populated with
modules that have silicon sensors with 160 x 416 pixels connected to 16 readout chips.
Figure 2.3 shows an overview of the layout of the current tracking detector. The modules
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Figure 2.3: Overview of one quarter of the current layout of the tracking system. The modules of
the Phase-1 pixel detector are shown in green, while the modules of the silicon strip detector are
depicted in blue and red, respectively. Modified from Ref. [4].

of the Phase-1 pixel detector are depicted in green. In total the pixel detector contains 1856
modules that yield an area of approximately 1.9m? covered by silicon. With a number
of roughly 124 million channels the Phase-1 pixel detector provides the foundation for
excellent tracking and vertex reconstruction [12].

The Silicon Strip Tracker

The pixel detector is surrounded by the silicon strip detector as the second part of the
tracking system. It is subdivided into four sections: the Tracker Inner Barrel (TIB),
the Tracker Inner Discs (TID) and the Tracker Outer Barrel (TOB) forming the barrel
part of the detector and the Tracker EndCaps (TEC) as a closure on both sides of the
barrel. The strip detector uses single-sided micro-strip silicon sensors with a size of about
10 x 10 cm?. Throughout the strip detector overall 29 different module designs are used.
As a consequence the individual sensor specifications with regard to the sensor thickness
and strip pitch vary depending on the module location in the detector, for example there
are modules whose silicon sensors are aligned back-to-back to each other with a rotation
angle of 100 mrad, whereas most of the modules are composed of a single strip sensor.
The double-sided modules enable the measurement of a second coordinate of a particle
track. The four subdetectors are indicated in the layout overview of one quarter of the
whole tracking detector in Figure 2.3, where single-sided modules are marked in red and
double-sided modules in blue. As a whole the tracking detector has a diameter of 2.5m,
a length of 5.8m and covers a pseudorapidity of |n| < 2.5. In total 15148 modules are
integrated in the strip tracker covering an area of 198 m? with about 9.3 million strips that
allow a precise measurement of the particle trajectories.

The Electromagnetic Calorimeter

The next layer, the electromagnetic calorimeter (ECAL), starts at a radius of 1.3m and
consists of 68524 lead tungstate crystals (PbWOy) that are distributed over the barrel
and the two endcaps. The main purpose of the calorimeters is to measure the energy of
the emerging particles. In the ECAL particles that interact via the electromagnetic force
mainly electrons and photons are absorbed by the crystals that convert the deposited en-
ergy by scintillation into photons. The photons are then detected by avalanche photodiodes
(APDs) in the barrel or vacuum phototriodes (VPTs) in the endcaps. The segmentation
of the ECAL into a high number of small crystals allows an energy measurement with a



high spatial resolution.

The Hadron Calorimeter

Particles like neutrons or pions that interact via the strong interaction are fully detected
in the hadronic calorimeter (HCAL) that sits behind the ECAL, starting at a radius of
1.8 m. It is a so-called sampling calorimeter built out of alternating layers of brass absorber
plates and plastic scintillators. In total about 70000 scintillator tiles are installed in the
HCAL that are read out by silicon photomultipliers. When penetrating the brass plates
the hadrons scatter inelastically and lose their energy producing hadronic showers that are
measured in the subsequent scintillation layer.

The Solenoid Magnet

The solenoid magnet of the CMS detector surrounds the tracking system and the calorime-
ters with a length of 12.5m, a diameter of 6 m, and generates a magnetic field of 3.8 T.
The Lorentz force bends the trajectories of the charged particles, forcing them on a curved
trajectory so that by measuring the radius and the direction of the curvature the momen-
tum and charge of the particle can be determined. The magnet consists of superconducting
NbTi and thus operates at a temperature of 4.5 K. Additionally the magnetic field is re-
turned through an iron return yoke that is installed outside of the magnet and partly
embeds the muon system. The iron yoke itself weighs 10000t, which makes the magnet
system by far the heaviest part of the CMS detector.

The Muon System

The muon system is using four different types of gas detectors that are partly enclosed
in the layers of the iron return yoke: the Drift Tubes (DT), the Cathode Strip Chambers
(CSC), the Resistive Plate Chambers (RPC) and the Gas Electron Multipliers (GEM).
The GEMs are the newest part of the muon system. The installation of the first station
GE1/1 in the endcaps of the CMS detector has been finished in LS2. Since the iron yoke
is also magnetized the momentum and charge of the muons can also be measured in the
muon system with the muon tracks being bent in the opposite direction with respect to
the tracker. Altogether this leads to a precise muon measurement being a central part of
the CMS detector, as indicated by its name. The muon system is the last and outermost
detector layer of the CMS experiment.

The Trigger System

Another important part of the CMS experiment is the trigger system. At a bunch crossing
frequency of 40 MHz and a pileup of 50 it is not possible to store and process the data of
all events, therefore a trigger system is employed in order to reduce the data rate and filter
out the interesting events. CMS implemented a trigger system based on two stages: as a
first step the hardware-based Level-1 (L1) Trigger is applied using the information from
the calorimeters and muon system to reduce the output rate of the data to 100 kHz. As
a second stage the software-based High-Level Trigger (HLT) further reduces the data rate
to 1 kHz by performing an offline analysis using the complete data of all subsystems.






3 The High Luminosity LHC and the Phase-2
Upgrade

During the previous shutdowns the LHC has been constantly improved to reach its design
values. To reach its full potential the next major upgrade, the High-Luminosity LHC (HL-
LHC), will be installed after Run 3 in the Long Shutdown 3 (LS3), beginning in 2025 [13].
This also implies necessary upgrades for the detectors, which are referred to as the CMS
Phase-2 Upgrade [4]. An overview of the upgrades foreseen for the HL-LHC and the CMS
detector will be given in the next sections.

3.1 The High Luminosity LHC

Starting in 2029 after LS3 the HL-LHC is expected to reach a peak instantaneous lumi-
nosity of 5.0 — 7.5 x 103 cm~2s~! and an estimated integrated luminosity of 300 fb~! per
year, meaning that the LHC will have collected data corresponding to an integrated lu-
minosity of 3000fb~! by its scheduled end of lifetime in 2041. In an ultimate scenario a
maximal performance of 4000 fb~! could even be possible. The pileup is estimated to reach
a value of 140 to 200 [4]. To achieve this the main upgrades to the LHC machine con-
tain new superconducting quadrupole magnets, the replacement of several beam-bending
dipole magnets and new so-called crab cavities to increase the interaction probability at
the collision points [8].

3.2 The CMS Phase-2 Upgrade

The increased luminosity of the HL-LHC entails increased particle rates, higher radiation
levels and larger pileup. To cope with the challenging environment of the HL-LHC several
subdetectors of the CMS experiment need to be improved or replaced as part of the CMS
Phase-2 Upgrade. Since this thesis contributes to the new Phase-2 Outer Tracker of CMS,
the following section will give a detailed portrayal of this specific upgrade, including the
foreseen cooling system.

3.2.1 The CMS Phase-2 Tracker

The central features of the CMS Phase-2 tracker within the framework of the upgrade
include increased radiation hardness to withstand the higher radiation levels, a higher
detector granularity to keep the channel occupancy at the minimum level below 1% for a
good tracking performance as with the present tracker in Run 3 and the contribution of
tracking information to the Level-1 (L1) trigger to cope with the increased amount of data.
In order to fulfill these requirements the whole silicon tracking detector will be replaced
with new silicon modules that have been developed during the last years. The Phase-2
tracker will be divided into the Inner Tracker (IT) and the Outer Tracker (OT). The IT will
be equipped with silicon pixel modules, while two module types have been developed for
the OT, the so-called 2S module, consisting of two silicon strip sensors, and the so-called
PS module, which is composed of a silicon strip and a macro-pixel sensor. The key feature
of these new module types for the OT is that the two silicon sensors of each module are
stacked on top of each other, which enables the measurement of the particles’ momentum
by reconstructing the hit pattern of both sensors. As a result this information is used as
a contribution to the L1 trigger in order to help reduce the amount of data that has to be
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Figure 3.1: Sketched overview of one quarter of the new CMS Phase-2 tracker. The pixel modules
of the Inner Tracker are shown in yellow and green, whereas the PS modules of the Outer Tracker
are depicted in blue and the 2S modules in red. The black modules in the Inner Tracker mark
modules that will be equipped with 3D sensors, while the outermost modules in brown will be
used especially for the measurement of the luminosity. The Outer Tracker is subdivided into three
regions: TBPS, TB2S and the TEDD, as marked in the Figure. Modified from Ref. [14].

processed. More information about this, also known as the pp module concept, is provided
in Section 4.2.

Figure 3.1 shows an overview of one quarter of the new Phase-2 tracker. The PS modules
are indicated in blue, while the 2S5 modules are shown in red. The modules of the I'T with
two readout chips are marked in green and with four readout chips in yellow. In general the
detector layout of the OT can be divided into two parts, the barrel in the center and the
endcaps on each side. The barrel is furthermore subdivided into two sections, the Tracker
Barrel which only contains 2S modules (TB2S) mounted on ladders parallel to the beam
pipe, and the Tracker Barrel which is only composed of PS modules (TBPS) and located
closer to the beam pipe. The TBPS itself has a region where the PS modules are mounted
on "planks" parallel to the beam pipe and a second region with tilted PS modules to allow
particles emerging from the interaction point to cross the modules perpendicular to their
surface. The endcap region is known as the Tracker Endcap Double-Disks (TEDD) and
is composed of five double-disks on each detector side that feature PS modules at smaller
radii as well as 2S modules at larger radii. In total a number of 5616 PS modules and 7680
2S modules will be installed in the Phase-2 OT. The maximum expected fluence for the PS
modules in the OT in case of the nominal scenario with an expected integrated luminosity
of 3000fb™! has been simulated to reach 9.6 x 10 ng,/cm?, while a maximum value of
3.0 x 101 neq/cm? has been estimated for the 2S modules [4]. Here and in the following
the fluence is expressed in 1 MeV equivalent neutron fluence per cm?. The Phase-2 tracker
will also cover an extended range in pseudorapidity of |n| < 4 compared to the present
tracking system as well as a higher granularity and an improved radiation tolerance [4].

3.3 Cooling of the Phase-2 Tracker

The challenging operation conditions of the HL-LHC including the higher radiation levels
and the expected readout rate lead to an increase in the overall detector power. For the
Phase-2 OT the total dissipated power has been estimated to be about 100 kW [4]. As well
as removing this heat load, the temperature of the silicon sensors of the 2S modules has
to be kept at around —20°C or lower in order to sustain a low leakage current. This is
necessary since the radiation damage of silicon sensors induces a temperature dependent
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leakage current and thus power consumption that could lead to a thermal runaway of
the modules [15]. A more detailed explanation of this effect will follow in Section 4.4.3.
Such low sensor temperatures also help to avoid reverse annealing which is an effect that
mainly occurs at high temperatures and can reinforce the radiation damage in the silicon
sensors [15]. Consequently a cooling system has to be designed that is capable of fulfilling
these requirements and provides stable cooling conditions throughout the whole detector
operation with a low contribution to the detector material budget.

3.3.1 The 2PACL Principle

The present CMS strip tracker uses a liquid cooling system based on CgF14. With this
cooling system temperatures down to —25 °C can be achieved. A flow rate of 11/s is needed
to keep the temperature increase of the coolant within a cooling loop below 2 °C. The used
aluminum cooling pipes have a diameter in the range of 6 mm [3].

For the Phase-2 OT and IT a common cooling system based on the 2-Phase Accumulator
Controlled Loop (2PACL) [16] principle has been selected with two-phase CO3 as a coolant.
Such a cooling system is successfully operated at the LHCb VELO detector [17] since 2008
and has also been employed in the CMS Phase-1 pixel detector [12, 18] in 2017. The basic
principle of the 2PACL method is the removal of heat by evaporating the liquid state of the
circulating coolant. As a result the cooling lines contain a mixture of liquid and vapor. The
evaporation occurs at a constant temperature and pressure. The friction inside the cooling
pipes leads to a pressure decrease towards the outlet so that a small temperature decrease
in the order of 2°C occurs along the cooling lines. Overall this leaves the temperature of
the boiling CO4 as the central parameter that has to be controlled in a 2PACL system.
This is realized by using an accumulator vessel that continually holds a mixture of liquid
and vapor while heating and cooling regulates its pressure.

3.3.2 CO; as a Coolant

The use of two-phase CO2 as a coolant offers a lot of advantages compared to mono-
phase cooling systems. Two-phase CO4 exists along its vapor pressure curve at reasonable
conditions over a large temperature range from for example 12bar at —35°C to 57 bar
at 20°C and can consequently provide stable cooling for a wide range of temperatures.
Furthermore evaporative COg2 has a high latent heat of vaporization of about 436 kJ/kg at
—35°C so that in general a smaller mass flow can achieve the removal of the same heat load
compared to mono-phase refrigerants like CgF14 [19, 20]. Additionally the low viscosity of
two-phase COs allows the use of thin cooling pipes with a diameter in the order of a few
millimeters.

The heat transfer at the interface of two materials is linearly dependent on the heat transfer
coefficient (htc). It is defined as the proportionality constant h between the heat flux Q
and the temperature difference AT

Q=h-A-AT (3.1)

with the contact surface A and therefore given in units of W/m?/K [21]. The heat transfer
between the materials improves with higher htc values. For the heat transfer between
the inner wall of the cooling pipe and the boiling COy with a temperature of —30°C the
htc value can be expected in the order of 5kW/m?/K to 10kW/m?/K [20]. A low vapor
quality, which is defined as the fraction of gas in the liquid /vapor mixture, in the order of
maximum 0.3 to 0.5, depending on the heat load, is targeted to achieve a high htc from
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the cooling pipe to the coolant fluid. Lastly the radiation hardness and the low cost of
CO4 as well as the lower environmental impact additionally contribute to the advantages
of CO2 as a suitable coolant for the application in a cooling system of a tracking detector.
The design value for the operation in the Phase-2 OT is a COg temperature of —35°C.
The expected pressure drops along the cooling pipe are small compared to the absolute
pressure, therefore a maximum COgy temperature of —33°C is expected [4]. Currently the
estimated CO2 mass flows in the TEDD are in the range of 1.6 to 1.8g/s |22], while the
inner diameter of the cooling pipes are foreseen to be either 2.20 or 2.40 mm depending on
the position in the endcap of the detector [23].
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4 The 2S Module

The following sections will give a description of the design of the 2S5 module, the pr module
concept as the main feature of the 2S module as well as the composition of the power
consumption of the 2S module. Furthermore a more detailed explanation of the cooling
and the thermal design with a focus on the effect of the thermal runaway will follow.

4.1 Description of the 2S Module Design

The 2S module is one of two module types that have been developed for the CMS Phase-2
OT. The central part of the 2S module are two n-in-p doped silicon strip sensors with a
size of about 10 x 10 cm? and an active thickness of 290 um that are closely stacked on top
of each other. Each silicon sensor is divided into two rows of 1016 AC-coupled micro-strips
with a length of 5cm and a pitch of 90 um [24]. The rows of the strips are orientated in
such a way that, when stacking the two sensors above each other, the strips of the top
and the bottom sensor are on top of each other in the same overall orientation. Figure 4.1
shows a CAD drawing of the 2S module on the left as well as a CAD drawing with an
exploded view on the right.

For unirradiated silicon sensors a depletion voltage of around —300V is necessary, which
will be applied to the sensor backplane since the strips themselves are connected to the
ground potential. For irradiated sensors the depletion voltage will increase to —600V or
higher. In the following absolute values will be used to describe the depletion voltage.

Figure 4.1: A CAD drawing of the 2S module on the left and a CAD drawing with an exploded
view of the 2S module on the right [25].

The micro-strips are read out by two front-end hybrids (FEHs) that are each equipped with
eight CMS Binary Chips (CBCs) [26] and one Concentrator Integrated Circuit (CIC) [27].
Each FEH reads out one half of the sensor sandwich, meaning that each CBC channel is
connected to 127 strips of the top and bottom sensor, respectively, via wirebonds. In total
one CBC is reading out 254 strips and one FEH thus 2032 strips. The data of the eight
CBCs is then sent to the CIC which merges the data and further transfers them to the
service hybrid (SEH). The SEH sits between the FEHs on one side of the module. Its main
tasks are to supply the power to the module electronics, the readout of the module and
the communication with the back-end. The essential components therefore are the Low-
power Gigabit Transceiver (LpGBT) [28], the Versatile TRansceiver plus (VIRx+) [29]
and two DC-DC converters [30]. The LpGBT receives the data from both CICs, transmits
them to the VI'Rx+ and distributes signals like the clock and trigger received from the
VTRx+ to the FEHs. The VI'Rx+ converts the received data signals into an optical signal
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and transmits it via an optical fiber to the back-end as well as converting received optical
signals into electrical for the LpGBT. The two DC-DC converters on the SEH supply the
necessary power to the module electronics by converting its input voltage of 10.5V via
two stages. The first stage converts the input voltage to 2.55V that is required by the
laser components of the VI'Rx+ while the second stage transforms the voltage further to
1.25V which is distributed to all readout chips, the LpGBT and the VIRx+. For the
DC-DC converter a total conversion efficiency of 66 % is expected. The SEH also directs
the applied high voltage coming from the back-end necessary for the silicon sensors via
so-called high-voltage pigtails, that are glued to the backside of each silicon sensor, to the
Sensors.

The main mechanical structure that holds the two sensors apart are the Aluminum Carbon
Fiber (AICF) spacers or so-called bridges that provide either a spacing of 1.8 mm or 4.0 mm
between the two sensor mid planes depending on the foreseen location of the module in the
detector. Apart from that each AICF bridge has a hole that will be used to integrate the
module onto its larger support structure in the detector by mounting it with screws to the
so-called inserts that serve as an interface between the module and the cooling structure.
Lastly the good thermal conductivity of AICF ensures that the bridges also function as
cooling contacts for the module to remove the heat load of the hybrids and the sensors
adequately and transport it to the cooling system.

Each module has two long AICF bridges on opposite sides of the sensor sandwich and one
short spacer, also referred to as stump bridge, that sits halfway between the long spacers
on one open side of the module. The long spacers provide the mechanical support for the
sensor sandwich and the FEHs whereas the short spacer serves as a third support point for
the SEH and an additional cooling contact. Some modules, for example all modules that
will be installed in the TEDD, will have an additional short spacer on the opposite side of
the stump bridge as a sixth cooling contact. The three hybrids are glued to the edges of
the bridges.

To isolate the AICF bridges from the sensor bias voltage that is applied to the backside
of the silicon sensors, kapton strips with a thickness of 25 pm are glued to the backside of
each sensor at the positions of the AICF spacers during the assembly process. Long kapton
strips are used for the long AICF bridges at the outer sides of the sensors whereas only
short kapton strips are used at the location of the stump bridges.

4.2 General Concept of the pr Module

A central aspect of the 25 module design is the contribution of information to the L1
trigger based on the measurement of the transverse momentum of the particles, which is
also known as the pp module concept. It is based on the measurement of hit pairs as an
indication of a particle track by the two silicon sensors of the 2S module that are closely
stacked on top of each other. When a charged particle emerges from the collision point
inside the CMS detector its trajectory is bent inside the magnetic field by the Lorentz force.
Trajectories from particles that have a higher transverse momentum have a larger radius
than trajectories from particles with a low transverse momentum so that low pr particles
have a stronger curved track. When passing through the 2S module, the particles are
detected by both silicon sensors and create hits in the silicon strips along their trajectory
in the top and bottom sensor. By comparing the hit pattern of the top and bottom sensor
information about the particle pr can be estimated. This works as follows. Based on the
hit strip in the bottom sensor an acceptance window of up to 14 strips opens in the top
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Figure 4.2: Illustration of the pr module concept, showing a cross section of the strips of the two
silicon sensors stacked on top of each other [4]. The measured hits are shown in black whereas
the acceptance window based on the hit in the bottom sensor is depicted in green. Two cases
are shown: the left track indicates a particle with a high pt whose measured track is inside the
acceptance window and therefore accepted as a stub, whereas the right track indicates a particle
with a low pr whose track is outside the window and therefore does not fulfill the stub criterion.

sensor. If the measured hit in the top sensor was detected inside the acceptance window a
so-called stub is generated, otherwise the stub criterion is not fulfilled. A stub corresponds
to a track segment that is made from hit clusters in the two layers. Since high pr particles
have a trajectory with a low curvature, a stub equals the measurement of a high p particle
track. The maximum available acceptance window size corresponds to a pp-threshold of
2 GeV so that particles with a lower pt are rejected by the stub finding logic. In Figure 4.2
both of these cases can be seen: on the left a particle track with a high pr is shown whose
hits in the top sensor are inside the acceptance window and therefore accepted as a stub.
On the right side a particle with low pr is shown whose track is outside of the acceptance
window and therefore does not fulfill the stub criterion.

The measured stubs are used to reconstruct particle tracks with the track finder that are
then sent to the L1 trigger. The L1 trigger can initiate an L1 accept signal for the event
by combining the tracks based on the stub data with information from the calorimeters
and the muon system. The whole tracking information is readout and transmitted if such
a signal has been issued for the event. The size of the acceptance window can also be
further reduced to increase the pp-threshold for the trigger. The stub finding logic itself
is implemented in the CBCs that are performing the readout of the silicon strips and
apply the stub algorithm to the measured hits. The acquired stub data of each CBC is
transmitted further to each CIC, respectively, that combines the stub data of all CBCs
and forwards them to the LpGBT. Overall this stub mechanism enables the selection of
interesting events based on the measured pr and thus reduces the amount of data sent out
at the bunch crossing rate to the L1 trigger [4].

4.3 Power Consumption of the 2S Module

For the estimation of the power consumption the 2S module can be subdivided into two
categories: a low voltage circuit for the three hybrids, including components such as the
CBCs, LpGTB etc. and a high voltage circuit composed of the two silicon sensors. In the
following a detailed description of the individual contributions to the two categories will
be given.
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Low Voltage Power

The low voltage power of the 2S module is produced by the components of the two FEHs
and the SEH. In particular the eight CBCs and one CIC of the FEH yield an estimated
power consumption of 1.3 W leading to a total power of 2.6 W for both FEHs. The con-
tributions of the SEH involve the power consumption of the LpGBT and VTRx+ as well
as the dissipated heat load of the DC-DC converters as a result of the estimated efficiency
loss. Overall this leads to a value of 2.6 W for the SEH and a total hybrid power of
Piybriags = 5.2W. A summary of the individual contributions is given in Table 4.1.

Hybrid Component Power in W | Total power in W
Two front- 2 x 8 CBCs 2.160 9 568
end hybrids 2 x 1 CIC 0.408 '
VTRx+ 0.206
Service hybrid LpGBT 0.358 2.592
DC-DC converters 2.028
All three hybrids 5.160

Table 4.1: Overview of the estimated power consumption of the individual components of the 2S
module hybrids as well as the total expected power consumption for all three hybrids [31].

High Voltage Power
The high voltage power of the 25 module is generated by the leakage current of the silicon
sensors as a product of the reverse bias voltage, Upas, and the leakage current, leakage:

Psensor = Ubias : Ileakage- (4'1)

The leakage current of unirradiated sensors is typically very low. For the silicon sensors
of the 2S module with a depletion voltage of 300V the leakage current is in the order of
10 pA, thus the contribution of the heat load of the unirradiated sensors to the total power
consumption is negligible. This changes with irradiation of the sensors as the interaction of
particles traversing the silicon damages the lattice leaving permanent defects in the crystal
structure of the sensor bulk [32]. The appearance of these defects in the space-charge
region of the sensor after irradiation has a dominant effect on the thermal generation of
charge carriers inside the silicon and consequently induces a temperature dependency on
the leakage current of irradiated silicon sensors, which is given by

Tsensor 2 AE 1 1
I Toensor) ~ To - ' g\ 71 ) ) 42
leakage( senso ) 0 < T ) xp 2kp \ Tsensor To ( )

Here Iy denotes the leakage current at a reference temperature of T = +20°C, AE =
1.21 eV the band gap of silicon at —20 °C and kp the Boltzmann constant [15]. In addition
to the temperature dependency the rise of the leakage current as a result of the experienced
radiation damage is linearly dependent on the fluence ® for a given volume V

AIleakauge = (O/damage * D - Vactivea (43)

with the radiation damage constant adamage and Vactive = Asensor - dactive [15]. Altogether
the leakage current of an irradiated sensor can be described with

T 2 AE( 1 1
Ileakage(Tsensor) = (damage ° Vactive O (S,;:losor> Y <_2kB (Tsensor - TQ)) ) (44)
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which leads to a power consumption of

Tiensor \ AE /[ 1 1
Psensor(Tsensor) = Ubias *Xdamage Vactive Xok (S;-‘Oso> * €xXp <_2kB (Tsensor - TO) > (45)

for a single sensor. Additionally the change of the charge density in the silicon as a result
of the radiation damage requires an increase of the bias voltage to ensure a full depletion of
the silicon sensor [15]. This further increases the power consumption of the silicon sensors.
Based on this a power of 0.47 W can be estimated for a target sensor temperature of —20°C
with a high voltage of 600V after 3000 fb~!, which results in 0.94 W for both sensors. A

detailed discussion of several possible scenarios will follow in Section 8.1.

Full Module Power
The full power of the 2S module is composed of the low voltage contribution of the three
hybrids and the high voltage contribution of the two silicon sensors

P, module = P hybrids + P sensor (T;egor]{)sor) + P sensor (TSZ%tStoorm)’ <4~6)

with the temperature of the top sensor Tsté)rlfsor and the bottom sensor Tslé‘fltsto‘}m Based on
the estimations above a full module power of

Paodule =516 W +2-0.47TW ~ 6.1 W (4.7)

can be expected after 3000fb~! with a target sensor temperature of —20°C and a high
voltage of 600 V.

4.4 CO; Cooling and Thermal Design

The most important aspect in the thermal design of the 2S module and the cooling system
is the ability to effectively remove the heat load of the silicon sensors as well as keeping
them at a low temperature during operation while minimizing the contribution to the
overall tracker material budget.

4.4.1 Thermal Design of the 2S Module

Within the 2S module the AICF bridges that are glued to the silicon sensors are responsible
for the cooling of both the sensors and the hybrids. The heat load of the sensors will be
removed by the parts of the AICF bridges that are directly glued to the sensors (with the
kapton strips in-between), i. e. are mainly the long parts of the bridges and the short edges
of the stump bridges. In the right CAD drawing of Figure 4.1 it can be seen that each
AICF bridge has a longer end with a hole that sticks out of the glued sensor sandwich.
The holes are the mounting points of the module to the cooling system of the support
structure whereas the remaining parts of these bridge edges serve as a gluing point for
the three hybrids. The FEHs are only glued to the edges of the two long bridges whereas
the SEH is glued to the long bridges on one side of the module as well as to the stump
bridge. Thus the stump bridge on the SEH side of the module is in contact with the SEH
and the sensors while it mainly serves as an additional cooling contact for the heat flux
of the SEH. For modules with an additional sixth cooling contact, this cooling contact
does not have contact to any hybrid and thus provides additional cooling to the silicon
sensors. This thermal design allows to separate the heat fluxes of the hybrids from the
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sensors such that they only cross path when entering the cooling system at the mounting
points of the bridges, except for the connection of the FEHs to the silicon sensors via the
wirebonds. Nevertheless the heat fluxes of the hybrids and the sensors can be approximated
as thermally independent. Since some cooling points of the module have contact to three
hybrids while for example the sixth point is only glued to the sensors, one cannot assume
that the overall heat load of the module is distributed equally among the five or six cooling
points.

4.4.2 CO; Cooling in the TEDD

Since this thesis entails measurements on a small cooling structure that is built similar to
a TEDD disk, the following discussions will focus on the cooling conditions in the TEDD,
where all modules will have six cooling contacts. Each disk will be composed of two half
disks that are called dee. Figure 4.3 shows a CAD drawing of one TEDD dee in the left
that is fully assembled with 2S and PS modules. In the TEDD so-called inserts will provide
the thermal interface between the cooling pipe and the cooling points of the module. A
CAD drawing of such an insert can be found in the right in Figure 4.3. The inserts have
a cylindrical shape and provide a contact surface with a diameter of 8 mm to the cooling
contacts of the module. In total there are six different insert types that will be used in
the TEDD disks depending on the position of the cooling pipe inside the disks and the
location of the module on the disks. They differ mostly in length of the aluminum cylinder
while the basis concept still applies to each type.

Figure 4.3: Left: CAD drawing of one fully assembled TEDD dee [4]. Right: CAD drawing of an
insert that will be used in the TEDD disks as a thermal interface between the 2S modules and the
cooling pipe [33].

The inserts enclose the cooling pipe with a so-called foot that extends the length of the
contact along the pipe by 4mm. The contact surface of the inserts to the cooling contacts
sticks out of the TEDD disk surface and has a small nipple that allows to mount each
cooling contact of the module with a screw and washer to the insert. The inserts are made
out of aluminum and are glued to the cooling pipe that consists of stainless steel. With
this concept the inserts enable to direct the accumulated heat flux at each cooling contact
of the module to the COs cooling system.
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4.4.3 Thermal Runaway

The temperature dependent leakage current of the silicon sensors after irradiation induces
the effect that in case of an unstable cooling scenario the module enters an uncontrolled
self-heating loop called thermal runaway which would cause the module to be unusable for
the further operation in the detector.

The appearance of this effect can be explained by the illustration in Figure 4.4. It shows the
power of the hybrids with a dashed red line that is approximately stable with temperature,
the exponential sensor power with a dotted red line and the full module power with a
continuous red line as a result of both. In general the cooling power, Piooling, of the
cooling system can be described with

(Tsensor - Tcooling) (48)

QI+

Pcooling =

with the thermal resistance «, the sensor temperature Tsensor and the coolant temperature
Teooling- The thermal resistance is a specific characteristic of the given mechanical structure
and expressed in units of K/W. It can be seen that the cooling power is linearly dependent
on the thermal resistance of the cooling structure, which is also visible in Figure 4.4. The
cooling power for a cooling system with a COy temperature of —35°C is given as a blue
line while the cooling power for a cooling system with the same thermal resistance but a
CO2 temperature of —31°C is depicted with a dashed blue line. A stable working point
occurs when the power of the cooling system is equal or greater than the power of the
module for a specific sensor temperature:

Pcooling (Tsensor) > Pmodule (Tsonsor)- (49)

This is the point where the continuous red and blue line intersect in Figure 4.4. In this
condition even small fluctuations in the sensor temperature or COs temperature can be
compensated so that the working point would be restored. This would not be the case
for a higher COq temperature of —31°C as it is shown in Figure 4.4. It can be seen that
with a higher coolant temperature and the same thermal resistance both lines do not have
an intersection point so that a small increase of the sensor temperature would lead to the
thermal runaway as the cooling power is not sufficient anymore to remove the heat load of
the sensors and the module would enter an uncontrolled self-heating loop. By lowering the
coolant temperature a working point could be restored but this is not always technically
realizable. This indicates that the performance of the cooling system can also be described
with the COg temperature at which the modules will experience the thermal runaway.
Additionally Figure 4.4 illustrates that a small thermal resistance of the cooling structure
is necessary to be able to achieve a stable cooling scenario in the first place since the
slope is inversely proportional to the thermal resistance. This means that the slope for a
cooling structure with a high thermal resistance could be too low so that an intersection
with the module power is not possible even when substantially decreasing the coolant
temperature. Overall it is crucial that the cooling system provides enough margin to the
CO2 temperature at which the thermal runaway occurs to avoid the appearance of this
effect.
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Figure 4.4: Example for the occurrence of the thermal runaway with values that are similar to
the expected power and temperature of the 2S module and the cooling system. The power of the
hybrids is depicted with a dashed red line, the exponential sensor power with a dotted red line and
the full module power with a continuous red line as the sum of both. The cooling power of two
cooling systems with the same thermal resistance but a different CO5 temperature is given, where
a CO9 temperature of -35 °C is shown as a blue line while a CO5 temperature of -31 °C is depicted
with a dashed blue line. The intersection of the solid red and blue line shows the working point
for stable cooling conditions. The dashed blue line indicates a cooling system whose cooling power
is not sufficient so that the module enters the thermal runaway at a sensor temperature of -8 °C.
This figure was taken from Ref. [34].

20



5 Experimental Setup

Within the scope of this thesis thermal measurements with a 2S module on a small cooling
structure have been performed to study the thermal properties of the 2S module in a cool-
ing environment similar to the expected conditions in the detector. A schematic overview
of the experimental setup can be found in Figure 5.1.

Figure 5.1: Sketched overview of the concept of the experimental setup used in this thesis. The
cooling structure can host up to three modules on each side and is directly connected to the COs
cooling system. It is placed inside the module cooling box that is actively cooled by an external
chiller. The volume of the module cooling box is additionally flushed with cold dry air.

To reconstruct these conditions a cooling system with evaporative COs was used, which
has been developed and constructed in the CMS working group of the Physics Institute
1B at RWTH Aachen University and has been available since for thermal measurements
in the laboratory [35]. The cooling pipes of the cooling structure are directly connected
to the CO2 cooling system. The cooling structure itself has been constructed by the CMS
working group at DESY [36] that will be responsible for the production and commission-
ing of approximately half of all required TEDD disks for the Phase-2 tracker. To achieve
measurements under well defined ambient conditions a module cooling box has been devel-
oped and commissioned by Max Rauch in the framework of his PhD thesis at the Physics
Institute 1B [34]. The module cooling box is actively cooled by a small external chiller and
provides the possibility to mount the cooling structure inside its volume so that measure-
ments in a temperature controlled environment can be carried out while minimizing the
heat exchange with the ambient. A more detailed description of the individual components
that are a part of the setup will follow in the next sections.

5.1 CO3 Cooling System

The used CO5 cooling system is based on the 2PACL method that has been described in
Section 3.3. It consists mainly of an expansion vessel, one passive heat exchanger, one
actively cooled heat exchanger, a COs pump, a flow meter, two big chillers and a pre-
heating loop. The expansion vessel [37] functions as the accumulator vessel with a mixture
of liquid /vapor whose temperature and thus pressure is controlled by one big Huber unistat
815 cooling machine [38]. Consequently the COy temperature inside the cooling system
is defined by the pressure inside the accumulator vessel. A second Huber unistat 815 is
used to actively cool one heat exchanger that is placed in front of the CO9 pump [39] to
ensure that only liquid COs is transported by the pump. A flow meter [40] is used to
measure the mass flow of the liquid COs after the pump. The flow can be regulated in the
range of 1 to 2g/s by changing the rotational frequency of the pump. A pre-heating loop
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is installed directly before the detector inlet such that a small heat load can be applied to
the cooling pipe by using a basic power supply to roughly adjust the vapor quality of the
coolant. Additionally the CO2 cooling system is equipped with several temperature [41]
and pressure [42] sensors. The temperature sensors in the cooling system as well as the
ones used for the 2S module are read-out by a Keithley Multimeter 2701 [43]|. A graphical
user interface implemented with a LabView [44] program is used to operate the cooling
system. In Figure A.1 in Appendix A a schematic overview of the COs cooling system as
well as a picture in Figure A.2 can be found.

5.2 Module Cooling Box

The module cooling box was custom-built by using four ITEM profiles [45] so that one
profile can be used as the lid of the box, which can be opened and closed with a handle.
The box itself has approximate dimensions of 120 cm x 35 cm x 28 cm. The hollow channels
of the ITEM profiles are filled with silicon oil that is used as a coolant. The channels of
the three sides forming the box are joined together at the ends and are connected with
a flexible tube to the lid of the box and the external chiller. To actively cool the box a
Huber ministat 230 [46] is used. The left and right side of the box provide holes to pass all
cables and the cooling pipe of the cooling structure through. The cooling structure itself
has several mounting points that allow to fix the structure at the bottom of the box at
approximately half height of the box. Figure 5.2 shows a picture of the cooling box from
above where the cooling structure can be seen mounted in the cooling box. The grooves
of the bottom profile inside the box are closed with caps and are constantly filled with dry
air so that the dry air is cooled down to the wall temperature and then enters the box
through small holes in the caps. Like this the module cooling box can be flushed with
cold dry air to control the humidity inside the volume. The air flow into the volume can
be regulated with a flow meter [47] between 2 and 1001/min while the humidity and dew
point is measured with a LabKit hygrometer [48] next to the cooling structure at the left
side of the box. Additionally the LabKit sensor measures the temperature of the air inside

Figure 5.2: Picture of the module cooling box from above. The cooling structure is mounted at
half height in the inner volume. The cooling pipes of the structure that are connected to the CO5
cooling system are guided through the right side of the box. The external chiller is connected at
the left side of the box. The CO4 cooling system and the external chiller are not shown.
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the volume of the box. A temperature sensor [41] is placed next to it to provide a second
independent measurement of the air temperature. Several other temperature sensors are
glued inside the box with aluminum tape to monitor the wall temperatures and the surface
temperature of the cooling structure.

The temperature sensors, hygrometer and dry air supply can also be seen in the picture
in Figure 5.2. The connecting cooling pipes of the cooling structure to the COs cooling
system are guided through the right side of the box. The chiller used to actively cool
the outer faces of the box is connected at the left side. Additional pictures of the cooling
system and the module cooling box in the laboratory can be found in Appendix A.

With the used external chiller air temperatures of down to —23 °C can be achieved inside
the box, while the actual temperature of the coolant in the chiller is around 2 K lower. The
insulation of the outside of the box and the tubes has been improved since its construction
and includes two layers of 3 cm thick Armaflex insulation [49].

5.3 Cooling Structure and Inserts

The used cooling structure has been built as a small mock-up of a TEDD disk by the
CMS tracker group at DESY and is therefore also referred to as a mini-TEDD structure.
It comnsists of a cooling pipe made out of stainless steel that is embedded in a layer of
Airex foam surrounded by a layer of carbon fibre skin on both sides [4]. The open sides of
the structure are covered with kapton tape. The mini-TEDD structure can host up to six
modules, three on each side, with each position having six cooling contacts. The two middle
positions and the inlet, outlet and U-turn of the cooling pipe are outfitted with temperature
sensors [50] that have been glued to the inserts/cooling pipe during the production of the
cooling structure. Figure 5.3 shows the cooling structure from above mounted in the module
cooling box. The positions of the overall 15 temperature sensors inside the structure are
numbered according to the assigned numbers depicted in the figure. This numbering will
be used throughout this thesis for these temperature sensors. The aluminum inserts that
provide the thermal interface and mounting points for the 2S modules are glued to the cool-

Figure 5.3: Picture of the cooling structure from above mounted in the module cooling box. The
positions of the 15 temperature sensors inside the structure can be seen with the numbering that
is used throughout this thesis for these temperature sensors. The shown top side of the structure
can host three 2S modules with six cooling points, respectively, whereas the bottom side (facing
the bottom of the cooling box, not visible here) can host another three 2S modules. Two different
insert types are used in this cooling structure. The bottom tip of the inserts, facing the bottom
side of the box, can be seen between the actual inserts of the top side. The detector inlet can be
found at position 3 while the outlet is positioned at number 1.
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ing pipe and protrude out of the carbon fibre surface of the cooling structure.

Each disk of the double disks of the TEDD in the endcap region of the CMS Phase-2
tracker will be assembled out of two half disks, also called dees, so that each dee has a
small overlap region that is used to connect two dees to a full disk. Furthermore the
cooling pipes are not placed exactly in the middle of the foam layer so that overall six
different inserts types are needed for the different regions of the TEDD dees. Additionally
the TEDD region in the detector will be subdivided into the TEDD 1 and TEDD 2 since
the two regions require disks with different inner radii to accommodate the I'T support
tube which can also be seen in the tracker layout in Figure 3.1. The dimensions of the
used components such as the insert size and the diameter of the cooling pipe are the final
dimensions for the dees in the TEDD 1 [51].

The mini-TEDD structure contains two out of the six different insert types that will be
later used in the TEDD disks. Since the kapton strips that are glued between the AICF
bridges and the silicon sensors of the 25 module, to isolate the bridges from the high
voltage, have a small overhang beyond the size of the silicon sensors, a small step has to
be cut out of the inserts so that the kapton strips do not clash with the cylindrical inserts.
Figure 5.4 shows a cross section of the CAD drawing of the cooling structure where the
picture is only showing the inserts on one side of the middle position. The two insert types
that are used in the mini-TEDD, the top long and bottom short insert, can be seen.
Starting from the left side the top long insert is the first, composed of two parts shown in
yellow and pink that are both made out of aluminum and enclose the cooling pipe. The
orientation of the structure shown here matches the orientation in the cooling box meaning
that the mounting holes of the top long inserts face the bottom of the box while the bottom
short inserts are showing to the top. The bottom short inserts are also composed of two
parts, the yellow part is the main insert part that is composed of aluminum and fully
encloses the cooling pipe while the red part is a so-called insert support made out of
plastic material [52].

It can be seen that the aluminum part that represents the bottom part of the top long
insert, shown in pink in Figure 5.4, has a small tip that also sticks out at the surface and
can be seen between the bottom short insert on the top side of the cooling structure. The
specific positions of the temperature sensors that are glued to the inserts are indicated by
the blue dots in Figure 5.4. An additional CAD drawing of the mini-TEDD structure can
be found in Figure A.3 in Appendix A.

Figure 5.4: Cross section of the CAD drawing of the cooling structure showing the inserts on one
side of the middle position. The two insert types used in the mini-TEDD can be seen, the top
long and bottom short insert. Starting from the left side the top long insert is composed of two
aluminum parts shown in yellow and pink. The bottom short inserts are also composed of two
parts, an aluminum part in yellow and a red part made out of plastic material. The blue dots
denote the positions of the temperature sensors that are glues to the inserts.
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The module will be mounted onto the middle position of the cooling structure using the
inserts that face the lid of the cooling box which means that the insert type bottom short
will be used for the thermal measurements with the 2S5 module. In the following the inserts
that face the lid of the cooling box will be referred to as the top inserts while the inserts
that face the bottom of the box will be called the bottom inserts.
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6 Preparatory Measurements

In order to perform thermal measurements a 2S module has to be equipped with tem-
perature sensors that provide a precise temperature measurement of several components
of the module, with special interest in the silicon sensors. To ensure a reliable measure-
ment of low temperatures in the order of —20°C the used temperature sensors have been
thermally characterized to confirm that the deviations of the thermistors are in an ac-
ceptable range. Also gluing tests on dummy sensors have been performed to test several
application processes and determine a method that can establish a good thermal contact
between the silicon sensor surface and the temperature sensors. Additionally the expected
leakage current in the silicon sensors for the HL-LHC scenario has to be generated in the
silicon sensors to be able to emulate the expected power load of the sensors and measure
the thermal runaway with unirradiated sensors. Therefore a solution using LED strips has
been implemented in the module cooling box as well as a PID control to precisely adjust
the generated sensor current by regulating the LED voltage. A detailed discussion of the
aforementioned preparations will follow in this section.

6.1 Thermal Characterization of Temperature Sensors

For the precise measurement of temperatures small cylindrical NTC thermistor probes [41]
with a diameter of 1.1 mm were chosen, with several of these thermistors already available
from previous measurements. To ensure a sufficient accuracy and compatibility in the de-
sired temperature range a characterization measurement has been carried out by binding
eleven of these thermistors together and placing them in the cooling bath of a small circula-
tion thermostat. A temperature measurement has been performed at several cooling bath
temperatures, starting at —15°C and increasing the temperature in steps of 5 K until the
last measurement point at +20 °C. The measurement results of each thermistor are shown
in Figure 6.1. It has been observed that with decreasing temperature of the cooling bath
the measured temperatures of the individual thermistors exhibit larger deviations between
each other. The largest deviation of two thermistors amounts to a difference of 4K at a
cooling bath temperature of —15°C which in conclusion shows that these thermistors do
not provide sufficient accuracy at low temperatures for the thermal measurements of the 2S
module. Additionally the examination of a few temperature probes under the microscope
has shown that individual probe tips exhibit small cracks that contribute to the observed
aging effect. Two exemplary microscope pictures are provided in Appendix B.

After these observations new temperature sensors of the same kind as well as with a smaller
tip with a diameter of 0.5 mm [53] have been procured. To test the new temperature sen-
sors also a characterization measurement has been performed with a slightly improved
method. The thermistors have been glued into a sliced can with copper tape and secured
with kapton tape so that the can can be placed in the cooling bath of the previously used
circulation thermostat. This provides a uniform temperature distribution for the sensors
glued inside the can while avoiding direct contact with the coolant in the cooling bath to
keep the sensors clean for the later use on the 2S module. A picture of the sensors glued
inside the can can be seen on the right in Figure 6.2, with a picture of the setup on the left.
In total 40 thermistors have been tested with this method, 20 of each type, distributed
over three cans. Measurements have been taken at cooling bath temperatures starting
at +20°C. The temperature was decreased in 5K steps down to —20°C. Additionally a
calibrated thermometer has been placed next to the can in the cooling bath for comparison.
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Figure 6.1: Results of the characterization measurement for eleven temperature sensors that have
been available from previous measurements. The thermistors have been placed in the cooling bath
of a circulation thermostat starting at —15°C with a measurement point every 5K up to +20°C.
The upper part of the plot shows the measured temperatures for each sensor and the mean value of
all sensors, while the lower part shows the difference between the individual measured temperatures
and the mean temperature.

Figure 6.2: Picture of the setup of the characterization measurement of the temperature sensors
on the left with the thermometer and a can with thermistors placed in the cooling bath of a small
circulation thermostat. The inside of one can is shown on the right with several of the smaller
thermistors [53] glued to the side of the can close to the bottom with copper tape and fixated with
kapton tape at the top.
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The results for all three cans have been very similar and the results for one can as well
as the measured temperatures of the thermometer are shown in Figure 6.3. The results
show that the measured temperatures of the individual sensors are much better compatible
with each other than the old sensors. The measured temperature of the thermometer is
generally about 0.5 K lower than the measured temperatures of the thermistors, which is
a result of the additional heat load of the can from the environment in this setup.

Figure 6.4 shows a detailed view of the measured temperatures of the individual sensors at
the lowest bath temperature of —20°C. At this measurement point the largest deviation
between two sensors is 1 K. During the measurement it has been observed that the measured
temperatures are slightly depending on the orientation of the can inside the cooling bath.
Thus an additional rotation measurement has been performed for a set of temperature
sensors during which the can has been rotated around the mid axis so that each sensor was
at each sensor position at —20 °C. By calculating the mean measured temperature of each
sensor at each position of the can the deviation as a result of the can position in the cooling
bath can be estimated. In this way the largest deviation between the different measurement
positions for each sensor have been determined and averaged, resulting in a mean deviation
of 0.72 K for the measured sensors. This means that overall an uncertainty of 0.3 K has
been measured for the temperature sensors at a cooling bath temperature of —20 °C. Since
the measurement of all three cans have shown similar results the measured uncertainty of
0.3 K will be used in the following as a systematic uncertainty for the measurement of each
temperature sensor.

Figure 6.3: Results of the characterization measurement for one can with 12 new temperature sen-
sors glued inside. The can has been placed in the cooling bath of a circulation thermostat starting
at +20°C with a measurement point every 5K down to —20°C. The measured temperatures for
each temperature sensor are shown in this plot. Additionally a calibrated thermometer has been
placed next to the can in the cooling bath and the measured temperatures at each measurement
point are indicated with a blue line.

29



Figure 6.4: Detailed view of the measurement points at —20 °C of the characterization measurement
of the temperature sensors. The measured temperature of each sensor is shown in a different color
while the measured temperature of the calibrated thermometer is indicated with a blue line. It
can be seen that the largest deviation between two sensors yields 1 K at this measurement point.

6.2 Gluing Tests of Temperature Sensors on Dummy Sensors

For the temperature measurement of all components of the 2S5 module the smaller temper-
ature sensors [53| with a diameter of 0.5 mm have been chosen. To equip the 2S module
with temperature sensors gluing tests have been performed on dummy sensors since a re-
liable measurement of the silicon sensor temperature is essential for the measurement of
the thermal runaway while not damaging the silicon sensor surface.

Within the module assembly at this institute good results have been achieved with the
usage of the encapsulant Sylgard 186 [54] for the protection of the wirebonds of the 2S
module. Based on this experience the encapsulant was chosen as a suitable glue to secure
the temperature sensors on the silicon sensor surface. To determine whether the usage
of only encapsulation provides sufficient thermal contact to the silicon sensor surface or if
additional thermal paste has to be applied between the temperature sensors and the silicon
sensors, a first gluing test with three thermistors has been performed. Two thermistors
have been coated with Gap Filler 4000 [55] before placing them on a dummy sensor by
hand and gluing them to the surface by applying a small amount of the encapsulant with
a hand dispenser. The third thermistor has been glued to the dummy sensor without the
thermal paste. On the left picture in Figure 6.5 the three thermistors can be seen glued
to the dummy sensor with the top two being the temperature sensors with the additional
thermal paste. The dummy sensor was then placed onto the cooling plate of a peltier
element [56] to test the thermal performance. A small box has been placed above the
dummy sensor and flushed with dry air to avoid condensation on the cooling plate. For
the measurement the temperature of the cooling plate was decreased in small steps from
+20°C until the last measurement point at +4.5°C.
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Figure 6.5: Left: picture of the first gluing test with three temperature sensors glued to a dummy
sensor. The first two sensors from the top have been coated with Gap Filler 4000 and then
secured on the silicon sensor with encapsulation, while the third sensor has been glued using only
encapsulation. Right: picture of the second gluing test with five temperature sensors glued to
a dummy sensor. The left row has been glued with Gap Filler 2000 and encapsulation while
Keratherm KP 92 has been used for the row on the right.

The result of this measurement can be seen in Figure 6.6. It can be observed that especially
at the end of the measurement at a cooling plate temperature of 4.5°C the measured
temperature of the thermistor that was glued with only encapsulation shows a deviation
of 0.5 K to the two other thermistors glued with additional thermal paste. The measured
temperatures of these thermistors are compatible with the set cooling plate temperature
so that it can be concluded that the use of thermal paste is necessary to establish a good
thermal contact to the silicon sensor surface.

However, the application of a small amount of Gap Filler 4000 to the temperature sensors
was difficult because of its texture so that a second gluing test was performed with two
other thermal pastes. A picture of this gluing test can be seen in Figure 6.5 on the
right, showing two rows of temperature sensors glued on a dummy sensor. The left row
is composed of three temperature sensors that have been glued to the dummy sensor with
Gap Filler 2000 [57] and secured with encapsulation, while for the two sensors on the right
Keratherm KP 92 [58| has been used as a thermal paste. In general the gluing procedure
has been improved for this gluing test: two 3D printed bridges have been used to fixate
the temperature sensors until the encapsulation is dry. The bridges have a height of a few
centimeters so that the thin cables of the temperature sensors can be fixed with kapton
tape on the bridge itself and bent until the tip of the sensor reaches the desired position.
A small amount of thermal paste is then applied along the length of the thermistor tip.
The thermistors are then placed on the silicon sensor and positioned in such a way above
the dummy sensor that the thermistor tips reach the desired position on the silicon sensor
surface. If necessary a small tweezer can be used to carefully correct the position of the
thermistor tip. A small amount of encapsulation is then applied to each thermistor tip to
secure it on the silicon sensor.
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Figure 6.6: Results of the measurement of the dummy sensor of the first gluing test on a cooling
plate of a peltier element. Two thermistors have been glued to the sensor with Gap Filler 4000 and
encapsulation, the third using only encapsulation. Several cooling plate temperatures have been
measured with the last temperature being set to +4.5°C.

Figure 6.7: Results of the measurement of the dummy sensor of the second gluing test on a cooling
plate of a peltier element showing the measured temperatures of two thermistors glued with Gap
Filler 2000 and encapsulation to the dummy sensor. Measurements have been performed at cooling
plate temperatures of +20°C, +15°C, +10°C and +5 °C.
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After approximately 24 hours the encapsulation is dry and the thermistor cables can be
removed from the bridges. On the right picture in Figure 6.5 it can be seen that the
used thermal paste Keratherm KP 92 in the right row leaves flowmarks on the silicon
sensor surface which does not make it suitable for the gluing on the silicon sensors of the
2S module. Consequently only Gap Filler 2000 can be used as a thermal paste for this
application.

The measurement at different temperatures on the cooling plate of the peltier element has
been repeated for this dummy sensor to check the thermal contact of the thermistors. The
results for two temperature sensors of the left row are shown in Figure 6.7. The third
sensor was unfortunately broken due to an unrelated problem and could therefore not be
read out for this measurement. The cooling plate temperature was initially set to +20°C
and then decreased in steps of 5 K down to a temperature of 45 °C. The results show that
the measured temperatures of the two temperature sensors are compatible with the set
temperatures of the cooling plate and are well compatible with each other. This confirms
that a good thermal contact can be established between the temperature sensors and the
silicon sensor surface when using Gap Filler 2000 and encapsulation, which makes this a
suitable gluing method.

6.3 Gluing of Temperature Sensors on the 2S Module

For the thermal measurements in this thesis the 2S module 25 40 6 AAC-00003 built
at the end of 2022 by the Physics Institutes 1B and 3B at RWTH Aachen University has
been used. The module has a sensor spacing of 4.0 mm and six cooling contacts. For the
gluing of the temperature sensors on the 2S5 module the gluing method of the second gluing
test, described in the previous section, has been used for most of the components of the 25
module. The picture in Figure 6.8 shows the glued temperature sensors on the top sensor
of the 2S module during the drying time. Both silicon sensors of the 2S module have been
equipped with seven temperature sensors each, one in the middle of each sensor and two
rows of three thermistors in parallel to the FEHs. In Figure 6.8 it can be seen that the
3D printed bridges have been used for the gluing of the thermistors on the sensor to fixate
and position the thermistors during the process. The 25 module itself is placed onto a
so-called carrier made out of aluminum for the overall procedure.

After the drying time the 3D printed bridges have been removed and the three hybrids of
the 25 module have been equipped with temperature sensors using the same technique.
Each FEH has been equipped with five temperature sensors, three on the top and two on
the bottom side. On the top side a thermistor has been placed on the CIC, one CBC and
directly on the surface of the FEH next to the CIC, respectively. On the bottom side a
temperature sensor has been glued at each corner of the FEH next to the edges of the
AICF bridges to which the FEHs themselves are glued to. Five temperature sensors are
distributed over the different components of the SEH: on the aluminum shield of the DC-
DC converters, the LpGBT, the bottom side of the VIRx+ and two respectively under
the tails of the SEH that are used to connect the SEH with the FEHs.

Each AICF bridge of the 2S5 module is also equipped with a temperature sensor. Since the
three hybrids are glued onto the AICF bridges from the top side, the temperature sensors
are glued to the AICF bridges from the bottom side of the module using copper tape. A
picture of the flipped 2S module can be found in Figure 6.9. The six temperature sensors
on the AICF bridges, the seven thermistors on the silicon sensor and the four thermistors
in the corners of the FEHs can be seen after the gluing process.
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Figure 6.8: Picture of seven temperature sensors glued onto the top sensor of the 2S module during
the drying time. Two 3D printed bridges are used to fixate and position the thermistors during
the process. The 2S module itself is placed onto a carrier during the procedure.

Figure 6.9: Picture of the bottom side of the 2S module after the gluing of the thermistors. In
total six thermistors are glued onto the AICF bridges with copper tape, seven thermistors are glued
with thermal paste and encapsulation onto the silicon sensor and four in the corners of the FEHs.
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Figure 6.10: Overview of all 35 temperature sensors that are glued to the 2S module. The top side
of the module is shown on the left, the bottom side on the right. The positions of the sensors are
indicated by the blue dots.

In total the 2S5 module is thus equipped with 35 thermistors. An overview of the positions of
all glued thermistors on the top and bottom side of the 2S5 module is shown in Figure 6.10.
For the integration of the 25 module on the mini-TEDD structure the bottom sensor only
has a small distance of around 1.4 mm to the surface of the cooling structure. Since the
temperature sensors themselves already have a diameter of 0.5 mm special attention has
been paid to keep the used thermal paste and encapsulation material to a minimum during
the gluing of the temperature sensors to the bottom sensors to prevent a contact of the
temperature sensors and the surface of the cooling structure after installation.

6.4 Generation of Leakage Current with LEDs

In case of insufficient cooling the effect of thermal runaway can occur as a consequence of
the temperature-dependent leakage current of irradiated silicon sensors. To measure the
thermal runaway with the used 2S module in this thesis a method has been implemented
to emulate the expected temperature-dependent leakage current in the unirradiated silicon
sensors of the module. The basic idea is to use a light source to illuminate the top and
bottom sensor since the emitted photons generate electron-hole pairs in the silicon and
thus induce a current in the strips of the sensor. For the measurements in this setup
the concrete realization has to meet several specifications: both silicon sensors have to be
illuminated so that an equal power load is generated, the light source has to fit into the
small space between the bottom sensor and the surface of the cooling structure without
touching the sensor surface or the glued temperature sensors and it should not produce
any additional heat load itself. Lastly the light source has to be dimmable such that the
generated leakage current in the silicon sensor is adjustable in the range of a few mA.
The first idea was to use a thin electroluminescent foil but since it is AC powered this
induced an AC current in the silicon sensors which is not suitable to produce a constant
power load in the sensors. Eventually a solution using LED strips [59] with small LEDs
with a height of 0.75mm on a self-adhesive strip with a distance of 1.5cm between the
LEDs was found that meets all previously mentioned specifications. The LEDs emit white
light, are powered with 12V DC and are dimmable by regulating the applied voltage. In
general the LED strips are separable every 5cm with three LEDs on each section.
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Figure 6.11: Picture of the LED strip attached to an aluminum plate in the lid of the module
cooling box on the left, while the LED strip placed on the surface of the cooling structure can be
seen on the right.

Two LED strips have been placed in the module cooling box to illuminate the top and
bottom sensor of the module in the middle position of the cooling structure. In the left
picture in Figure 6.11 the LED strip for the top sensor in the lid of the cooling box can be
seen. It has been attached to a small aluminum panel that is screwed to the inside of the
lid of the box. In the right picture of Figure 6.11 the LED strip to illuminate the bottom
sensor attached to the surface of the cooling structure can be seen. It has been arranged
such that the LEDs sit in between the rows of temperature sensors of the bottom sensor
and do not collide with them when placing the 2S module on the inserts of this position.
Both LED strips have been positioned so that six LEDs in one row can illuminate one
half of each silicon sensor. Since the LED strips are arranged in sections of three, one can
permanently turn off the LEDs of a section by removing a resistor in the circuit of that
specific section. This has been done with the LED sections in the U-turn of each strip so
that only the six LEDs of each row of each strip are turned on when powering the strip.
This means that in total 12 LEDs are used to illuminate one sensor, respectively. Both
strips are connected to a Hameg HMP 4040 power supply [60] and are powered separately
by regulating the voltage. The strips have been isolated with kapton tape.

To measure the induced leakage current in dependence of the applied LED voltage the
high voltage for the sensors is provided by a Keithley 2410 SourceMeter [61]. A detailed
description of the integration of the 2S module onto the cooling structure will follow in
Section 7.3. The measurement has been performed in cold with a module cooling box
temperature of —20°C and a bias voltage of 300 V while the low voltage of the module has
not been turned on. For the measurement the LED voltage was increased in steps of 10 mV
and the sensor current was measured after each voltage step. This has been performed
separately for the top and bottom LED strip while both sensors of the module have been
connected to the high voltage. The results of the measurement are shown in the left plot
in Figure 6.12.
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Figure 6.12: Left: result of the measurement of the sensor current at a module cooling box tem-
perature of —20 °C and a bias voltage of 300 V. The voltages of the LED strips have been increased
in steps of 10 mV and the sensor current has been measured after each step. The result for the top
LED strip is shown in red, while the result for the bottom strip is shown in blue. Right: result of
the measurement of the top LED strip at room temperature in red, while the measurement at a
cooling box temperature of —20°C is shown in blue.

First of all it can be seen that the measured current increases with increasing LED voltage
in the desired range of a few mA. It can be noticed that after reaching a certain LED
voltage the induced current increases linearly, but with a different gradient for the top and
bottom LED strip. This is a result of the different distances between the two LED strips
and the respective sensor surface. The bottom LED strip is much closer to the bottom
sensor and thus a smaller LED voltage already leads to a higher sensor current than for
the top sensor.

To test if by regulating the voltage of the top LEDs a current is induced only in the top
sensor and the other way around an additional measurement at room temperature has
been performed. Since both sensors are connected to the high voltage circuit via the high
voltage pigtails, for this measurement the pigtail has been plugged out for one sensor so
that only the current of the other sensor can be measured. By illuminating the sensor
that is not connected to the high voltage the influence of the LEDs on the current of the
other sensor can be estimated. In Figure 6.13 the left plot shows the measured current of
the bottom sensor with increasing voltage of the top LEDs while the top sensor is plugged
out, while the right plot shows the measured current of the top sensor with increasing
voltage of the bottom LEDs while the bottom sensor is plugged out. Both measurements
exhibit a small dependence of the measured current on the LED voltage, but since this
effect is in the order of 10 uA for the bottom sensor and even lower for the top sensor, it
can be neglected. Therefore it will be further assumed that the current can be regulated
independently for both sensors.

Furthermore it has been observed that when comparing measurements at room temperature
with measurements at cold temperatures the LED voltage that is necessary to generate a
certain leakage current value in the silicon sensors is also dependent on the temperature of
the module cooling box. In the right plot of Figure 6.12 the measurement of the current
with increasing voltage of the top LEDs can be seen at room temperature in red and
at a module cooling box temperature of —20°C in blue. Since thermal measurements at
different ambient temperatures with the 2S module will be performed, a PID control has
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Figure 6.13: The left plot shows the measured current of the bottom sensor with the top LED
strip turned on while the right plot shows the measured current of the top sensor with the bottom
LED strip turned on. For each measurement the high voltage pigtail of the respective other sensor
of the 2S module is plugged out.

been implemented that automatically regulates the LED voltage of both LED strips until
the desired current is reached so that this temperature effect is accounted for. A detailed
description of the developed PID control is given in the next section.

6.4.1 Regulation of the Generated Current using a PID Control

To automatically regulate the induced current of the LED strips in the silicon sensors of the
2S5 module to a specific current value a proportional-integral-derivative (PID) control has
been developed that adjusts the voltage of the LED strips until the desired current value
is reached. In general a PID control denotes a routine that uses a feedback loop to apply a
correction to a control function. It calculates the difference between the desired value and
the measured process variable and determines the correction based on a proportional, an
integral and a derivative term. Here the PID control has been implemented in LabView
using an already available PID control application. The used PID algorithm can control
one process variable, the measured sensor current in this case, by correcting one control
variable, which is here the LED voltage.

Since the generated current at a specific voltage value is different for each LED strip but
only one variable can be corrected in the control loop of the PID algorithm the following
concept is applied. Based on the assumption that each LED strip only induces current
in its respective opposed sensor, the ratio of the voltages of the two LED strips is deter-
mined so that the PID algorithm can use one LED voltage as the control variable and
the second LED voltage can then be set according to the determined relation between the
two voltages. For this the linear parts of the measured sensor current for both LED strips
as seen in the left plot in Figure 6.12 have been fitted with a linear function so that the
ratio of the voltages of both LED strips can be calculated for a current range of 0.5 mA
to 2.4mA. The ratio has been calculated by dividing the voltage of the bottom LED strip
by the voltage of the top LED strip in the given current range with a step size of 0.1 mA.
The result can be seen in Figure 6.14. The calculated ratio shows a linear relation between
the LED voltages so that by fitting this ratio with a linear function an equation can be
determined that can be used to calculate the necessary voltage of the bottom LED strip
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Figure 6.14: Ratio of the voltage of the bottom LED strip to the voltage of the top LED strip in
a current range of 0.5 mA to 2.4 mA. The data in blue has been fitted with a linear function. The
result of the fit is shown in orange.

from the top LED voltage as optimized by the PID control. The result of the fit can also
be seen in Figure 6.14. With this method the PID control can generate half of the desired
leakage current with the top LEDs and the other half with the bottom LEDs so that the
full high voltage power is equally distributed among both silicon sensors.

A screenshot of the LabView program is shown in Figure 6.15. The desired current value
can be entered in the program that then regulates the LED voltages with the described
method, measures the present sensor current and corrects the voltages until the desired
current value is reached. The plot in Figure 6.15 shows the slow increase of the mea-
sured sensor current until the desired value of 1.57mA has been reached. The used PID
parameters for the algorithm have been experimentally found and optimized.
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Figure 6.15: Screenshot of the PID control for the sensor current as implemented in LabView.
The desired sensor current can be entered and the PID control then regulates the LED voltages
until the desired value is reached. Here the regulation to a sensor current of 1.57mA using the
PID control at a sensor bias voltage of 600V can be seen. The plot shows the measured sensor
current versus the time. The sensor current increases slowly until the desired value is reached and
the program is stopped.
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7 Thermal Characterization of the Setup and
Integration of the 2S Module

To test the thermal behavior of the cooling structure in the setup two characterization
measurements have been carried out before the integration of the 2S module onto the
cooling structure. In a first measurement the thermal interface between the inserts and the
cooling pipe has been investigated by using a heating resistor to apply a certain heat load
onto the inserts and measure the temperature difference between the insert and the resistor
to determine the thermal resistance of each insert. By comparing the different values their
compatibility can be evaluated. In the second part the thermal contact between the AICF
bridges and the inserts as a function of the applied torque has been measured using a
heating device composed of a heating resistor glued to a stump bridge. The results of
these measurements will be discussed in the following sections as well as the integration of
the 2S module onto the cooling structure inside the module cooling box.

7.1 Thermal Characterization of the Inserts

For the thermal characterization of the inserts a small heating resistor [62] with a resistance
of 2002 was used that was screwed to the respective insert with screws and a flat washer
out of brass with a torque of 6 Nm. A small temperature sensor was glued on top of the
heating resistor with copper tape. In Figure 7.1 a picture of the heating resistor screwed
to insert 7 of the middle position of the cooling structure can be seen on the left while an
overview of the numbering of the inserts of the middle position is shown in the right picture.
To characterize the individual inserts of the middle position of the cooling structure the
heat load was varied between 0.2 W and 1.6 W in steps of 0.2 W.

Figure 7.1: Left: picture of the heating resistor used for the thermal characterization of the inserts.
It is screwed to insert 7. A temperature sensor is glued to its surface with copper tape. Right:
overview of the insert numbering of the middle positions of the mini-TEDD cooling structure.
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Figure 7.2: Left: results of the measurement with the heating resistor for insert 7. A heat load
from 0.2W to 1.6 W was applied in steps of 0.2 W. The measured temperature of the insert is
shown in blue, the heating resistor is shown in red. Right: results of the linear fit of the measured
temperatures per power step for the insert and heating resistor for insert 7. The insert is shown in
blue, the heating resistor in red. The thermal resistances resulting from the fit can also be seen.

For each insert the temperatures of the heating resistor and the respective insert, using the
temperature sensor glued to the insert inside the cooling structure, have been measured.
The measurements have been performed at a CO9 temperature of +15°C with a mass flow
of around 1.8 g/s, an ambient temperature inside the module cooling box of +15°C and a
small dry air flow of 41/min into the box.

The result of the measurement for insert 7 is shown in the left plot in Figure 7.2. It can
be seen that the measured temperature increases for each power step, while the temper-
ature of the heating resistor is generally higher than the insert temperature, which is the
expected behavior. To compare the thermal performance of the six inserts with each other
the thermal resistance is estimated for each insert. Therefore the mean measured tem-
perature is calculated for each measurement point and plotted against the applied power
load. Although the waiting time has been the same for each measurement point, it has
been observed that stable condition could not be achieved for the measurement with a heat
load of 0.2W. This is why the analysis will start at a heat load of 0.4 W for all inserts.
The data is then fitted for each insert with a linear function. An uncertainty of 0.3K
has been used for the temperature measurement of the heating resistor and the insert,
respectively. The result of the fit for insert 7 is shown in the right plot in Figure 7.2. The
determined thermal resistances for all six inserts can be found in Table7.1. The mean value
is 1500 = (2.10 £0.20) K/W.

When comparing the thermal resistances of the six inserts a maximum difference of 0.5 K/W
can be observed between the minimum and maximum measured resistances. Since the in-
serts are glued to the cooling pipe, the fluctuations can be attributed to varying glue
thicknesses between the individual inserts and the cooling pipe. A similar measurement
on an earlier version of a cooling structure prototype performed at this institute exhibited
deviations between the inserts in a comparable range, which could be attributed to the
individual glue thicknesses based on a comparison with a Finite Element (FE) simula-
tion [34]. Overall the results of the measurement indicate that all tested inserts display a
sufficient thermal behavior without any distinctive features.
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Insert | Thermal resistance Thermal resistance
number | of insert in K/W | of heating resistor in K/W

4 1.91 6.52

5 2.05 6.91

6 2.31 6.56

7 2.02 6.87

8 1.88 7.08

9 2.43 7.22

Table 7.1: Results of the measured thermal resistances of the insert and heating resistor for all six
inserts of the middle position of the cooling structure. The measurement was performed at a COq
temperature of +15°C.

7.2 Thermal Contact between Bridge and Insert as a
Function of the Torque

For the installation of the 2S modules on the cooling structures the modules will be screwed
to the inserts using the holes in the AICF bridges with torques in the range of a few cNm.
To determine the dependence of the thermal contact between the bridges and the inserts
on the torque and find the optimal value a series of measurements with different torque
values has been performed. For this measurement a dedicated heating device has been
built that is composed of a heating resistor glued to a single AICF stump bridge. The
same heating resistor as for the measurements in the previous section has been used while
a stump bridge designed for a 2S5 module with a sensor spacing of 1.8 mm has been chosen.
The heating resistor was glued to the stump bridge using Polytec EP 601-LV [63], which
is also used to glue the SEH to the bridges of a 2S module during the assembly.

For all measurements the stump bridge has been screwed to insert 7 using a brass screw
with a M1.6 thread and a length of 4 mm and washers also made out of brass that have
been specially designed to embrace the nipple of the insert as well as the screw head. Small
temperature sensors have been glued to the heating resistor as well as the stump bridge
with copper tape. A picture of this heating device screwed to insert 7 of the middle position
of the mini-TEDD structure is shown on the left in Figure 7.3.

For the measurements a power load of 3 W has been applied to the heating resistor. The
CO2 temperature was set to 0 °C while the module cooling box has been cooled down to a
temperature of +7.6 °C, which is in the range of the bridge temperature, so that the heat
exchange between the stump bridge and the ambient is minimized. Measurements have
been performed for torque values between 5 and 12 ¢cNm in steps of 1cNm and each torque
value has been measured three times. Between each torque step the screw has been fully
loosened and then screwed in again with the new torque value using a torque wrench. For
each torque value the resistor, bridge and insert temperatures have been measured.

To investigate the thermal contact the temperature difference between the bridge and the
insert has been calculated for each of the three measurements of each torque. The individual
results of these differences can be seen in the right plot in Figure 7.3 in red, while the mean
value and standard deviation for each measured torque can be seen in blue. It can be
observed that the temperature difference between the bridge and the insert decreases with
increasing torque, which is compatible with the idea that the thermal contact improves
when a higher force is applied. It is also visible that some torque values exhibit larger
deviations between the three measurements than others. A possible explanation could be
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Figure 7.3: Left: picture of the heating device composed of a heating resistor glued to an AICF
stump bridge. The stump bridge is screwed to insert 7 of the cooling structure with the dedicated
brass screw and washer. Temperature sensors are glued to the stump bridge and resistor with
copper tape, respectively. Right: result of the difference between the measured bridge and insert
temperature for each of the three measurements for each applied torque in red. The mean value
and standard deviation for each torque is shown in blue. The measurements have been performed
at a COs temperature of 0°C and a module cooling box temperature of +7.6°C. A power load of
3 W has been applied to the heating resistor.

that the thread of the insert has been damaged especially when using a higher torque but
the cause has not been fully identified. The measurement shows that the temperature
difference reaches a plateau after a torque of 8 cNm, which indicates that a value of 8 cNm
or higher provides an optimized thermal contact between the bridge and the insert. Within
the collaboration so far a value of 10cNm has been targeted whose use can be reassured
with this measurement.

7.3 Integration of the 2S Module on the Cooling Structure

For the thermal measurements in this thesis the 25 module 2S 40 6 AAC-00003 with
a sensor spacing of 4.0 mm and six cooling contacts has been equipped with temperature
sensors, as described in Section 6.3. In Figure 7.4 a picture of the 2S module integrated
onto the cooling structure can be seen. The 2S module has been carefully placed on the six
inserts of the middle position of the cooling structure. In general there is a small distance
between the surface of the cooling structure and the bottom sensor of the module of 1.4 mm.
Although it has been made sure that during the gluing of the temperature sensors to the
bottom sensor the used encapsulation material is kept to a minimum as far as possible it
has been realized at the first integration attempt of the module on the cooling structure
that the module does not lie flat on all six inserts. This has been caused by too much
encapsulation material on the central temperature sensor on the bottom sensor who was
in contact with the cooling structure surface. Subsequently this temperature sensor had to
be removed by carefully pulling it from the bottom sensor and removing the encapsulation
left on the sensor with a pair of tweezers.
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Figure 7.4: Picture of the 2S module equipped with temperature sensors integrated onto the cooling
structure inside the module cooling box. The module is placed on the middle position of the cooling
structure and screwed to the six inserts with the dedicated screws and washers. The cables of the
attached thermistors can be seen in red. They are directed out of the box at the left and right
side.

The temperature sensor has then been re-glued at the same position on the bottom sensor
with less encapsulant. This process has been successful and later measurements have shown
that this has not left any significant damage to the silicon sensor. After the re-gluing of the
temperature sensor on the bottom sensor the 2S module has been successfully integrated
onto the cooling structure. It has been placed onto the inserts of the middle position by
hand and screwed to the six inserts with the dedicated M1.6 screws and washers made out
of brass using a torque of 10 cNm. The same screw and washer have also been used for the
measurements with the stump bridge in Section 7.2.

The cables of the temperature sensors have been fixed in bundles on the surface of the
cooling structure with kapton tape and are routed out of the box through the holes at the
right and left side of the module cooling box. They are read out by a Keithley Multimeter
2701 [43]. The high voltage of the module for the silicon sensors is supplied by a Keithley
2410 SourceMeter [61] while the low voltage circuit is connected to a Hameg HMP 4040
power supply [60].

7.3.1 Measurement of the Noise

After the integration of the 2S module on the mini-TEDD structure the noise has been
measured inside the module cooling box at room temperature. For the readout of the mod-
ule the VTRx+ is connected via two optical fibers to an FC7 [64], which is an Advanced
Mezzanine Card. The FCT7 is a common readout board used within the CMS tracker com-
munity for testing of the 2S modules and it will also be used during the production phase
of the 2S5 modules. The FC7 is placed in a uyTCA crate and connected to a computer via
ethernet. The Phase-2 Acquisition and Control Framework (Ph2 ACF) [65] developed by
the CMS tracker group is used as readout software. It allows the user to perform several
routines on the 2S module such as the calibration of the chips, noise scans and data read-
out.
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The CBCs of the 25 module use an analogue front-end with a pre- and post-amplifier and a
comparator to read out the individual strips of the silicon sensors with a binary hit detec-
tion. Every CBC has a global chip threshold called the Vo value. In general high Vory
values correspond to low physical thresholds. A hit is generated when the measured voltage
pulse of the deposited charge in the channel surpasses this threshold. This voltage pulse
is modified by Gaussian noise that originates for example from electronic components. To
determine a useful threshold value a scan is performed that measures the occupancy of
each channel with increasing threshold value. The occupancy is defined as the number of
measured noise signals divided by the total number of events. The obtained result of such
a threshold scan has the form of a so-called S-curve since the occupancy increases with
increasing Vorp values until it reaches a value of 1.0 which is the point where all noise
signals surpass the threshold. An example for such a S-curve can be found in Figure C.1
in Appendix C. This curve would be a step function in case of no Gaussian noise. The
so-called pedestal value is determined at the threshold value where the occupancy yields a
value of 0.5 while the noise is defined as the width of the S-curve in Vory units [66].
Overall the noise is determined during a noise scan where the S-curve of each channel is
measured and then fitted to determine the width of the curve. Before each noise measure-
ment a calibration is performed per chip so that channel to channel threshold differences
are corrected by adjusting an offset value for each channel. For the successful operation of
the 2S module the noise has to be kept as low as possible, currently a value of around 6
Vern units is targeted.

In this setup in the module cooling box the ground level of the low and high voltage circuit
is connected to the ground of the used Hameg power supply. Additionally the cooling pipe
of the mini-TEDD structure is grounded via a cable connection to this level as well as all
inserts of the middle position since they are electrically connected to the cooling pipe. In
Figure 7.5 the result of a noise scan performed with the 2S module mounted to the cooling
structure inside the cooling box at room temperature can be seen.

Figure 7.5: Noise distribution per strip of the 2S module mounted on the cooling structure inside
the module cooling box measured at room temperature. The measured values for the strips of the
top sensor are shown in red while the values of the strips of the bottom sensor are shown in blue.
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It shows the noise distribution per strip using the strip numbering as explained in the
following. The readout of the module starts, when using the orientation of the module
as shown in Figure 7.4, at the right FEH with the strips of the CBC that is the furthest
away from the SEH side of the module. The strips of the top and bottom sensor are read
out alternately so that the odd numbered strips belong to the top sensor and the even
numbered strips to the bottom sensor starting at strip number 0. The strip numbering
then continues in the direction towards the SEH until the strip closest to the SEH, which
corresponds to a strip number of 2031. The numbering then continues on the left FEH
starting at the side close to the SEH and ends at strip 4063 at the far side of the left FEH.
The ticks on the x-axis are chosen in such a way that it denotes the group of strips that
are read out by the same CBC.

In general a flat noise distribution is expected for the 2S module as it can be seen in
Figure 7.6. The plot shows the noise distribution of the 2S module before the assembly
of the temperature sensors to the silicon sensors. This measurement was performed in an
aluminum box that is usually used for noise measurements of 2S modules at this institute.
A flat noise distribution was measured for the module as expected with a mean value of
(6.96 &+ 0.30) Vorm units for the top sensor and a value of 7.40 + 0.43) Vory units for the
bottom sensor. In general a higher noise value is expected for the bottom sensor since the
channels of the bottom sensor have longer traces on the FEH than the channels of the top
Sensor.

In comparison to this measurement the noise distribution measured at room temperature
in Figure 7.5 exhibits several peaks for the top and bottom sensor. These peaks are caused
by the temperature sensors that are glued to the silicon sensors. The temperature sensors
significantly increase the noise of the strips at their respective positions. Especially for the
top sensor it is clearly visible that the peaks appear at strip numbers that correspond to
the expected positions of the temperature sensors. Nevertheless in-between these peaks

Figure 7.6: Noise distribution per strip of the 2S module placed in an aluminum box at room
temperature. This noise measurement was performed before the assembly of the temperature
sensors to the silicon sensors of the module. The measured values for the strips of the top sensor
are shown in red while the values of the strips of the bottom sensor are shown in blue.
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the top sensor exhibits a flat noise distribution within acceptable noise values so that it
can be concluded that the glued temperature sensors only partially affect the electrical
performance at their respective position on the sensor and do not restrict the overall us-
ability of the other sensor areas of the module.

However the bottom sensor exhibits several peaks additionally to the peaks of the temper-
ature sensors, located in-between these temperature sensor peaks. Per hybrid six of those
peaks can be observed. The origin of these peaks can be attributed to the LEDs on the
LED strips that are glued to the cooling structure underneath the bottom sensor. In total
there are two LED strips with six LEDs each that illuminate one sensor half respectively.
The locations of these LEDs correspond to the positions of the observed peaks in the noise
distribution. This ultimately shows that the LEDs additionally inject noise in the bottom
sensor. The noise of the top sensor is not affected by the LEDs since the strips have a
larger distance to the top sensor when the lid of the module cooling box is closed.

For the top sensor the noise distribution yields a mean value of (8.36 £ 5.00) Vorn units
and a value of 14.56 + 3.30) Vorm units is measured for the bottom sensor. The mean
values have been calculated with the noise values of all strips of the respective sensor.
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8 Thermal Measurements with the 2S Module

Within this thesis several measurements of a COq cooled 2S5 module equipped with tem-
perature sensors on a mini-TEDD structure have been performed. The use of LED strips
to emulate a leakage current in the unirradiated silicon sensors of the used module in the
setup allows to adjust the power consumption according to several radiation scenarios that
are possible at the HL-LHC. The temperature distributions on the module for three radi-
ation scenarios at the nominal expected COy temperature have been measured as well as
the thermal runaway for one scenario. Additionally thermal simulations of the 2S module
have been performed in this working group by Nicolas Réwert in the scope of his ongoing
doctorate. The performed simulations can be compared to the measurements executed in
this thesis. The possible scenarios at the HL-LHC, the measurement concept as well as
the results of the thermal measurements and the comparison with the simulation will be
discussed in the following sections.

8.1 Possible Scenarios for the Operation at the HL-LHC

The capabilities of the cooling system significantly influence the longevity of the 25 mod-
ules in the Phase-2 tracker. To assess the thermal properties of the 25 module and the
cooling structure at the planned end three possible radiation and operation scenarios at
the HL-LHC are under investigation. Important parameters within these scenarios are
the expected fluence depending on the location of the module in the detector, the bias
voltage of the silicon sensors and the radiation damage constant for silicon since the power
consumption of the silicon sensors depends on these values according to Equation 4.5.
The used 2S module has a sensor spacing of 4.0 mm so that the scenarios for the mea-
surements have been chosen with the intention to investigate the worst 4.0 mm 2S module
regarding the cooling conditions in the detector. This corresponds to the module that is
exposed to the highest fluence in the TEDD region of the Phase-2 tracker. These would
be the 2S modules that are located in the TEDD 2 on ring 11 of disk 3 with an estimated
fluence of 3.73- 10 ngy/cm? for an operation scenario at the HL-LHC after 3000 fb™! [67].
Figure 8.1 shows an overview of one quarter of the Phase-2 tracker with the corresponding
location of the 25 module encircled in red.

0.

1200

‘ | i

r [mm]

100)

20
80|

| ‘ 22

o
\‘\

24

== 0 D R U N N N WY ::” ”” hy Iy gl [
TBPS Il 1 I I ) |26

A N N N\ R U\ N My hy II|| |||| TEDD”” ~§'g
D R S S ML i [ s2

! 4.0
————S fi L o |
0 s o w0 e =00 om0 n
z [mm]

40

I|
|
|
I|
Vi
Vi

7

N

I
|
t
7
4

o

Figure 8.1: Sketched overview of one quarter of the new CMS Phase-2 Tracker. The 2S modules
of the Outer Tracker are depicted in red. The encircled module marks the position (TEDD 2,
ring 11, disk 3) of the worst 4.0 mm 2S module in the detector regarding the cooling as a result of
the expected fluence. Modified from Ref. [14].
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With a bias voltage of 600V for the silicon sensors and an estimated radiation damage
constant of 4.28 - 10717 A /em [67] for 3000fb~! this is defined as the nominal scenario.
For an ultimate performance of the HL-LHC with 4000 fb~! the fluence would increase by
33% to a value of 4.96 - 101 ng,/cm?. This is referred to as the Ultimate@600V scenario.
A possible third scenario after 4000 fb~! with the bias voltage increased by 33 % to 800V
and a 20 % increase in the radiation damage constant to a value of 5.14- 10717 A /em is the
so-called Ultimate@800V scenario [23]. A summary of the respective parameters for the
three scenarios is provided in Table 8.1.

Scenario Bias voltage in V Ejf;j;;iﬂf?n;if Fluence in neq/cm?

Nominal 600 4.28 10717 3.73 - 10
Ultimate@600V 600 4.28 10717 1.33-3.73 - 10"
Ultimate@800V 1.33 - 600 1.2-4.28-10717 1.33-3.73 - 10*

Table 8.1: Summary of the parameters and respective values that are relevant for the three possible
scenarios at the HL-LHC with regard to radiation and operation at the specific module location
in the detector [67, 23].

In Figure 8.2 the left plot shows the total expected leakage current for a 2S module as a
function of the sensor temperature for all three scenarios, while the right plot shows the
expected power consumption for both sensors as a function of the sensor temperature for
the three scenarios. For the nominal scenario a leakage current of 1.57 mA is expected for
a sensor temperature of —20 °C, leading to a power consumption of 0.94 W, while a leakage
current of 2.08 mA leading to a power consumption of 1.25 W is expected for the Ulti-
mate@600V scenario. The Ultimate@800V scenario yields the highest power consumption
with a value of 2.00 W and a leakage current of 2.51 mA for the two sensors for a sensor
temperature of —20°C and is thus the most critical scenario for the cooling performance.

Figure 8.2: Left: expected leakage current for both silicon sensors together in dependence on
the sensor temperature for all three scenarios. Right: expected sensor power for both sensors in
dependence on the sensor temperature for all three scenarios. The values in both plots are specific
for the considered 2S module position in the detector.
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8.2 Measurements with Realistic Power Consumption for
Different Scenarios at the Nominal CO5, Temperature

The CO2 cooling system of the Phase-2 tracker has a design temperature of —35°C. With
pressure drops along the cooling lines a COq temperature of —33°C is expected as the
maximal temperature, hence this value will be referred to as the nominal operating tem-
perature in the following. To analyze the temperature distribution on the 2S module a
measurement has been performed for each of the three scenarios at the nominal CO2 tem-
perature. For the following measurements the CO2 temperature has been defined as the
mean value of the measured temperatures at the inlet, outlet and U-turn of the cooling
pipe inside the mini-TEDD structure. The mean sensor temperature is determined by the
mean value of the temperature values measured by all 14 temperature sensors that are
glued to the silicon sensors.

For the following measurements the CO2 has been cooled down with the CO2 cooling sys-
tem to a temperature of —33.1°C while the module cooling box has been cooled down as
low as possible. With the temperature sensor inside the module cooling box air temper-
atures in the range of —22°C were measured. A small dry air flow of 41/min has been
supplied to the module cooling box. For the measurements the pre-heating loop of the
COg2 cooling system has been used with a power load of 10 W to make sure that the CO»
is in a two-phase state when entering the cooling structure in this setup. The COs mass
flow during the measurements has been set to the expected value of 1.6 g/s in the TEDD 2
region. The procedure to adjust the power consumption of the hybrids and the silicon
sensors to the required values for each measured scenario will be described in the next
paragraphs.

Adjustment of the Hybrid Power

Within the regular configuration routine of the 2S module the threshold values of the
CBCs are chosen such that they have sufficient distance to the pedestal value so that noise
signals are not falsely detected as hit signals. It has been observed that when using this
normal configuration routine the power consumption of the three hybrids of the module
yields a lower value of 3.92W than the expected nominal values, given in Table 4.1. To
bring the power consumption of the hybrids closer to the nominal values the thresholds
of the channels in the CBCs have been set to the pedestal values at the start of each
measurement. With this setting a power consumption of 4.59 W has been achieved for the
hybrids, which is as close to the expected nominal values as possible within the performed
measurements.

Procedure for the Regulation of the Sensor Power

When cooling a 2S module with irradiated sensors the power load on the sensors automat-
ically arises depending on the sensor temperature according to Equation 4.5. To emulate
this behavior the current generated with the LED strips in the unirradiated sensors of the
used 2S module has to be regulated until the measured mean sensor temperature and the
power load of the sensors satisfy the power equation. When this condition is met a proper
working point has been achieved. To realize this working point in the measurements the
PID control described in Section 6.4.1 is used to generate a specific power load in the silicon
sensors that corresponds to a mean sensor temperature based on the power equation. The
mean sensor temperature of the 25 module is then determined by a LabView program that
measures the sensor temperatures and calculates the mean value. By changing the applied
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power load on the sensors in an iterative process the working point can be found when the
applied power load and the measured mean sensor temperature fulfill the power equation.
In practice around three to four iterations are necessary to find the working point during
the measurement. By using the different parameters of Table 8.1 corresponding to the
desired scenario for the power equation all three radiation and operation scenarios can be
measured.

Results of the Measurements for the Three Scenarios

For the measurement of the temperature distribution on the 2S module the previously
explained measurement procedure has been applied to find the working point for each of
the three scenarios at the nominal COy temperature. For the nominal scenario the working
point at the nominal operating temperature was found for a mean sensor temperature
of —27.4°C and a total sensor power of 0.38 W. An overview of the mean values of all
measured temperatures on the 25 module during the measurement of the working point
for the nominal scenario can be found in Figure 8.3. A heat map of the front and backside of
the module is shown, and each circle represents the location of the respective temperature
sensor on the module. The individual temperature values are depicted by the colors of the
circles that are color-coded according to the given color bar, whereas the exact measured
values are also given next to each dot.

For the nominal scenario a mean sensor temperature of —27.0 °C has been measured for the
top sensor while a mean temperature of —27.7 °C has been measured for the bottom sensor.
In general a homogeneous temperature distribution can be observed on the silicon sensors
with deviations along the sensor within 1 K. Additionally a small influence of the power
load of the hybrids on the temperature distribution on the silicon sensors can be recognized
since the temperature measured on the silicon sensor next to the DC-DC converters is the
warmest point for both sensors, while the temperatures measured on the sensors at the
SEH far side of the module are the coldest points.

Figure 8.3: Overview of the measured temperatures on the 25 module for the nominal scenario at
a CO5 temperature of —33.1 °C with an air temperature of —22.6 °C inside the module cooling box.
A heat map for the top side of the module is shown on the left, while the temperatures measured
on the bottom side are shown on the right. A mean sensor temperature of —27.4 °C was measured
at a sensor power of 0.38 W and a hybrid power of 4.59 W.
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The temperatures measured on the three hybrids have a broader spread. The CBCs and
CICs on the FEHs have higher temperatures than the measurement directly on the surface
of the FEH on the top or bottom side. This is also valid for the SEH where the measured
temperatures on the VI'Rx+, the LpGBT and the DC-DC converters are about 5 K higher
than the temperature measured on the carbon support plate of the SEH under the tails
of the SEH. Overall this is an expected behavior since the active components produce the
heat load that has to be removed. The temperature measured on the shield of the DC-DC
converters is the hottest point with —13.4 °C, which is expected since the converters alone
produce a heat load of around 2 W. In general the right FEH is also warmer than the left
side. This is caused by the asymmetric power distribution on the SEH induced by the
DC-DC converters.

The results for the measurements of the Ultimate@600V and Ultimate@800V scenario
can be found in Figures 8.4 and 8.5, where the respective heat maps of the 2S module
are shown. For the Ultimate@600V scenario the working point at the nominal operating
temperature has been found for a mean sensor temperature of —27.0°C and a total sensor
power of 0.54 W, with a mean temperature of —26.7°C for the top and —27.4°C for the
bottom sensor. For the Ultimate@800V scenario the working point has been obtained at a
mean sensor temperature of —26.2°C and a sensor power of 0.95W. For the top sensor a
mean temperature of —25.8 °C and for the bottom sensor a mean temperature of —26.6°C
has been measured.

In general the temperature distributions on the 2S module for these two scenarios are
qualitatively similar to the observations made for the nominal scenario. Nevertheless the
temperatures on the 2S5 module generally rise with the higher demands of the scenarios
since the power consumption of the sensors increases respectively. A detailed analysis of
the different thermal interfaces within the 2S module and the cooling structure will follow
in the next section.

Figure 8.4: Overview of the measured temperatures on the 2S module for the Ultimate@Q600V
scenario at a COs temperature of —33.1°C with an air temperature of —22.2 °C inside the module
cooling box. A heat map for the top side of the module is shown on the left, while the temperatures
measured on the bottom side are shown on the right. A mean sensor temperature of —27.0 °C was
measured at a sensor power of 0.54 W and a hybrid power of 4.60 W.
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Figure 8.5: Overview of the measured temperatures on the 2S module for the Ultimate@800V
scenario at a COs temperature of —33.1°C with an air temperature of —22.1 °C inside the module
cooling box. A heat map for the top side of the module is shown on the left, while the temperatures
measured on the bottom side are shown on the right. A mean sensor temperature of —26.2 °C was
measured at a sensor power of 0.95 W and a hybrid power of 4.59 W.

8.2.1 Analysis of the Thermal Interfaces

In this section the thermal interfaces of the 2S module are analyzed on the basis of the
measurement for the nominal scenario. In the left plot in Figure 8.6 the averaged tempera-
tures for each area of the 2S module are shown with the error bars depicting the deviation
of the temperature within an area. The COs temperature is referred to as 'pipe’ in this
plot. It can be observed that the temperature rises along the path of the heat load, as
expected.

The right plot in Figure 8.6 shows the individual temperatures measured by all sensors in-
side the cooling structure, i. e. the temperatures of the inserts of the middle positions and
the cooling pipe, for the nominal scenario. In this plot the sensor numbers are arranged in
the order of the CO4 flow direction along the cooling pipe. The cooling pipe temperature
is measured by sensor number 3, 2 and 1 at the inlet, U-turn and outlet of the pipe, re-
spectively, shown in blue. The measured temperatures show that the COs temperature in
general is constant within the cooling structure with a slight decrease at the outlet of the
cooling pipe. This is consistent with the expected pressure decrease for two-phase CO9 at
the end of the pipe. Sensors 9, 8, 7, 6, 5 and 4 are measuring the temperatures of the top
inserts depicted in red. The top inserts exhibit higher temperatures than the remaining
sensors that measure the temperatures of the bottom inserts, shown in green, because of
the power load of the module. Since the bottom inserts are placed between the top inserts
along the cooling line they are also slightly affected by the heat load at the middle posi-
tion so that the temperatures of the bottom inserts are in-between the top inserts and the
measured COq temperature.

Since the removal of the heat load of the silicon sensors is crucial in case of the 2S5 module
the different interfaces between the COs and the silicon sensors are analyzed in more detail.
For this the temperature differences between the individual interfaces along the path of the
sensor heat flux have been determined. This includes the temperature difference between
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Figure 8.6: Left: averaged temperatures of the different areas of the 2S module during the measure-
ment of the nominal scenario at the nominal CO5 temperature. The error bars depict the deviation
between the components of the individual areas. Right: mean measured values of the insert and
cooling pipe temperatures during the measurement of the nominal scenario. The temperature
sensors are ordered along the COs flow direction through the cooling pipe.

the mean sensor temperature and the individual temperatures of the six AICF bridges,
the difference between the bridge and its respective insert temperature and the difference
between the inserts and the cooling pipe. The left plot in Figure 8.7 shows the determined
temperature differences for each interface for the nominal scenario. The color code used in
this plot is illustrated in the right picture in Figure 8.7. The AICF bridges are numbered
according to its respective insert with an individual color and symbol for each bridge. For
each temperature measurement an uncertainty of 0.3 K has been assumed, which leads to
a combined uncertainty of 0.6 K for each temperature difference. Overall the determined
temperature differences between the sensor and the bridges as well as between the bridges
and the inserts are in a range of 2 K. For the interface between the inserts and the pipes a
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Figure 8.7: Left: temperature differences for three thermal interfaces of the 2S module for the
measurement of the nominal scenario. The temperature differences are determined for each
bridge/insert position. Right: illustration of the numbering and color code used for the six AICF
bridges shown on the backside of the 2S5 module.
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slightly higher difference in the order of 3K can be observed for the nominal scenario.
With a closer look to the individual temperature differences in the left plot in Figure 8.7
it can be seen that bridge 4 and 5 exhibit a higher temperature than the measured mean
sensor temperature, meaning that there is no heat flux from the sensors to these bridges.
But these two bridges nevertheless transport a heat load to the inserts since it can be
seen that they have the highest temperature distance to their respective insert. Based on
this one can conclude that for low sensor powers the bridges 4 and 5 next to the DC-DC
converters only remove heat load from the SEH.

Also noticeable in this plot is the negative temperature difference of position 8 for the
interface between the bridge and the insert. This would mean that bridge 8 is colder than its
respective insert which is physically not possible. Within the measurement uncertainty this
temperature difference is compatible with 0 K, which would indicate that nevertheless there
is no heat flux from the bridge to the insert. Within the characterization measurements of
the setup all inserts of the middle position have been tested without any distinctive features
so that it is also not possible that the insert has insufficient contact to the cooling pipe so
that it would adapt to the temperature of the bridge. To investigate this further two other
measurements are analyzed: a measurement of the 2S5 module in a not powered state at
the nominal COy temperature and a measurement with a high sensor power performed for
the measurement of the thermal runaway of the Ultimate@800V scenario that will follow
in Section 8.3.

The data for the measurement with an unpowered module have been recorded before the
module was powered on for the measurement of the nominal scenario, which means that
this measurement was also taken at a COs temperature of —33.1°C. Since the ambient
temperature during this measurement is at —22.6 °C there is still a small heat flux from
the ambient to the 2S5 module even if the module itself is not powered. Figure 8.8 shows
an overview of the temperature distribution of the 2S module during that measurement.
It can be observed that the whole module is at an average temperature of around —32 °C.

Figure 8.8: Overview of the temperature distribution on the 2S module in a state where the module
is not powered but cooled with the nominal COs temperature of —33.1°C. A heat map for the top
side of the module is shown on the left, while the temperatures measured on the bottom side are
shown on the right. The ambient temperature is at —22.6 °C.
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Figure 8.9: Left: temperature differences of the three thermal interfaces for the measurement with
an unpowered module at —33.1°C. Right: overview of the measured mean temperatures for the
inserts and the cooling pipe during that measurement.

The left plot in Figure 8.9 shows the temperature differences for the thermal interfaces
for this measurement, while the right plot shows the measured insert and cooling pipe
temperatures. It is visible that the mean sensor temperature is around 0.8 K higher than
the bridges as well as the inserts that are around 0.5 K warmer than the measured CO2
temperature. This is a result of the small heat flux from the ambient to the module and
the inserts.

When looking at the temperature difference between the bridge and the insert of position 8
a difference of —0.4K can be observed. Given that this position exhibits such an offset
even at no sensor power it can be concluded that there is still a small heat flux from the
bridge to the insert at small sensor powers such as in the measured nominal scenario. This
measurement with no module power also shows that the temperature difference between
the sensor and bridge 4 and 5 is in the same range as for the other positions in case of
a symmetric heat load distribution on the silicon sensors coming from the ambient. This
reassures the earlier observation that in case of asymmetric heat loads with low sensor
powers compared to the hybrid power only the heat load of the hybrids is removed through
these points.

To investigate the thermal interfaces for a case with a high sensor power a measurement that
has been performed for the measurement of the thermal runaway for the Ultimate@Q800V
scenario is analyzed. For this measurement the working point has been found at a mean
sensor temperature of —13.0°C and a sensor power of 4.51 W at a CO2 temperature of
—26.0°C. The air temperature inside the module cooling box was at —13.0°C so that the
silicon sensors are in thermal equilibrium with the ambient. For the hybrids a power of
4.63 W has been measured. Figure 8.10 shows an overview of the temperature distribution
on the 2S module during that measurement. A broader distribution of the temperature on
the sensors can be observed with the temperatures being within a range of 3 K.

The left plot in Figure 8.11 shows the temperature differences for the three interfaces, while
the right plot shows the overview of the measured insert and cooling pipe temperatures.
In general higher temperature differences for all interfaces in comparison to the nominal
scenario can be seen. The temperature difference between the sensor and the bridges is in
the order of 5 K as well as the difference between the inserts and the cooling pipe. For the
bridges and the inserts the temperature differences are in a range of 5 K.
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Figure 8.10: Overview of the temperature distribution of the 2S module for a measurement at a
COs temperature of —26.0°C with a mean sensor temperature of —13.0°C and a sensor power of
4.51 W. A heat map for the top side of the module is shown on the left, while the temperatures
measured on the bottom side are shown on the right. The ambient temperature was at —13.0°C
while a hybrid power of 4.63 W was measured.

Figure 8.11: Left: temperature differences of the three thermal interfaces for the measurement with
a sensor power of 4.51 W. Right: overview of the measured insert and cooling pipe temperatures
during that measurement.

In comparison with the previously discussed measurements with low and no sensor power
for this measurement with a high sensor power no negative temperature differences can be
observed for all positions and interfaces. This means in conclusion that for a high sensor
power the heat load of the sensors is also partly removed by the bridges of position 4 and
5 in addition to the heat load of the SEH.

Also the determined temperature difference of 0 K between the bridge and the insert for
position 8 indicates that with respect to the measured offset at no module power the
removed sensor heat load at this position increases. This is also visible in the right plot
of Figure 8.11 where it can be seen that the temperature of insert 8 has increased while
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the other inserts exhibit a qualitatively similar behavior in comparison with the measured
temperatures of the nominal scenario.

8.2.2 Comparison with a Thermal Simulation

In this working group also thermal simulations of the 2S5 module have been performed by
Nicolas Rowert that can be used for comparison with the measurements. For the simula-
tions a thermal model of the 2S5 module based on a Finite Volume Method (FVM) that
had been previously used in the CMS tracker group [68] has been modified to meet the
specifications of the setup. The inserts of the thermal model have been updated to the
insert type in the cooling structure used for the measurements by adjusting the thermal
conductivity in the model. Also the glue layer thickness between the kapton strips and
the silicon sensors has been decreased based on the measured height profile of the used 2S
module. The thermal simulations themselves have been performed by using the simulation
software ANSYS [69].

The thermal simulation has been performed at a COs temperature of —33°C. The COs
temperature is implemented in the simulation by setting the inner surface of the cooling
pipe to the CO9 temperature. The power load of the sensors was chosen to match the
measured sensor power during the measurement of the nominal scenario so that the tem-
perature distributions of the 2S module can be compared between the measurement and
the simulation. Therefore a fixed power load of 0.38 W has been applied to the silicon
sensors equally distributed among the two sensors. The heat load of the three hybrids has
also been scaled to match the measured power consumption of 4.59 W. The resulting tem-
perature distribution on the thermal model of the 2S module can be seen in Figure 8.12.
An overview of the temperature values of several components in the measurement as well
as in the simulation and the respective temperature difference is given in Table 8.2. For the
top and bottom sensor and the bridges the temperature values refer to mean values. The
temperature difference is formed by subtracting the simulated values from the measured
ones.

Figure 8.12: Results of the temperature distribution for the simulation of the thermal model of
the 2S module. The simulation has been performed at a COy temperature of —33 °C with a fixed
sensor power of 0.38 W and a scaled hybrid power of 4.59' W [70].
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When comparing the values for the top and bottom sensor and the bridges it can be
observed that the temperatures match well with a maximal deviation of 1.5 K with the
simulation being warmer than the measurement. It has to be noted that the thermal
simulation is performed with the assumption that there is no heat exchange with the
ambient while in the measurement there is a small heat flux from the ambient to the sensors
because of the temperature difference. This means that the measured sensor temperatures
would be even colder in case of a thermal equilibrium with the ambient.

When comparing the measured temperatures of the electronic components it is apparent
that the simulation exhibits higher temperature values for all components with deviations
in the range of 10 K. This is a result of the simplified modeling of the electronic components
in the simulation since the thermal model only considers them as surfaces on the hybrids
with an assigned power load. This leads to an overestimation of the temperatures in the
simulation. But since the thermal model of the 2S module has been mainly designed to
focus on the modeling of the temperature-dependent sensor current it can be concluded
that this comparison shows that the simulated sensor temperature can be used as a good
estimate for the sensor temperature.

Component Measured T in °C | Simulated T in °C d?;é?g;z:t;ri{
Top sensor —27.0 —26.5 —-0.5
Bottom sensor —-27.7 —26.5 —1.2
Bridges —28.1 —26.5 —1.6
Left CIC —17.1 —-7.7 —-94
Left CBC —19.5 —10.0 -9.5
Right CIC —14.9 —6.6 —-8.3
Right CBC —18.0 -9.0 -9.0
DC-DC converter —134 -5.3 —8.1
VTRx+ —16.4 —134 -3.0
LpGBT —20.2 —14.0 —6.2

Table 8.2: Overview of the measured and simulated temperature values for several components of
the 2S module as well as the temperature differences. The values for the top and bottom sensor
and the bridges refer to mean values of the component. The temperature difference is calculated
by substracting the simulated temperature values from the measured values.

8.3 Thermal Runaway for the Ultimate at 800V Scenario

For the measurement of the thermal runaway the Ultimate@800V scenario has been chosen
to estimate the CO2 temperature at which the 2S module undergoes the thermal runaway.
For this a specific procedure has been applied to find the working point of the silicon sensors
at different CO9 temperatures that allows the adjustment of the ambient temperature to
the mean sensor temperature more easily for each measurement point. Additionally a
simulation of the thermal runaway has been performed by Nicolas Rowert that can be
compared to the measurement. The following sections will provide a detailed explanation
of the general measurement concept, the results of the measurement and a comparison
with the thermal simulation.
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8.3.1 General Concept of the Measurement

The aim of the thermal runaway measurement is to determine the COs temperature at
which the 2S module enters an uncontrolled self-heating loop to evaluate if sufficient margin
is given for the operation at the nominal COs temperature. To achieve this the COq
temperature inside the cooling structure has to be increased until this point is reached.
In the used setup the sensor power and temperature have to be regulated for each COq
temperature so that the power equation is fulfilled for the silicon sensors.

A possible measurement procedure could be to iterate through different CO9 temperatures
and to regulate the sensor power with the LED strips according to the method used for the
measurements in Section 8.2. Since the basic idea of the setup with the module cooling box
is to set the ambient temperature inside the box to the mean sensor temperature in order to
minimize the heat exchange between the ambient and the sensors, the temperature of the
box would also have to be adjusted within the process of finding the correct working point.
Because of the volume of the module cooling box it takes a long time to reach a stable
temperature inside the box so that this method is not applicable. This is why another
measurement concept is used to find the working point of the 2S5 module for different CO»
temperatures.

For the method in Section 8.2 the sensor power was varied at a fixed COs temperature
until the measured sensor temperature matched the power equation. The basic idea of
the concept for the measurement of the thermal runaway is to set the sensor power to a
certain fixed value with the use of the LED strips and find the working point by iterating
through several CO2 temperatures until the matching sensor temperature according to the
power equation is reached. By iterating through different sensor temperatures the COq
temperature at which the thermal runaway occurs can then be found. This approach also
allows the adjustment of the ambient temperature more easily to the sensor temperature.
The detailed procedure works as follows: the PID control is used to generate a specific
current in the silicon sensors that corresponds to a mean sensor temperature. This will
be the target sensor temperature for this measurement point that has to be reached by
adjusting the COgy temperature. The temperature of the module cooling box is then
adjusted so that the ambient temperature is equal to the target sensor temperature.

It has to be noted that only ambient temperatures down to —23 °C can be reached inside
the module cooling box so that for sensor temperatures below that a small heat exchange
with the ambient occurs. But for sensor temperatures above or equal to this value, the
ambient temperature can be adjusted to match the sensor temperature. After setting the
sensor power the COgy temperature is adjusted using the COz cooling system until the
actual measured mean sensor temperature matches the desired target sensor temperature.
At this point a stable working point has been reached that fulfills the power equation
for the silicon sensors. This procedure is repeated for several sensor temperatures until
unstable cooling conditions are found which means that it is not possible to find a COq
temperature for the target sensor temperature that can provide stable cooling conditions.
When these circumstances are found one has arrived at the point of thermal runaway.

To illustrate this a simplified excerpt from the measurement can be found in Figure 8.13.
It shows the measured mean temperature of the cooling pipe, of both sensors and the
ambient during the process of finding the working point. The individual steps are marked
with numbers in the plot. Starting at step 1 the ambient temperature is set to the target
sensor temperature. In step 2 the module is powered, configured and the chip thresholds
are set to the pedestal values to maximize the power consumption of the hybrids. In step 3
the LED strips are turned on to generate a sensor power according to the target sensor
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Figure 8.13: Simplified excerpt from the measurement of the thermal runaway for the Ulti-
mate@800V scenario. The plot shows the mean temperatures of the cooling pipe, both sensors
and the ambient over time. Individual steps of the measurement procedure to find the working
point are numbered.

temperature. Step 4 shows the regulation of the COs temperature until the target sensor
temperature is reached. Step 5 denotes the point at which stable measurement conditions
are reached and the working point is achieved. This point resembles one measurement
point within the measurement of the thermal runaway. At step 6 the LEDs are turned off
and on again to regulate the sensor power according to the next desired target temperature.
At this point the overall procedure starts again.

8.3.2 Measurement of the Thermal Runaway

For the measurement of the thermal runaway the previously explained measurement con-
cept has been applied until the point of thermal runaway was reached. For the whole
measurement a power load of 10 W has been applied to the pre-heating loop of the CO»
cooling system. The dry air flow into the module cooling box was kept as low as possible
at a flow of 41/min, while the COy mass flow was regulated during the measurement to
the expected value of 1.6g/s for the TEDD 2. The ambient temperature was adjusted
to the mean sensor temperature when possible. For sensor temperatures below —23°C
the module cooling box could not be adjusted accordingly and was therefore kept at its
minimal temperature of —23°C.

Results of the Measurement

For the measurement the sensor temperature is defined as the mean value of the measured
temperatures of all 14 temperature sensors that are glued to the top and bottom sensor.
For now the CO4 temperature is defined as the mean value of the measured temperatures
at the inlet, outlet and U-turn of the cooling pipe inside the cooling structure.

The left plot in Figure 8.14 shows the measured sensor temperature for each measurement
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point against the measured CO2 temperature for the Ultimate@800V scenario in orange.
The measurement of the nominal and Ultimate@600V scenario at the nominal operating
temperature can also be found in this plot for comparison as well as the measured am-
bient temperature inside the module cooling box for each measurement point. In general
it can be observed that the sensor temperature rises steadily with increasing CO2 tem-
perature until it reaches the point of thermal runaway at a COs temperature of —26 °C.
This confirms that the used measurement method generally works. It can also be seen
that the ambient temperature is at around —23 °C for sensor temperatures below —23°C
and matches the measured sensor temperature for equal or higher temperatures. This is
why the data points of the measured sensor temperature are overlapping the measured
data points of the ambient temperature in this region. The fluctuation of the ambient
temperatures for sensor temperatures below —23°C is a result of the different minimal
achievable temperatures of the module cooling box, which differ slightly depending on the
overall conditions inside the laboratory since this is at the edge of the working range of
the chiller that is used to cool the module cooling box.

To investigate the thermal runaway the difference between the sensor temperature and
the CO2 temperature is plotted against the measured COo temperature. With this repre-
sentation the region where the difference between the sensor and the CO2 temperature is
still rather constant with increasing COg temperature can be better distinguished from the
region where the module slowly enters the thermal runaway. The right plot in Figure 8.14
shows the temperature difference between the sensor and the CO9 against the measured
CO4 temperature for the measurement of the Ultimate@800V scenario as well as for the
other scenarios measured at the nominal COs temperature. It is visible that the tempera-
ture difference stays approximately constant until a COs temperature of —30 °C. From this
point on the difference increases exponentially until reaching the point of thermal runaway
at a COy temperature of —26°C where the measurement was then stopped at a mean
sensor temperature of —11°C.

Figure 8.14: Left: measured mean sensor temperature against the measured COs temperature for
the Ultimate@800V scenario for the measurement of the thermal runaway in orange. The Ulti-
mate@600V scenario (green) and the nominal scenario (blue) are also shown for the measurement
at the nominal CO; temperature. The measured ambient temperature is shown for each measure-
ment point in black. Right: difference between the mean measured sensor temperature and the
COs temperature as a function of the measured CO5 temperature for all respective measurement
points of the three scenarios.
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The measurement points of the two other scenarios provide the opportunity to roughly
estimate the trend of these scenarios in comparison to the Ultimate@800V scenario. It can
be observed that the nominal scenario exhibits the smallest temperature difference between
the sensor and the COy with the Ultimate@600V scenario being in-between the other two
scenarios at the nominal operating temperature. Since the radiation levels and the op-
erating bias voltage increases from the nominal scenario to the Ultimate@800V scenario
it is expected that the nominal and Ultimate@600V scenario reach the thermal runaway
later at CO2 temperatures higher than —26 °C. The measured data for the nominal and
Ultimate@600V scenario will also be shown in all following result plots of this paragraph.
During the measurement of the thermal runaway the leakage current of the silicon sensors
as well as the current in the low voltage circuit of the hybrids was measured for each
measurement point. Based on this the power consumption of the sensors, the three hy-
brids and the full 25 module can be determined for each measurement point. In the left
plot in Figure 8.15 the measured sensor power is shown against the measured mean sensor
temperature. Additionally the expectation for each scenario based on the corresponding
power equation is depicted in orange, green and blue respectively. For the mean sensor
temperature an uncertainty of 0.3 K is assumed while the uncertainty of the sensor power
was determined by calculating the standard deviation of the leakage current for each mea-
surement point and multiplying it with the applied high voltage. The uncertainty of the
leakage current is in the order of 1 uA and thus not visible within the shown power range
of the plot.

Overall it can be observed that the measured data matches well with the expectation for
each scenario within the uncertainties. This demonstrates that the used method to emulate
the expected leakage current in the sensors as well as the general measurement procedure
for the thermal runaway fulfill the requirements and have worked successfully. The right
plot in Figure 8.15 displays the measured sensor power against the measured COs temper-
ature for each measurement point. The sensor power increases exponentially until the last
measurement point where the thermal runaway was reached at a sensor power of 5.63 W.

Figure 8.15: Left: measured sensor power against the measured sensor temperature for each mea-
surement point in black. The expected sensor power per sensor temperature based on the power
equation is shown for all three scenarios respectively in blue, green and orange. Right: mea-
sured sensor power against the measured CO5 temperature for the measurement points of all three
scenarios.
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Figure 8.16: Left: measured hybrid power against the measured CO5 temperature for the measure-
ment points of all three scenarios. Right: measured full 2S5 module power against the measured
CO4 temperature for all three scenarios.

In the left plot in Figure 8.16 the measured hybrid power is shown against the measured
CO2 temperature for each measurement point. The uncertainty of the hybrid power was
obtained by determining the standard deviation of the measured low voltage current for
each measurement point and multiplying it with the applied low voltage of 10.5V. It can
be observed that for COy temperatures below —30°C the hybrid power decreases with
decreasing COq temperature. So far the hybrid power was estimated to be approximately
constant for different operating temperatures but the measurement indicates that there is
also a small dependency on the temperature. It is possible that the tuning of the module
during the configuration before each measurement point is the cause for this, but this ef-
fect has not been investigated further within this thesis. Since the observed dependency is
more significant for low CO4y temperatures, it does not affect the incidence of the thermal
runaway.

The right plot in Figure 8.16 displays the measured power of the full 2S5 module for each
measurement point. The uncertainties of the sensor and hybrid power have been added
but are not visible within the range of the plot. The full module power increases exponen-
tially with increasing COq temperature as expected until reaching a power consumption
of 10.29 W at the point of thermal runaway.

Uncertainty of the CO; Temperature Measurement

For the investigation of the thermal runaway it is crucial to have a reliable measurement
of the COs temperature in order to give a proper estimate of the CO2 temperature at
which the runaway occurs. So far the COy temperature has been determined by measuring
the temperature of the cooling pipe at three points inside the cooling structure. Within
the COs cooling system it is also possible to assess the COo temperature indirectly by
measuring the pressure of the COs. In the CO;z cooling system there are two pressure
sensors that are positioned at point 3 and 6 in the COs cooling system as visible in the
sketch of the system in Figure A.1 in Appendix A. Since the pressure drop along the
detector lines occurs between both pressure sensors, the COs temperature can be obtained
by calculating the mean CQOgy pressure out of the two pressure measurements for each
thermal runaway measurement point. The measured pressure is then used to calculate the
corresponding COg temperature with a COg calculator [19].
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Figure 8.17: Left: mean sensor temperature against the COs temperature. The blue data points
show the CO; temperature based on the temperature measurement on the cooling pipe, while
the red data points show the measurement with the CO5 temperature on the basis of the pressure
measurement of the COs. Right: temperature difference of the measured mean sensor temperature
and the COg temperature against the COy temperature also showing the measurements based on
the two different CO5 temperature measurement methods.

In Figure 8.17 the left plot shows the measured mean sensor temperature against the COq
temperature where the blue data points represent the COs temperature measurement based
on the temperature measurement of the cooling pipe while the red data points display the
CO3 temperature measured on the basis of the mean measured COg pressure. The right
plot shows both measurements with the representation of the temperature difference be-
tween the sensor and the COy against the measured COy temperature. In these and the
following plots the focus will shift to only the measurement points of the thermal runaway
for the Ultimate@800V scenario without the other two scenarios.

Both plots show that there is a significant distance between the two different COo tempera-
ture measurement methods. The 2S5 module would undergo the thermal runaway at —26 °C
based on the temperature measurement on the cooling pipe, while the thermal runaway
with a COg2 temperature measured indirectly via the pressure yields a value of —28°C.
Since the CO4y temperature measurement on the cooling pipe provides an upper limit on
the true COy temperature the observed effect can be taken into account by calculating
a mean CQO, temperature based on both COy temperature measurements. The observed
effect can then be accounted for by assessing the uncertainty on the COs temperature by
using the halved difference between the two temperatures. Since the measurement of the
CO, temperature on the cooling pipe also has an additional uncertainty of 0.3 K, the final
uncertainty of the COs temperature is obtained by calculating the quadratic sum of the
halved difference and the temperature measurement uncertainty of 0.3 K.

Discussion of the Thermal Runaway

The results of the measurement of the thermal runaway for the Ultimate@800V scenario
using the combined COs temperature values are shown in Figure 8.18. In the left plot the
mean sensor temperature is plotted against the measured COg temperature, while in the
right plot the temperature difference between the sensor and the COs against the COq
temperature can be found.
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Figure 8.18: The left plot shows the measured mean sensor temperature against the measured
CO; temperature, while the right plot shows the difference between the sensor and the COs
temperature against the CO5 temperature. The error band in both plots covers the uncertainty
arising from the measurement of the COy temperature as well as the uncertainty of the measured
sensor temperature. Two regions are distinguished in these plots: the region with an ambient
temperature of —23°C is marked in purple while the region with matching ambient and sensor
temperature is depicted in blue.

The error bands depict the uncertainty that arises from the temperature measurement of
the COq9 as explained earlier. An uncertainty of 0.3 K is assumed for the measured sensor
temperature which is also covered by the error bands. The region where a small heat
exchange occurs between the sensors and the ambient as a result of the minimal ambient
temperature of —23 °C is denoted in purple to distinguish it from the region with matching
ambient temperature shown in blue. The measurement of the thermal runaway with the
combined COs2 temperature measurement results in a COq temperature of —27°C with an
uncertainty of 1K for the thermal runaway in the Ultimate@800V scenario and the used
insert type in the cooling structure. In conclusion the measurement provides a sufficient
margin for the occurrence of the thermal runaway of 6 K to the nominal operating CO»
temperature of —33°C.

8.3.3 Comparison with a Thermal Simulation

For the thermal runaway of the Ultimate@800V scenario a thermal simulation has been
performed by Nicolas Réwert using the previously described thermal model of the 2S
module. For the simulation the temperature dependent leakage current of the silicon
sensors has been implemented according to the parameters of the Ultimate@800V scenario
and applied to the two silicon sensors of the 25 module. By iterating through several COq
temperatures the mean sensor temperature can be determined and the thermal runaway
curve obtained.

The heat transfer coefficient (htc) is an important parameter for the heat transfer at the
interface of two materials, see Section 3.3.2 for the definition. The used value for the htc
of the COg to the inner wall of the cooling pipe in the simulation has an essential effect on
the COy temperature at which the thermal runaway occurs. Thus in fact two simulations
with different htc values for the interface between the cooling pipe and the COs have been
performed. For the first simulation the commonly used htc value of 5 kW /m?/K has been
applied to the interface, which represents a more conservative approach.
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In Ref. [20] the heat transfer between the inner wall of the cooling pipe and the boiling CO»
has been measured in dependence of the heat flux density. For a temperature of —30°C
and a value of 7.5kW /m? the htc is in the order of 5kW /m?/K, whereas a higher value of
10kW /m? /K can be expected for 29.8 kW /m?.

Within previous measurements at this institute [34| the heat flux density for a 2S module
power in the order of 6 W has been estimated based on the contact surface of the insert and
the cooling pipe yielding a value of 24 kW /m?, which is closer to a value of 29.8 kW /m?.
Since the geometries of the inserts and the cooling pipe as well as the mass flow of the CO»
are similar to the used setup in this thesis, this estimation is also applicable here. Based
on this a higher htc of 10kW/m?2/K for the CO represents a more realistic scenario so
that a second simulation was performed using this value.

The results of the two simulations with an htc value of 5 kW /m? /K in green and 10 kW /m? /K
in red as well as the measurement of the thermal runaway are presented in Figure 8.19
where the difference between the sensor and the COy temperature is plotted against the
COs temperature. For the visualization of the measurement the same color code is used as
explained in the previous section. The simulation with an htc of 5kW/m? /K yields a COy
temperature of —29.5°C for the thermal runaway, while the simulation with 10 kW /m? /K
yields a value of —28°C. By comparing the two simulations it can be seen that the htc
value for the interface of the cooling pipe and the CO4 leads to a significant difference for
the point of thermal runaway of 1.5 K. Additionally it can be observed that the increase of
the htc value does not influence the shape of the curve itself but shifts the simulation with
10kW /m? /K for COy temperatures below —31°C to lower temperature differences, while
also shifting the temperature of the thermal runaway to higher COs temperatures.

Figure 8.19: The plot shows the difference between the sensor temperature and the COs tem-
perature against the COy temperature for the measurement of the Ultimate@800V scenario in
blue/purple. Additionally a simulation of the thermal runaway for this scenario with a htc value
of 5kW/m? /K for the interface between the cooling pipe and the COy is shown in green, while a
second simulation with a value of 10kW/m?/K is presented in red.
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In addition to the modification of the htc value, the glue layer thickness between the kapton
strips and the silicon sensors has been varied in the simulation. The results have shown
that this has only a small impact on the COg temperature of the thermal runaway with a
temperature shift in the order of 0.1 K and is therefore negligible.

When comparing the measurement with a COy temperature of —27°C for the thermal
runaway and the simulations, a distance of 2.5K to the simulation with 5kW /m?/K and a
distance of 1K to the simulation with 10 kW /m?/K can be observed. In general the mea-
surement and simulations display a similar shape as the temperature difference between
the sensor and the COs rises with increasing COs temperature. Overall the simulation
with 10kW /m? /K matches better with the measurement and lays within the uncertainty
of the measurement for COy temperatures above —31°C. This corresponds to the region
in the measurement where the ambient temperature was set to the sensor temperature so
that the sensors are in thermal equilibrium with the ambient. For COs temperatures below
—31°C the simulated temperature differences between the sensor and the CO2 are lower
than the measured differences. In this region a small heat flux occurs from the ambient to
the 2S module since the ambient temperature is above the sensor temperature at —23 °C.
Consequently the measured temperature difference between the sensor and the COs in
this region would be smaller in case of a thermal equilibrium with the ambient. To con-
clude the observed deviation between the measurement and the simulation with a htc of
10kW/m? /K for COy temperatures below —31°C can be attributed to the heat exchange
with the ambient as the simulation is performed without a heat exchange between the
ambient and the sensors.

Apart from the simplified modeling of the hybrids in the simulation, as already discussed
in Section 8.2.2, another difference between the measurement and the simulation is the
modeling of the leakage current in the silicon sensors. The measurement concept for the
thermal runaway is assuming a homogeneous distribution of the leakage current within
the sensors, whereas the simulation takes into account the inhomogeneous heat generation
that will occur for a real irradiated silicon sensor. Nevertheless this is estimated to only
have a small effect on the measured point of thermal runaway. Also the COs temperature
has been set to the same value for all inserts in the simulation without taking into account
the temperature differences of the individual inserts that can be observed during the mea-
surement.

Overall the measurement and simulation exhibit a similar shape for increasing CO4 tem-
peratures while being in good agreement in the region where the ambient temperature is
equal to the sensor temperature. This shows that they ultimately provide a reliable esti-
mate for the expected point of thermal runaway for the Ultimate@800V scenario for a 2S
module with a sensor spacing of 4.0 mm and six cooling contacts in the TEDD 2 region.
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9 Summary

The 2S modules, as part of the new Phase-2 tracker, will exhibit a temperature-dependent
leakage current after irradiation. Therefore it is crucial that the cooling system provides
stable conditions throughout the operation of the detector to especially avoid the incidence
of the thermal runaway. In the TEDD region of the Phase-2 tracker the 2S modules will
be mounted onto aluminum inserts that provide the thermal interface to the cooling pipe.
Within this thesis thermal measurements with a 2S module have been carried out on a
small cooling structure similar to the dees in the TEDD region. A custom COg cooling
system as well as a module cooling box that minimizes the heat exchange with the ambient
have been used.

To assess the thermal properties of the 2S module during the measurements a module with
a sensor spacing of 4.0 mm and six cooling contacts has been successfully equipped with
temperature sensors including the two silicon sensors. For this a dedicated gluing proce-
dure has been developed and used to equip the top and bottom sensor of the 2S module as
well as several components of the FEHs and SEH with temperature sensors. Prior to the
gluing the temperature sensors have been thermally characterized at temperatures down
to —20 °C in the cooling bath of a chiller. An uncertainty of 0.3 K has been determined for
the used temperature sensors.

The used inserts of the mini-TEDD structure are also equipped with temperature sensors
inside the cooling structure. Before the integration of the 2S5 module the thermal resistance
of the inserts has been determined as well with the use of a heating resistor. Within the
measurements all inserts have been found to be properly connected to the cooling pipe.
Additionally the thermal contact between the bridges of the 2S module and the inserts as
a function of the applied torque has been investigated. With the use of a heating resistor
glued to a stump bridge measurements with different torque values have been performed.
The results indicate that a torque of 8 cNm or higher provides an optimized thermal con-
tact between the bridge and the insert.

The 2S module was integrated onto the mini-TEDD structure and a noise scan was per-
formed inside the module cooling box at room temperature. The strips at the location of
the glued temperature sensors showed a strongly increased noise. Since the silicon sensors
of the 2S module are not irradiated two LED strips have been implemented in the setup to
emulate the expected leakage current of irradiated silicon sensors. A PID control has been
developed with LabView that can adjust the leakage current according to the expected
sensor temperature based on the power equation that has to be fulfilled for irradiated
sensors. This allows to adjust the power consumption of the silicon sensor according to
the expectation for three possible scenarios that are under investigation in the community.
The three scenarios, namely the nominal, Ultimate@600V and Ultimate@800V scenario,
represent different operation scenarios at the HL-LHC, with the Ultimate@800V scenario
describing the operation in a case of maximal performance where the HL-LHC would reach
4000fb~! at the end of its lifetime.

Within this thesis thermal measurements of the 2S5 module for all three scenarios at the
nominal operating COs temperature of —33°C have been performed. Based on the an-
alyzed temperature distributions on the 2S module for all three scenarios the thermal
design of the 2S module can be validated. Additionally thermal simulations of the 2S
module have been performed in this working group by Nicolas Rowert. For the nominal
scenario a simulation has been compared to the measured temperature distribution. It has
been observed that the mean temperature of the top and bottom sensor and the bridges
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of the 25 module are in good agreement with the simulation, with deviations below 1.5 K,
while the measured and simulated temperatures of the different components of the SEH
and FEHs exhibit significant deviations. This is a result of the simplified modeling of the
electronics in the simulation. Still the comparison with the measurement shows that the
simulated sensor temperatures can be used as a good estimate.

The thermal runaway curve of the 2S module in this setup has been measured for the
Ultimate@800V scenario. For each measurement point the ambient temperature has been
adjusted to the sensor temperature. A COy temperature of —27°C has been obtained
for the point of thermal runaway, which corresponds to a margin of 6 K to the nominal
operating temperature of —33 °C.

Furthermore two simulations of the thermal runaway have been conducted by Nicolas Row-
ert using htc values of 5 kW /m?/K and 10 kW /m? /K for the interface between the boiling
CO2 and the cooling pipe. The simulation with a htc value of 10kW/m?/K showed a
better agreement to the measurement, yielding a value of —28 °C for the point of thermal
runaway. While the measurement is dominated by the uncertainty of the measured CO»
temperature the simulation is strongly influenced by the htc value of the CO42. By studying
these two effects in more detail the results of the measurement and the simulation can be
enhanced further.

To conclude the presented results of the thermal runaway constitute the first measurement
of its kind with a fully functional 2S module as well as the first thermal measurements on a
TEDD-like cooling structure. Overall the results indicate that a sufficient margin is given
with the nominal COs temperature to the determined point of thermal runaway for a 2S
module with a sensor spacing of 4.0 mm, six cooling contacts and the used insert type in
an environment where the ambient temperature is equal to the mean sensor temperature.
It would be interesting to study the thermal runaway for other cases such as a 2S5 module
with a sensor spacing of 1.8 mm, five or six cooling contacts, the other insert type that
is built-in in the mini-TEDD structure as well as to measure other operation scenarios in
order to gain a deeper understanding of the thermal conditions in the endcap region of the
detector.
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A Cooling System, Module Cooling Box and
Cooling Structure

In the following a schematic overview of the CO5 cooling system, additional pictures of the
module cooling box and the CO2 cooling system as well as a CAD drawing of the cooling

structure can be found.
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Figure A.1: Schematic overview of the main components of the custom-built CO4 cooling system
that has been used for the thermal measurements in this thesis. The cooling system is based on

the 2PACL method.
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Figure A.2: Left: picture of the closed module cooling box in the laboratory. The connection of
the cooling structure inside the box to the CO5 cooling system is made from the right side of the
box. The chiller that actively cools the module cooling box is connected on the left side. It is
not visible in this picture. Right: picture of the CO5 cooling system in the laboratory. The main
tubing as well as the CO5 pump, the flow meter, the pressure sensors et cetera are located in the
ITEM rack on the left. The two big Huber chillers that are used to control the temperature of the
accumulator vessel and the heat exchanger that is installed before the CO5 pump can be seen on
the right next to the rack.

Figure A.3: CAD drawing of the mini-TEDD structure that is used as a cooling structure for the
2S module in this thesis. The cooling pipe as well as the inserts glued to the cooling pipe can be
seen. The zoom in the right corner shows the two insert types that are used in this structure. The
structure is shown here in the same orientation as it is mounted in the module cooling box.
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B Characterization of Temperature Sensors

For the measurement of the temperature distribution on the 2S module several small NTC
thermistor probes [41] have been available from previous measurements at this institute.
Within characterization measurements of these sensors at a temperature of —15°C it has
been observed that the measured temperatures of the individual temperature sensors ex-
hibit large deviations in the order of 4 K in comparison with each other. The examination
of a few temperature probes under the microscope has shown that individual probe tips
exhibit small cracks that contribute to the observed aging effect. In Figure B.1 two mi-
croscope pictures are exemplary shown for one temperature sensor. It can be clearly seen
that this sensor has a damaged tip with a small crack in the middle.

Figure B.1: Two microscope pictures of a temperature sensor that has a damaged sensor tip.
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C Measurement of the Noise

The noise of a 2S5 module is determined with a noise scan that is performed for each
strip of the two silicon sensors. For this a threshold scan is performed that measures the
occupancy of each channel with increasing threshold value. The occupancy is defined as
the number of measured noise signals divided by the total number of events. High Vory
values correspond to low physical thresholds. The obtained result of such a threshold scan
has the form of a so-called S-curve since the occupancy increases with increasing Vorp
values until it reaches a value of 1.0 which is the point where all noise signals surpass the
threshold. An example for such a S-curve can be found in Figure C.1. It shows the S-curve
for a strip of CBC 0 of FEH 0 of the used 2S module 2S5 40 6 AAC-00003. The noise is
defined as the width of the S-curve.

Figure C.1: Result of the measured S-curve from a channel of CBC 0 of FEH 0 from the 2S module
2S 40 _6__AAC-00003.
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