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1. Introduction

The Standard Model (SM) of particle physics summarizes the essence of particle
physics today, and its predictions have been confirmed in experiments with particle
accelerators. Only in 2012, the latest addition to the SM has been discovered — the
Higgs Boson. It was found in the CMS and ATLAS experiments of the Large
Hadron Collider (LHC) at CERN |1} 2]. The LHC is going to be upgraded into the
High Luminosity LHC, that is expected to start operating in 2029. It is expected
to collect 3000 - 4000 fb™! of integrated luminosity during its lifespan of ten years,
and reach instantaneous luminosities of 5 - 7.5 x 103 cm™?s[3]. The tracker is
a subdetector of the CMS detector and will be entirely replaced, to keep up with
the requirements of the new accelerator. Therefore a strip silicon module has been
developed for the new Outer Tracker, called the 2S module. It consists of two
silicon sensors stacked on top of each other. The measured hits on both sensors
are used to reconstruct the trajectories of charged particles and to determine their
transverse momentum py. Information about tracks with high py is provided to
the Level-1 trigger of CMS. The silicon sensors of the 2S5 module are sensitive to
irradiation, which can cause a significant increase of leakage current. The leakage
current of the silicon sensor is exponentially dependent on the sensor temperature.
Without sufficient cooling, a 2S module can potentially enter thermal runaway, an
uncontrollable self heating loop of the silicon sensors [3].

For cooling purposes, a new evaporative COy cooling system is used [3|. To confirm
previous simulations for the thermal runaway, the onset of thermal runaway has
to be investigated in an experiment. In this thesis, a 2S module with six cooling
contacts and a sensor spacing of 4 mm, and five neighboring modules, emulated by
heating resistors, are mounted on a small test cooling structure. The start of the
thermal runaway is investigated for ultimate performance scenario with 4000 fb™!
of integrated luminosity.

In Section2]the LHC and the CMS experiment are described, as well as the planned
HL-LHC with focus on the Phase-2 tracker upgrade. Section[3] describes the 2S
module design and the cooling system. The setup is explained in Section[d], together
with two calibration measurements regarding the CO, temperature measurement
and current induced on the sensor by LED strips. Section[h| covers the results of
the thermal runaway measurements for the 2S module mounted on long cooling
contacts of the test cooling structure, and with emulated neighboring modules. In
Section[f] further heat flux investigations are depicted for the test cooling structure
and Section[l] summarizes the results of this thesis.






2. The LHC and the CMS Experiment

2.1. The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the world’s largest high energy particle accel-
erator, located at the European Organization for Nuclear Research (CERN) at the
border of Switzerland and France near Geneva. In colliding-beam experiments, the
fundamental matter of the universe is explored. Therefore, the LHC accelerates
protons and heavy ions; the particle collisions can even recreate about the energy
density of the early universe after the Big Bang.

The LHC synchrotron has a circumference of 26.7 km and is located 100 m under-
ground. Powerful dipole magnets alongside the ring create a strong magnetic field
in excess of 8 T, to bend the particles in the circular direction of the ring, while
radiofrequency cavities accelerate the particles |4, [5]. The large size of the ring
accomplishes the acceleration of particles to particularly high energies. The high
bunch population with about 10! protons per bunch, the high bunch frequency
inside a beam of 40 MHz with bunch spacings of 25ns, and a small beam size at
the interaction points enable a high luminosity. The instantaneous luminosity is
a key parameter for the collider, describing the number of collisions per unit area
per second at an interaction point in cm?s?t [4]. Whereas the total number of
potential collisions per unit area for a given period of time is called the integrated
luminosity. The collisions take place in four experiments:

ATLAS (A Torodial LHC Apparatus), a general-purpose detector,

CMS (Compact Muon Solenoid) detector, a general-purpose detector,

LHCb (Large Hadron Collider beauty), specialized on quark flavors,

ALICE (A Large Ion Collider Experiment), specialized on heavy ion colli-
sions.

The LHC started operating in 2009; the first data-taking phase from 2010-2012
is referred to as Run 1 and reached a center-of-mass energy of /s = 7TeV. The
center-of-mass energy was raised to 8 TeV in 2012. After that, the Long Shutdown 1
followed, for maintaining purposes and upgrading the detectors and the accelerator.
Run 2 from 2015-2018 achieved a center-of-mass energy of /s = 13 TeV and the
currently proceeding Run 3, started in 2022, almost reaches the LHCs design en-
ergy of 14 TeV with a center-of-mass energy of 13.6 TeV [6]. Also the proton-proton
collision rate was elevated from an instantaneous luminosity of 7.7 x 10 cm™2 s, at
the end of Run 1 [3], to 2x 103 ecm™s! in Run 2, exceeding its design value of
1x10% em?s?t [4)].

Current research area is the expansion of the Standard Model of particle physics,
to be able to explain for instance the lack of anti-matter in our universe and the
constituents of dark matter [4].

For further investigation, the LHC will go into the Long Shutdown 3 in December
2025 until the upgrade of the LHC to the High Luminosity LHC (HL-LHC) is
completed. The HL-LHC is foreseen to operate until 2041 |7], and to achieve an
instantaneous luminosity of 5 - 7.5 x 103 cm™? s7[3].



2.2. The CMS (Compact Muon Solenoid) experiment

The CMS detector is composed of many subdetectors, which are arranged cylin-
drical in barrel form in the central part enclosing the interaction point, and in
so-called discs at the endcaps, orthogonal to the particle beam. The most-inner
subdetectors are the tracking detectors, consisting of a silicon pixel and a silicon
strip detector, to measure the trajectories of charged particles. The tracker is en-
closed by the electromagnetic and the hadron calorimeters (ECAL and HCAL),
which measure the energy of primarily electrons and photons, and hadrons, respec-
tively. These calorimeters absorb the entire energy of these particles, allowing for
precise energy measurements. Further outside follows the eponymous supercon-
ducting solenoid magnet, which generates a magnetic field of 3.8 T. The Lorentz
force bends the trajectories of charged particles passing through it. By measur-
ing the bending angle, the transverse momentum of the particles relative to the
beam pipe can be determined. The most outer layer is formed by a muon cham-
ber system, which measures the trajectories and transverse momenta of muons,
permeated with the heavy iron return yoke.

Together with the mechanical support structures, readout electronics, and cooling
supply lines, they form a 29m long detector with a diameter of 15m, weighting
14000 t, which can be seen in Fig. 2.1 The present detector covers the pseudora-

pidity[] up to || = 2.4.

IThe CMS coordinate system places the origin at the collision point within the detector, with
the y-axis pointing upward and the x-axis radially inward toward the LHC center. The z-axis
aligns with the beam direction. The azimuthal angle ¢ is measured from the x-axis in the
x-y plane, with the radial coordinate r. The polar angle 8 is measured from the z-axis. The
pseudorapidity 7 is defined as —In tan(6,/2) [9].

Figure 2.1: A 3D model of the CMS detector shown in a cutaway view. The small
notes explain the subdetectors [§|.



A relevant part is also the trigger system, which selects interesting collision events
to reduce the event rate of 40 MHz. Given that a new bunch crossing occurs every
25 ns, with approximately 50 collisions on average in Run 3 [10], the amount of data
is too large to be stored and processed in its entirety. The trigger consists of two
stages: the Level-1 (L1) trigger and the High-Level Trigger (HLT'). The L1 trigger
is hardware-based and reduces the rate of events with an output limit of 100 kHz,
based on coarse information from the calorimeters and muon system. Accepted
events then undergo further evaluation in the software-based High-Level Trigger.
The HLT uses the complete read-out detector data of the event for complex offline
analysis, further reducing the output rate of events to 1kHz. The time it takes
for the trigger to make a decision is called latency. The L1 trigger latency is
approximately 3.2 us |4} 9].

During Run 3, an integrated luminosity of 73 fb! has been recorded so far by CMS,
with the goal to reach 300fb™ at the end of the run time [10].

2.3. The High Luminosity LHC

The LHC will enter into the Long Shutdown 3 in 2025, to elevate the luminosity
and to extend the lifetime of the LHC, by being upgraded into the new High
Luminosity LHC (HL-LHC).

The integrated luminosity is expected to increase by an order of magnitude, result-
ing in an expected collection of an integrated luminosity of 3000 fb! of data during
the HL-LHCs lifetime in the nominal scenario, with a potential of reaching up to
4000 fb™! in an ultimate scenario. The focusing properties of the beam significantly
influence the transverse beam size, which is called 5°. A smaller beam size will be
obtained with new wide aperture inner triplet magnets and together with a higher
bunch population will result in the desired luminosity increase.

The upgrade will yield a higher pileup, and therefore a higher hit rate with 140 -
200 simultaneous interactions per collision. This demands for an improvement
of the trigger, the readout electronics and a higher granularity of the subdetec-
tors, to handle the increased particle and track density. Also the radiation levels
and potential radiation damage are expected to rise by an order of magnitude.
The upgraded subdetectors must withstand high radiation levels while providing
reliable data throughout their operational lifespan. A challenge are the inner sub-
detectors, such as the tracker, since they are inaccessible once built in, and are
closest to the collision point. They have to stand the highest radiation levels. The
present tracker will be entirely replaced with a new pixel and strip tracking detec-
tor, which is also designed to provide information to the Level-1 trigger, enabling
an even more effective selection of relevant events in higher pileup environment.
The L1 trigger rate will increase from 100 kHz to 750 kHz, with latency increasing
from 3.2 ps to 12.5ps. Also the muon and calorimeter systems will provide infor-
mation to the L1 trigger. The calorimeters will get new endcaps, which combine
the functions of the ECAL and HCAL, using silicon sensors and scintillating tiles
as active elements. Except for upgraded electronics, the muon chambers do not
require replacement; however, new chambers will be added in the forward region.
Additionally, a completely new timing detector will be installed, which will help
to distinguish the particles by measuring the arrival time of the particles from the
up to 200 simultaneous collisions with a precision of 30 - 50 ps [4].



2.3.1. The CMS Phase-2 tracker upgrade

For the CMS Phase-2 upgrade, the whole tracker will be replaced. The new tracker
will be divided into the Inner Tracker (IT'), using silicon pixel modules as detecting
devices, and the Outer Tracker (OT), which utilizes so-called PS modules, con-
sisting of a silicon strip and a macro-pixel sensors, and 2S modules, consisting of
two strip sensors. The Outer Tracker is divided in a barrel part, located close to
to the interaction point, and endcaps on both sides. The barrel region of the OT
comprises six layers, divided into the tracker barrel with PS modules (TBPS) for
the first three layers and the tracker barrel with 2S modules (TB2S) for the outer
three layers. The endcaps are structured as discs, consisting of five endcap double-
discs, referred to as the Tracker Endcap Double-Discs TEDD |[3]. The endcaps
are further subdivided into TEDD 1 and TEDD 2, distinguished by their radii
to host the IT support tube. The whole tracker layout can be seen in Fig.
The discs are formed with light-weight carbon fiber support structures equipped
with PS modules in the inner part with a radial distance below 60cm [4], and
2S modules in the outer part. A disc is formed by combining two D-shaped part,
the so-called dees [3]. One dee consists of two carbon fiber skins, with a cooling
pipe embedded. Inserts are protruding out of the surface and provide the cooling
connection to the modules. The aluminum inserts have a cylindrical shape and
employ a cooling surface with a diameter of 8 mm. They are glued to the CO, pipe,
made of stainless steel. The inner diameter of the pipe will be either 2.20 mm or
2.40 mm, depending on the position in the endcap [11]. Overall, there will be six
different insert types, which mainly vary in their length. Each dee contains seven
cooling circuits. The remaining space between the surfaces is filled with the light
polyetherimide foam ’Airex’. Tracking modules are positioned on both the front
and back sides of the dees, ensuring full hermiticity with four module layers in a
fully assembled double disc, consisting of two discs staggered along the beam pipe
axis. A CAD drawing of a fully populated TEDD can be found in the left Fig.
The new tracker will extend its range of pseudorapidity up to |n| =4 [4].

The design of the Outer Tracker is mainly driven by the requirement to provide
information to the L1 trigger. This is achieved by employing modules equipped
with two silicon sensors stacked on top of each other, which measure the trajec-

Figure 2.2: Layout of one quarter of the Phase-2 tracker. The pixel modules of the
Inner Tracker are depicted in yellow and green. Further outside is the Outer Tracker,
with PS modules shown in blue and the 2S modules in red. Modified from Ref. [3].



Figure 2.3: Left: a CAD drawing of a TEDD structure with mounted pp-modules |3].
Right: a CAD drawing of an insert |11} 12].

tories of the particles and identify those with a high transverse momentum py.
The new modules are designed to compare the hit patterns of the two sensors for
correlating hit pairs, which are called stubs. Consequently, the 2S module can esti-
mate the pr of particles, identify those with a transverse momentum that exceeds
a programmable threshold, and provide this information to the L1 trigger |4} 3|.
To reconstruct the py value in every tracker region, different sensor spacing values
are used for the silicon modules [3].

To improve granularity, the silicon sensors are made very small, with pixel di-
mensions in the tens of microns for 3D measurements, and the silicon strip sensor
length in the dimensions of a few centimeters for 2D measurements. The pixel
modules are only used in proximity to the collision point — the region with the
highest hit density. Further away, the decreasing granularity is sufficient, saving a
lot of cost and reducing the required readout bandwidth [4].

In regards of radiation hardness, it is known that the irradiation causes an increase
of depletion voltage and leakage current in the sensors [3|, by damaging the silicon
crystal lattice. As the leakage current is exponentially dependent on the sensor
temperature, the module can be at risk to enter in a thermal runaway, where it
experiences a self heating loop, if the cooling power is not sufficient. A new evapo-
rative CO5 cooling system is used at Phase-2, which achieves cooler temperatures
than the present one based on liquid CgF4 and therefore also reduces the noise|4].
The new cooling system is based on the 2-Phase Accumulator Controlled Loop
(2PACL) concept [3]. It evaporates one part of the CO4 while another part remains
in its liquid state. As the received heat load is used as latent heat for a phase change
from the liquid phase to the gaseous phase, the cooling temperature is almost not
affected and thereby almost independent on the heat load. The vapor pressure is
dependent on the CO, temperature. The new system can achieve a temperature
down to —35 °C, unlike the present mono-phase refrigerant CgFy4, which runs at a
temperature of about —20°C, but will range up to —33°C along a cooling circuit
in the TEDD. The new cooling system can run at lower temperatures, can be run
with smaller pipe diameters, and is cheaper and more environmentally friendly
than the present cooling system |3} |4].






3. The 2S module

3.1. Design of the 2S module

The 2S module consists of two n-in-p doped silicon strip sensors that are closely
stacked on top of each other.

The sensors employ multiple 5 cm-long strips with a pitch of 90 pm. Two rows of
silicon strips form a 10 x 10 cm? sensor area with an active thickness of 290 pm.
One silicon sensor has 1016 strips; one 2S5 module has therefore a total of 4064
channels [13|. The strips are reverse-biased with a "bias voltage" of —300V for
unirradiated sensors and —600V up to —800V for irradiated sensors in the detec-
tor. The sensors are glued to spacers, so-called bridges, made of an aluminum /-
carbon fiber composite (AICF). The front-end hybrids (FEH) are glued to two
long spacers positioned on opposite sites, while the service hybrid, connecting the
two FEHs, is glued to a short spacer, called stump bridge. The spacers provide
mechanical support and maintain a gap between the two silicon sensors. The 2S
modules are built with the two sensor gap widths 1.8 mm and 4 mm. The spac-
ers have a high thermal conductivity and provide the contact points for the 2S
module to be screwed onto the inserts to remove the heat from the silicon sensors
and from the read-out electronics. Certain 2S modules, such as those populating
the TEDD, possess an additional sixth cooling contact on the opposite side of the
service hybrid [3].

The silicon sensors are wire-bonded to the front-end hybrids (FEH) on both the
left and right sides. The 2S module can be seen in the CAD drawing in Fig. [3.1]

Always the left side of the top and bottom sensor, and the right side of the top and
bottom sensor are read out on their respective sides. Each front-end hybrid carries
eight CMS Binary Chips (CBC) for read-out and one Concentrator Integrated
Circuit (CIC), serving as an interface between the CBCs and the readout link. It
has the purpose to aggregate and serialize the data. The FEHs are laminated onto
stiffeners, which are Carbon Fiber Reinforced Polymer supports (CFRP). As the
FEHs read out both the top and bottom sensors, the circuits are folded around

Figure 3.1: A CAD drawing of the 2S module with labelled components |12].



the spacers and wire-bonded [3].

The service hybrid hosts the components for a back end connection, which is
provided by three wires and two optical fibers [4]. The LpGBT chip (de-)serializes
the data from (to) the back end. The VIRx+ is an optoelectric transceiver and
converts the data to optical (electrical) signals |3]. The DC-DC converters step
down the input voltage of up to 12V in two stages to 2.55V and 1.25V, supplying
the power for the module electronics |3} /4.

The three hybrids collectively generate approximately 5.2 W of power. The power
consumption of the eight CBCs and the CIC amounts to approximately 1.3 W per
FEH. The service hybrid has a power consumption of about 2.6 W, dominated by
the heat dissipation from the DC-DC converters, estimated to be around 2 W due
to efficiency losses. The power generated by the silicon sensors is determined by
the leakage current multiplied by the bias current. In the nominal scenario, this
power consumption is estimated to 0.47 W per sensor.

This yields a total module power of about 6.1 W for a 2S5 module in the nominal
scenario [11].

3.2. Thermal runaway

The modules will be inaccessible, once installed. Therefore it is important to
guarantee that they can provide valuable measurement data during their whole
lifetime. Since the tracker is closest to the beam and collision point, it is exposed
to the strongest radiation level. The radiation fluence & is stated in 1 MeV neutron
equivalent per 1cm?, ne,/cm?. The fluence in the location with the worst cooling
conditions in the TEDD is in TEDD 2 on ring 11 of disk 3 with 3.73 x 10'* ne,/cm?
for a nominal operation scenario [14].

Irradiation damages the silicon crystal lattice of the sensors over time and therefore
increases the needed bias voltage and the leakage current. Since the sensor current
is exponentially dependent on the sensor temperature, large leakage currents can
induce overheating. It enters a self heating loop, so-called thermal runaway, which
can leave the module inoperable, if the cooling capacity is not sufficient |3, |4].
The dependency of the leakage current on the sensor temperature is given by the
following Equation [1] [15]:

TSensor 2 AFE 1 1
I eakage T ensor) — A ensor'dac ive'(I)' : —_ _— X
Leakage(Ts ) =a-Ag t ( T, > exp( Uip (TSCnsor To))
(1)

The variables include the leakage current Ircqrqge, the damage constant a, the
sensor area Agensor = 2x10x10 cm?, the thickness of the active material dgerive =
290 pm, the fluence @, the sensor temperature Tse,s0r, the reference temperature
Ty = 20°C, and the Boltzmann constant kg. The energy AE = 1.21eV refers to
the band gap of silicon at the reference temperature Tj.

Three radiation and operation scenarios for the HL-LHC are considered by CMS,
the nominal scenario after 3000 fb™!, and the so-called Ultimate@600V and Ulti-
mate@800V scenario after 4000fb™'. They describe different values for the ex-
pended fluence on the module, which is dependent on the location in the detector,
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and different values for the bias voltage of the silicon sensors, and the radiation
damage constant for silicon. The power equation Eq. [l is dependent on these
values, which are displayed in Tab. [1}

Scenario Bias voltage in V | @ in A/em | @ in neq/cm?

Nominal 600 4.28 1071 | 3.73-10
Ultimate@600V 600 4.28 - 10717 4.96 - 101
Ultimate@800V 800 5.14 - 10717 4.96 - 10

Table 1: Parameters of the bias voltage, the radiation damage constant «, and fluence ®
for the three considered scenarios at the HL-LHC for the specific module location |14,
16]

In this thesis, the thermal runaway is investigated in the Ultimate@800V scenario.
It assumes a rise in fluence of 33 % to 4.96 x 104 and a raise in the bias voltage
of 33% to 800V, compared to the nominal scenario |3} [16]. The induced increase
in leakage current results in an increase in sensor power, leading to a rise in sen-
sor temperature. The minimum CO, temperature at which the cooling power is
insufficient and the thermal runaway occurs is important to know. Already real-
ized simulations predict a margin of 9 K between the nominal CO, temperature of
—33°C and the start of the thermal runaway in the nominal scenario [3].

This margin will be investigated for the Ultimate@800V scenario in this thesis.
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4. Setup

For this thesis, thermal measurements have been performed with a 2S module and
heating resistors, mounted on a small mock-up of a TEDD disk built by the CMS
working group at DESY [17] and further referred to as mini-TEDD structure. For
heat flux investigations, the mini-TEDD has to be equipped with temperature
sensors on the top and bottom side. It is cooled by two-phase COs, simulating the
expected conditions in the detector on a small scale. For the usage of two-phase
CO4 at comparable conditions as expected in the detector, a custom CO; cooling
system unit was developed, constructed, and operated by the CMS working group
of the Physics Institute 1B at RWTH Aachen University [18|. The cooling system
is directly connected to the mini-TEDD. To minimize heat exchange between the
active 2S5 module and the ambient air, the unit is placed in a cooling box, which
is connected to an external chiller, to match the ambient temperature with the
mean module sensor temperature. The mini-TEDD structure inside the cooling
box can be seen in Fig. 4.1l The module cooling box itself has been developed
by Max Rauch as part of his PhD thesis at the Physics Institute 1B |19] and was
constructed by the CMS working group at Aachen.

To simulate an irradiated 2S module, LED strips are used to generate leakage
current in the silicon sensors. To produce equal power load on the top and bottom
sensor, LED strips are mounted on the mini-TEDD structure and the cover of the
cooling box; the generated current is controlled and adjusted with a PID control.

Figure 4.1: Cooling box with the 2S5 module on the mini-TEDD structure placed inside
at the height of the COq pipes to the right. The cooling box is flushed with dry air and
cooled by an external chiller. The red wires of the thermistors are guided outside of the
compartment through both the left and right feedthroughs.
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4.1. Mini-TEDD structure

The mini-TEDD consists of a cooling pipe, composed of stainless steel and carrying
the CO5 in a U-turn shape. Aluminum inserts are affixed along the pipe and
protrude from the carbon fiber surface to function as both cooling contacts and
mounting points for the module. On the mini-TEDD, the two insert types, short
and long, are used; in this set-up the long inserts are turned facing upwards and
the short inserts face downward. The outer pipe diameter of 2.2 mm and the inner
pipe diameter of 2.0 mm, as well as the insert dimensions are consistent with the
final dee dimensions in TEDD 1 [3].

There are three possible module positions on top and three on the bottom side of
the mini-TEDD structure, so it can host up to six possible modules in total. One
position always includes six cooling contacts. Since the inserts are sequenced along
the pipe, the top and bottom module positions alternate accordingly. A picture of
the mini-TEDD structure can be seen in Fig. [4.2]

In Figure [4.3] a CAD drawing of a cross section of the mini-TEDD middle posi-
tion [12] can be seen, showing one pipe in the middle position. The pipe is enclosed
by two carbon fiber skins with inserts protruding up and downwards. The short
insert has a main yellow part, composed of aluminum and a red part, called an
insert support, composed of plastic material |3]. The long insert next to it has a
yellow and pink part, both composed of aluminum. The main part is the yellow
one, but the pink part protrudes from the carbon fiber skin too.

Figure 4.2: Picture of the cooling structure with heating resistors and 2S module
mounted on top. The visible top side can host up to three 2S5 modules with six cooling
contacts and employs long inserts. The non-visible bottom side can also host up to three
2S modules and employs short inserts.

Figure 4.3: CAD drawing of a cross section of the mini-TEDD middle position. The
short and long inserts protrude from the carbon fiber skins and are affixed to the COq
pipe. The blue dots indicate the location of temperature sensors |12} |11].
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The blue dots indicate the locations of NTC temperature sensors, which are glued
onto the inserts of the middle position.

Between the carbon fiber skin, the pipe is embedded in Airex foam. To be able
to measure temperatures directly at the inserts, 15 temperature sensors are glued
to the pipe and the inserts of the middle module positions. Channels, housing the
wires, are cut into the foam as seen in Fig. [20].

The temperature sensors inside the mini-TEDD are labeled as shown in Fig. [4.5]
Thermistors are also placed on top of the CO, pipe, position 1 at the inlet, position
2 at the U-turn and position 3 at the outlet. The temperature sensors are read
out by a Keithley Multimeter 2701 [21].

Figure 4.4: The Mini-TEDD structure during construction without the upper carbon
fiber skin. It is filled with Airex foam with channels carved into the foam to house the
wires of the temperature sensors on the inserts of the middle position and on the pipe |20].

Figure 4.5: Mini-TEDD structure shown from above. The numbers 10 - 15 label the
temperature sensors glued to the visible long inserts, while the numbers 4 - 9 label the
thermistors on the short inserts on the bottom side. The numbers 1, 2 and 3 label
thermistors glued on top of the COs pipe, 1 at the CO4 Inlet, 3 at the Outlet and 2 at
the U-turn of the pipe.
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4.2. Thermistors and heating resistors

For the thermal measurements of this thesis the 2S module 2540 6 A AC-00003
with six cooling contacts and a sensor spacing of 4.0 mm has been used. The sil-
icon sensors of the 25 module are supplied with high voltage by a Keithley 2410
SourceMeter [22] and the low voltage is supplied by a Hameg HMP 4040 |23]. The
module has been equipped with multiple temperature sensors by Vanessa Oppen-
lander in the framework of her master thesis at the Physics Institute 1B [11]. To
determine the mean sensor temperature of the silicon sensors, seven thermistors
are glued onto the top and bottom sensor, respectively. Additionally, further ther-
mistors are glued onto the hybrids to survey the heat distribution, particularly on
the CIC, CBC, VTRx+, LpGBT and the spacers. The module has been mounted
on the middle position of the mini-TEDD and screwed onto the six long inserts
with a washer and M1.6 screws made out of brass with a torque of 10 cNm, which
has been found to be the optimal torque, to improve the thermal contact [11].

4.2.1. Gluing of temperature sensors onto the carbon fiber surface

To gain an understanding of the heat flow of the module and the cooling structure,
small NTC temperature sensors [24] are mounted on the top and bottom side using
copper tape. Four sensors are mounted in the center of the right and left module
position on both the top and bottom side. On the top side next to the module
(ntm), four thermistors are placed along the pathway of the CO, pipe, both on the
left and right side of the module. On the bottom side, four thermistors are placed
between the short inserts (bi) and the backside of the long inserts. For simple
comparison, the new directions "north" and "south" are introduced: looking down
at the top of the unit, the COy inlet refers to north, while the CO4y outlet refers
to south. The exact locations and names are visualized in Fig. 4.6

The mounted module with thermistors glued onto it can be seen in Fig. [£.2] Due
to the limited number of channels of the Keithley, not all available sensors can be
read out, for example the temperature sensor on the DC-DC is not read.

4.2.2. Mounting of heating resistors on remaining module positions

To simulate a full population of the mini-TEDD, heating resistors are placed on
the five remaining positions. With the 2S module placed on the top side in the
middle position, for each of the other five positions on the top and bottom side six
heating resistors resembling one module are screwed on the inserts. The heating
resistors each have a resistance of 2002 and are screwed onto the inserts with a
torque of 8 c Nm. During the thermal measurements, the resistors are operated to
emulate a 2S module with a nominal power of 6 W, supplied by a second Hameg
HMG 4040. Therefore the voltage draw for the parallel wired heating resistors is
14.14V, resulting in approximately 1 W of power load put into each insert by a
single heating resistors. The voltage drop on the wires is insignificant. The whole
carbon fiber structure with mounted heating resistors and thermistors with and
without the 2S module can be seen in Fig. [4.7]
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Figure 4.6: The carbon fiber structure pictured with exact locations and labels of the
thermistor positions in blue. The upper depiction shows the top side of the mini-TEDD
structure with the mounted 2S5 module. The depiction below shows the bottom side. The
squares refer to the numbering of the thermistors inside the mini-TEDD at the inserts,
while the dots refer to the locations of the thermistors on the cooling structure itself.
On the top side, the thermistors are placed next to the module (ntm) while the bottom
thermistors are placed between the inserts (bi). In the center of the left and right module
positions, thermistors are placed both on the top and bottom side.

(a)

(b)

Figure 4.7: (a) Photo of the cooling structure with heating resistors. The heating
resistors employ green wires, while the thermistors employ red wires and are fixed in
position with copper tape. A LED strip is mounted centrally under the 2S module.
Photo (b) shows the bottom side. Three heating resistor 'modules’ are mounted on the
module positions with short inserts. The thermistors are fixed between the long and
short inserts (bi). The LED strip is not used.
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4.3. Module cooling box and CO5 cooling system

The module cooling box in Fig. was built using ITEM profiles and is insulated
by two 3cm thick Armaflex layers. An external chiller is connected at the left of
the box and uses the hollow lateral cross sections of the ITEM profiles to carry
the coolant. For the thermal measurements the chiller HUBER CC 505 [25] was
used with silicon oil M60 as coolant. It can achieve temperatures down to —42 °C,
with the inner box temperature usually being 1 - 2 K warmer. Insulating blocks are
placed to the left and right of the inner box volume, provided with feedthroughs for
both COs pipes and the wires of the electronics to guide them outside. The grooves
on the bottom of the box are covered with caps. The resulting space between the
grooves and the caps is flushed with dry air, cooling it before entering the inner
volume through small vents in the caps. During the thermal measurements, the
air flow is regulated with a flow meter to 41/min. A low humidity level inside the
box is necessary to prevent condensation on the module and pipes during cooling.
The humidity is measured with a LabKit hygrometer [26] placed to the left of the
mini-TEDD. The measured humidity is used to calculate the dew point, which
should always be below the 2S module sensor temperature. Thermistors are fixed
to the walls of the box under the module on the left of the module, and on the
cover with aluminum tape to measure the ambient and box temperature. A LED
strip is placed on a movable aluminum plate on the cover above the module and
on the cooling structure beneath the module, to induce adjustable current in the
silicon sensors to simulate radiation damage in the unirradiated module.

The CO; cooling system is based on the 2PACL method and controls the CO5 tem-
perature along the vapor pressure curve. In the Appendix in Fig. [A.2] a photo of
the COq cooling system can be found. In the system, an expansion vessel [27] is
used as an accumulator vessel. Subsequently, the CO, passes through an actively
cooled heat exchanger, the CO, pump [28], a passive heat exchanger, and a pre-
heating loop before entering the module cooling box. Both the expansion vessel
and the actively cooled heat exchanger are connected to a Huber unistat 815 cool-
ing unit |29, respectively. The pump operates at a rotational frequency of 2600
rpm during the thermal measurements. The preheating loop is connected to a
power supply operating at 10 W, and applies a small heat load to the CO, cooling
pipe before entering the box. A flow meter is installed in the cooling circuit too,
but was broken during all measurements in this thesis. The expected CO, mass
flow is 1.6g/s in the TEDD 2 region, which was achieved with the rotational
frequency of 2600 rpm in previous measurements |11]. To be comparable, this fre-
quency was also applied for these measurement. Multiple temperature sensors are
mounted along the cooling circuit, and additional sensors measure the pressure
between the expansion vessel and the actively cooled heat exchanger, as well as
before the preheating loop. A schematic overview can be found in the Appendix
in Fig. . The devices are controlled and read out via a LabView program |30,
providing a graphical user interface to monitor the temperature profile during a
thermal measurement.
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4.3.1. Determination of the CO, temperature in a comparison of
methods

The purpose of the thermal runaway measurements is to determine the CO, tem-
perature at which the onset of thermal runaway occurs. Therefore it is crucial to
ensure reliable and accurate measurements of the CO, temperature.

To achieve this, new PT100 temperature sensors have been installed at the inlet
and outlet of the mini-TEDD. The PT100 temperature sensors are positioned at
the pipe connections to the mini-TEDD structure. Therefore, t-pieces are affixed
between the mini-TEDD and the COy pipe, with the PT100 sensors tightly in-
serted into the t-pieces. The sensors are inserted just until they barely meet the
pipe opening to keep the influence on the flux at a minimum. The PT100 sensors
have a resistance of 1002 at 0°C and are read out using a four-point measure-
ment [31]. A picture of sensors can be found in the Appendix, depicted in Fig.[A.3]

To validate the accuracy of the PT100 temperature sensors, their measurements
can be compared to the measurements of the sensors on top of the pipe inside the
mini-TEDD and the temperature that results from the pressure measurements. In
Figure [4.§ the left plot shows a exemplary CO5 temperature measurement for the
PT100 sensors and the thermistors on the pipe within the cooling structure, while
the right plot shows a comparison of the CO, temperatures at different silicon
sensor temperatures, taken during thermal runaway measurements with only the

Figure 4.8: Left: the COs temperature profile for the PT100 sensors and the thermistors
inside the mini-TEDD during measurement of the data point at a COy temperature of
—33.9°C, a silicon sensor temperature of —25°C, and equal ambient temperature for
15 minutes. Right: COgy temperatures of the PT100 sensors, on the pipes within the
mini-TEDD structure, and the temperature calculated from the pressure for different
silicon sensor temperatures. The displayed temperatures were taken during the thermal
runaway measurement with the 2S module alone powered. The semitransparent bars
indicate the systematic uncertainties.
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2S module activated.

The measurement depicted in the left plot of Fig. 4.8 was conducted at a CO5 tem-
perature of —33.9°C and a silicon sensor temperature of —25°C for a duration of
15 minutes. It can be observed that the temperature deviation of the TEDD sensor
is approximately the same for the inlet and outlet. The highest standard deviation
for the TEDD sensors across all measurements is 0.018 K. Their systematic uncer-
tainties are 0.3 K, as determined by Vanessa Oppenldnder in Ref. [11]. The PT100
outlet temperature exhibits a wider spread compared to the inlet temperature, for
reasons currently unknown. The highest standard deviation for the PT100 outlet
across all measurements is 0.09 K, whereas for the inlet, it is 0.012 K. The system-
atic uncertainty for the PT100 sensors has been calculated individually for each
measurement point, with the highest uncertainty being 0.22 K. This calculation
has been performed using Eq. [2| displayed in the Appendix.

In the right plot of Fig. it can be seen that the PT100 inlet and outlet tem-
peratures only differ by about 0.2 K for the most part. As expected, the outlet
is cooler than the inlet. The CO4 removes the heat load of the insert caused by
the active module. Liquid COq evaporates during the removal, causing the pres-
sure to decrease and the temperature to drop. The measured temperatures of the
mini-TEDD are warmer by about 0.7 K, as expected since they are installed at
the outside of the pipe. At the mini-TEDD inlet and outlet, 1 is located at the
inlet and is also supposed to be slightly warmer than 3, located at the outlet. But
since the difference is only miniscule with about 0.1 K, this discrepancy remains
within the tolerance of the systematic uncertainties, which has been found to be
0.3K [11]. The measured pressures can be used to calculate the CO, temperature
along the vapor pressure curve, and for that purpose, a CO, calculator [32] has
been used. Pressure 1 is measured before entering the preheating loop. Therefore
it is expected to be warmer than the inlet, since the heat load, received inside the
loop, causes the COy temperature to drop slightly. Pressure 2 is taken between
the expansion vessel and the active heat exchanger. This pressure measurement
is expected to have a lower pressure, and consequently a lower temperature, than
Pressure 1, due to the pressure decrease along the cooling circuit. In conclusion,
the measured temperature behavior is as expected and the CO, temperature is de-
fined as the mean value of the PT100 inlet and outlet temperature measurements
in the further analysis.
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4.4. Generation of leakage current

The focus of this thesis is the study of thermal runaway scenarios. Leakage current
in the silicon sensors of the module, induced by radiation, causes the sensors to
heat up, as the current is exponentially dependent on the sensor temperature.
When the CO3 cooling power is not sufficient and a certain temperature threshold
is overstepped, the 2S module enters a self-heating loop, called thermal runaway.
Since the 2S module in our configuration is unirradiated, the leakage current must
be simulated. The method applied for this purpose was developed by Vanessa
Oppenlander in Ref. [11]. This method uses LED strips to induce current on the
silicon sensors, simulating an irradiated module.

The concept of the induced leakage current is to use the emitted photons of the light
source to create electron-hole pairs in the silicon sensors of the 2S module. The
released electrons form the generated current, which is measured with a Keithley
2410 SourceMeter [22].

The self-adhesive LED strips, placed on the cover and on top of the carbon fiber
structure are aligned to the center of the 2S module so as to evenly induce current
in the top and bottom silicon sensors. Both LED strips are isolated with kapton
tape and powered separately by a Hameg HMP 4040 power supply [23], as can be
seen in Fig. Each strip has twelve active LEDs, six on both the left and right
side. LEDs in between, like at the U-turn, are constantly turned off by removing
the resistor. The LEDs have a distance of 1.5cm on the strip, are powered with
12V DC, and are dimmable by regulating the applied voltage.

The power load of irradiated 2S silicon sensors is dependent on the sensors’ mean
temperature, according to Equation [II Therefore the leakage current, emulated
by the LEDs, has to be adjusted until the silicon sensor temperature matches the
power equation. This concept is applied in a LabView program, which calculates
the expected leakage current for a specific sensor temperature and adjusts the
LED voltage accordingly. The variables used conform with the variables of the
Ultimate@800V scenario. A proportional-integral-derivative (PID) control, im-
plemented in the LabView program, is used to regulate and adapt the measured
current to match the calculated current. The PID control calculates the difference
between the measured current and the desired current, and it corrects the current
using a proportional, an integrative, and a derivative term until the desired and
measured current are in agreement within the desired accuracy, by adjusting the
LED voltage.

The induced leakage current has to be the same for both the top and bottom
silicon sensor. Since there are different spacings between the top and bottom LED
strip and the silicon sensors, the top and bottom LED strips need to be operated
at different voltages.

Since the employed PID algorithm is only able to regulate one process variable, the
ratio of the top and bottom LED voltage for different current values is required in
order to be able to control both strips with the PID control. Then one strip is used
as a control variable and the second strip is powered according to the determined
voltage ratio. To determine the ratio, a calibration measurement is performed,
running through LED voltages between 6 and 8.5V in 10 mV steps and measuring
the induced silicon sensor current. The measurement was performed separately
for the top and bottom LED.
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Figure 4.9: Left: result of the measurement of the sensor current against rising LED
voltage. The measurements were conducted at an ambient temperature of —20°C and
with a bias voltage of 300 V. The LED voltage was increased in 10mV steps, and the
resulting current was measured after each increase. Separate measurements were per-
formed for the top (red) and bottom (blue) LED strips on their corresponding sensor
sides. Right: ratio of the bottom LED voltage divided by the top LED voltage in a
current range of 0.7 to 2.3mV. The red data points were fitted with a linear function,
depicted in black.

In Figure [4.9) the results of the measurement can be seen. The induced sensor
current for the bottom sensor in blue rises earlier and with a larger slope, since
the distance between LEDs and bottom silicon sensor is much smaller than that
between the top sensor and the cover. The bottom LED lies less than a centimeter
away from the bottom silicon sensor, while the top LED is about 10 cm away from
the top silicon sensor. The induced sensor leakage currents start to rise linearly
at approximately 0.7 mA for both the top and bottom side. Linear functions have
been fitted to the linear parts, so as to be able to calculate the ratio of the bottom
voltage divided by the top voltage in 0.1 mA steps, as seen in the right plot. By
fitting these data points again, an equation can be determined to calculate the
required ratio for each set sensor current. The parameters for this equation have
been found to m = —0.0488 A and b = 0.0482 A. Using this method, the leakage
current is evenly generated by the two sensors, half of the current is generated in
the top sensor and the other half in the bottom sensor.
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5. Measurement of the thermal runaway for the
Ultimate@800V scenario with long inserts

Within this thesis, the thermal runaway of a 2S module with and without heat-
ing resistors on a mini-TEDD structure, cooled by two-phase COs, for the Ul-
timate@800V scenario has been measured. The 2S module is mounted on long
inserts. The thermal runaway with only the 2S module active on the long inserts
can be compared to thermal runaway measurements performed by Vanessa Op-
penlédnder on short inserts [11], and to thermal simulation data of the 2S module
by Nicolas Réwert [33], an ongoing doctorate in this working group. Additionally,
the impact of neighboring modules, simulated with heating resistors, on the ther-
mal behavior of the cooling structure and on the thermal runaway curve of the
2S module is investigated in the following sections.

5.1. Motivation

In the CMS experiment, sufficient cooling is vital, especially after the 2S modules
have already received severe radiation. The longevity can be extended significantly
with sufficient cooling.

Three radiation and operation scenarios for the HL-LHC are considered by CMS,
for the purpose of this thesis, only the Ultimate@Q800V scenario with a 4mm
2S module is investigated in order to examine the worst case scenario. This is re-
flected in the values in this scenario: after 4000 fb™! of instantaneous luminosity the
bias voltage is increased to 800V, as compared to 600 V in the nominal scenario.
The radiation damage constant increases by about 20 % to 5.14 x 107*7 A /em [11].
The fluence is chosen for the location with the worst cooling conditions in the
TEDD, which is in TEDD2 on ring11 of disk3 [14]. The nominal fluence of
3.73 x 10" ng, /cm? is 33 % increased for the Ultimate@800V scenario [11]. In the
thermal runaway scenario, the temperature of a 2S module rises with a rising cur-
rent. When the cooling is insufficient, it enters a self-heating loop. When a single
2S module enters thermal runaway, it also influences the neighboring modules. In
a worst-case scenario, all neighboring modules could undergo thermal runaway;,
rendering them inoperable. Therefore it is crucial to measure the temperature
at which the cooling becomes insufficient and the 2S module enters the thermal
runaway, to ensure the planned cooling system enables a durable and long-lasting
operation of 2S modules.

5.2. Thermal runaway measurement for one 2S module on
long inserts

5.2.1. General measurement procedure

The goal of this thermal measurement is to determine the CO, temperature at
which the 2S5 module starts to undergo thermal runaway. Two adjustable variables
can be used to influence the silicon sensor temperature in this setup: the CO4 cool-
ing temperature and the induced current, because the sensor temperature depends
on the current in accordance with Eq. [l When the CO, temperature and the in-
duced current on the sensor result in a stable mean sensor temperature such that
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Eq. [1]is fulfilled, the system has reached an equilibrium, a so-called working point
of the thermal runaway curve. Consequently, there are two methods to record
the points for the thermal runaway curve. Either the COy temperature is kept
constant and the current gets adjusted until a working point is reached, or the
induced current is kept constant and the CO, temperature gets adjusted. The
latter method will be further explained in the following paragraph. To record the
working points for the thermal runaway curve, first the targeted temperature of
the 2S module silicon sensors has to be set. The ambient temperature is adjusted
with the external chiller to match the set temperature within at least 0.5 K and
the CO; is cooled down to around —30°C. The 2S module gets powered, config-
ured and the thresholds of the channels in the CBCs are set to the pedestal values
to maximize the hybrid power consumption. Subsequently, the LEDs are turned
on to induce current on the silicon sensors. The LabView program calculates the
expected leakage current corresponding to the targeted silicon temperature and
dims the LEDs accordingly. The last step is to adjust the CO5 temperature in an
iterative procedure until the targeted mean sensor temperature, and therefore the
working point, is reached. The mean silicon sensor temperature is calculated from
the seven temperature sensors on both the top and the bottom sensor. The set
temperature is considered to be reached when the mean 2S module temperature
agrees with the desired temperature in the first decimal place. This procedure can
take up to several hours because, after a small change in the chillers or the LEDs,
the whole unit needs about 30 minutes until the temperatures are in equilibrium
again. When the target temperature is reached, the temperature and the power
of the 25 module are recorded for several minutes. In proximity to the thermal
runaway it is particularly difficult to reach a stable working point.

5.2.2. Results of the thermal runaway measurement of the 2S module

The thermal runaway measurement with a single 2S module has been conducted
with the method where the sensor current is held constant, and the CO, tem-
perature gets adjusted until the working point is reached. For the resulting ther-
mal runaway curve, the silicon sensor mean temperature is plotted against the
CO; temperature from thev PT100 sensors in the left plot in Fig. 5.1l The mean
silicon sensor temperature of the 2S module ranges from —25°C to —13°C and
is presented in blue, with systematic uncertainties of 0.3 K on the temperature
sensors and approximately 0.22 K on the PT100 sensors for the CO5 temperature.
The corresponding ambient temperature is denoted by pink dots. The thermal
runaway points were measured in 2 K steps in the lower temperature range and in
1 K steps near the thermal runaway approximately. Overall, an exponential curve
can be observed in which the silicon sensor temperature rises increasingly rapidly
at warmer CO, temperatures. The onset of thermal runaway occurs at approxi-
mately —29.7°C, when the silicon sensor temperature shows a rapid increase for
only small steps of the CO5 temperature until the curve begins to bend to the left.
This last measurement point is due to the employed measurement procedure and
would not be present with actual irradiated 2S modules, because a stable working
point is not possible in a self-heating loop. The nominal CO, operating temper-
ature in the detector ranges from —35°C to —33°C within a cooling loop, which
leaves a margin to the onset of thermal runaway of 3.3 K.

24



Figure 5.1: Left: thermal runaway curve for a 4 mm 2S module on long inserts in the
Ultimate@800V scenario. The mean silicon sensor temperature is plotted against the
CO2 temperature in blue. The ambient temperature is depicted in pink. Right: the
silicon sensor power of the 4 mm 2S module during the thermal runaway measurement.
The sensor power is plotted against the sensor temperature, with the measured data
shown in green and the calculated expectation for the Ultimate@800V scenario shown in
yellow.

To ensure that the LED induced current is accurate, the measured sensor power
of the 2S module is shown in the right plot of Fig. 5.1l The expected relation
between sensor temperature and sensor current for the Ultimate@800V scenario
is also depicted. The green data points have a systematic uncertainty of 0.3 K
on the sensor temperature. The statistical uncertainty of the measured sensor
power, determined through standard deviation calculation, is in the 1pW scale
and therefore not visible in the plot. The data points are in good agreement with
the calculated sensor power and confirm the adequacy of the employed method for
leakage current generation.

In the left plot of Fig. the sensor power is plotted against the CO, temperature.
It rises similarly to the thermal runaway curve until it reaches the upper curve limit
with 4.5 W. Because the sensor power is dependent on the sensor current, which
in turn correlates with the silicon sensor temperature, the shape of the curve is
the same as that of the thermal runaway curve.

In the right plot of Fig.[5.2] the hybrid power plotted against the CO temperature
is shown, with a trend of the hybrid power being lower at low CO, temperatures
and slightly higher at warmer CO, temperatures. The statistical uncertainty is
about 4 tW. With an overall difference of 0.08 W, the hybrid power varies between
4.68 and 4.76 W. Although it is expected to be more or less constant, previous
measurements have already demonstrated a slight temperature dependency. This
could potentially be attributed to the increased efficiency of the DC-DC converters
when they are cooler. Since the power differences are only on a small scale, they
are considered as sufficiently constant.

In the lower plot in Figure[5.2] the power of the entire 2S module is plotted, which
is the sum of the silicon sensor and hybrid power. It increases with the CO4 tem-
perature until it reaches the upper limit of 9.25W. The plot includes the systematic
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Figure 5.2: Left: silicon sensor power during the thermal runaway measurement of
the 2S5 module in the Ultimate@800V scenario plotted against the COy temperature.
Right: hybrid power during the thermal runaway measurement of the 2S module in the
Ultimate@800V scenario plotted against the COy temperature. Below: total 2S module
power during the thermal runaway measurement of the 2S module in the Ultimate@800V
scenario plotted against the COs temperature. The total module power is the sum of
the sensor and hybrid power

uncertainty of the temperature sensors, while the statistical uncertainty, calculated
by using the propagation of uncertainty with the uncertainty of the hybrid power
predominating, is too small to be visible. The nominal power consumption of the
entire 2S module at the nominal COs temperature —33 °C is approximately 6 W
in this measurement. This value will be used as the nominal power of the modules
when the modules are emulated by the heating resistors.

5.2.3. Comparison to short inserts

A similar measurement with the same setup and measurement procedure using
the same 4mm 2S module was previously performed by Vanessa Oppenlédnder in
the framework of her thesis [11]|, but on short inserts. One goal of this thesis
was to determine the impact of long inserts compared to short inserts on the on-
set of thermal runaway in the Ultimate@800V scenario. For comparison, both
thermal runaway curves are presented in Fig. the left curve depicts the mea-
surement with long inserts as already shown in Fig. 5.1} while the right curve
shows the thermal runaway curve with short inserts, sourced from [11]. The pur-
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Figure 5.3: The thermal runaway curves for a 4mm 2S module on long and short
inserts, sourced from Ref. [11], in the Ultimate@800V scenario. The mean silicon sensor
temperature is plotted against the COo temperature. The curve for the long inserts is
represented in black, while for the short inserts, it is shown in purple and blue. The
blue dots represent measurements taken at an ambient temperature equaling the sensor
temperature, while the purple dots represent measurements taken at a fixed ambient
temperature of -23 °C.

ple data points in the plot with short inserts are taken at an ambient temperature
of —23°C because, at that time, a different chiller was used that could not go to
lower temperatures. The previous setup did also not employ the built-in PT100
sensors. Therefore the CO, temperature was determined using the mean value of
the two pressure measurements and the temperature sensors at the pipe in the
mini-TEDD structure. Applying this calculation to the COs temperature of the
thermal runaway curve with long inserts, it results in temperatures very close to
the PT100 sensor values. The temperatures above —33.5 °C match with the PT100
temperatures within 0.1 K, and only the measurement point at a CO, PT100 tem-
perature of —33.9 °C deviates from the calculated —33.7 °C by 0.2 K. Consequently,
the CO4 temperatures from the thermal runaway curves on long and short inserts
are well comparable.

The onset of thermal runaway on short inserts was observed at a COs temper-
ature of —27°C, which is 2.7K warmer compared to long inserts. The coldest
point of the curve for long inserts at a sensor temperature of —25°C is only 1K
lower compared to short inserts. While the temperature difference is just minor in
the colder temperature range, the temperature differences increase with warmer
CO4 temperature. Overall, the comparison indicates that the long inserts have a
noticeably inferior cooling performance compared to short inserts.

The inferior cooling performance of the long inserts in comparison to the short
inserts was anticipated, but to a lesser extent. In thermal simulations for short
and long inserts, the differences between the onset of thermal runaway are ap-
proximately 1K |11} 33]. Due to their construction, long inserts possess a larger
thermal resistance than short inserts, resulting in less effective heat removal. The
measured thermal runaway curve is compared to simulation data in the subsequent
section.
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5.2.4. Comparison to thermal simulation

A thermal runaway simulation for the Ultimate@Q800V scenario was performed by
Nicolas Rowert using a thermal model of the 2S5 module used in the setup. The
model is based on the Finite Volume Method (FVM) and models a 2S module with
4.0 mm sensor spacing and six cooling contacts in the TEDD 2 region, as outlined
in [11]. The thermal simulation has been performed using the software ANSYS
[34]. The parameters for the relation of leakage current and temperature of the top
and bottom sensors were taken from the Ultimate@800V scenario. The simulation
considers two heat transfer coefficients (htc): 5kW/m?/K and 10 kW /m?/K for
the interface between the cooling pipe and the CO,. The 5kW/m?/K is a com-
monly used conservative htc value, while 10kW /m? /K represents a more optimal
htc value. The true htc value is difficult to determine but is assumed to lie be-
tween these two values. For each of these htc values, the sensor temperature was
calculated as a function of the CO5 temperature.

The simulation data together with the measured thermal runaway curve are shown
in Fig. 5.4

The simulation data only corresponds to sensor temperatures up to -16 °C. Beyond
that point, the simulation does not converge anymore, and the onset of thermal
runaway is assumed to be reached. The conservative simulation with an htc of
5kW/m?/K reaches thermal runaway at —30.5°C, while the simulation with an
htc of 10kW/m?/K reaches it at —29°C. Therefore the two simulations yield a
difference of 1.5 K. Both simulations demonstrate a shape similar to the measured
thermal runaway curve, but the green curve is slightly displaced upwards and to

Figure 5.4: Thermal runaway curve for a 4 mm 2S module on long inserts in the Ul-
timate@800V scenario, with simulation data for different htc values plotted. The mean
silicon sensor temperature is plotted against the COy temperature in blue. Simulation
data points with an htc value of 5 kW /m?/K are shown in green, while those with an htc
value of 10kW /m? /K are shown in red.
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the left, while the red curve lies below and to the right of the measured curve. Both
simulation curves reach thermal runaway at a sensor temperature of —16 °C, while
the measured curve reaches it at —15°C, 1 K warmer. The green curve fits better
to the measured data, particularly at the beginning of the curve. At the onset of
thermal runaway, at a sensor temperature of —16 °C, both simulation curves have
a difference of approximately 0.8 K to the measured data. The measurement is
therefore well in agreement with the simulations, within the uncertainties.

5.3. Effect of five neighboring modules on the thermal
behavior of the cooling structure and the 2S module

This section will investigate the impact of additional neighboring modules on the
heat distribution of both the cooling structure and the 2S module. Up to this
point, the thermal measurements have been taken with only the 25 module active
on the cooling structure. Considering that multiple 2S modules are mounted on
the dees in the CMS detector, it is important to account for the effect of other
neighboring 2S modules. To address this, heating resistors have been installed on
the remaining five module positions of the mini-TEDD, each operated at a nominal
power of 6 W per module and resulting in 1 W heat load per insert, to emulate the
presence of other 2S modules.

To understand the impact of neighboring modules on the heat distribution, the
heat distribution of the cooling structure with and without the heating resistors is
compared in Fig. 5.5 It shows a heat map of the temperature differences at the
working point with a CO, temperature of —33.9°C, the mean sensor temperature
of —25°C, and 5.8 W full module power for only the 2S module powered, and the
2S module with all heating resistors powered in addition. For both measurement
points, the COy and ambient temperature of the working point has been used.
Though the CO, settings have been the same for both measurements, the mean
CO, temperature increased by approximately 0.3 K when the heating resistors were
powered. This has to be considered in the comparison, and is an unaccounted effect
of the CO; cooling system.

The squares on the heat map represent the thermistors within the mini-TEDD on
the cooling pipe, while the dots indicate the thermistors mounted on the carbon
fiber skin, as seen in Fig.

The minor differences for the TEDD thermistors 1, 2, and 3 on the pipe are due
to the slight change in CO4 temperature. Additionally, the long inserts on the top
side experience a temperature increase of approximately 0.9 K due to the neigh-
boring heating resistors. The impact on the carbon fiber structure next to the
module (ntm) on the upper side between the inserts (bi) on the bottom side is
relatively uniform, with a difference of about 2.1 K. At the carbon fiber centers,
the temperature difference is larger, reaching around 3.5 K, because of the greater
distance from the cooling inserts and the cooling pipe. When the heating resistors
are powered, the greatest difference is observed on the short inserts, where the
temperature rises up to 4.5 K. The short inserts are anticipated to show the most
significant temperature increase in this heat map when the heating resistors are
activated, because the generated heat is intended to be mainly removed by the
inserts and is not meant to significantly influence the cooling structure itself. The
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Figure 5.5: Heat map of the temperature differences of the cooling structure with
a COq temperature of —33.9°C and 5.8 W full module power. The upper depiction
shows the top side of the mini-TEDD structure with the mounted 2S module. The
depiction below shows the bottom side. The comparison is made between only the
2S module powered and at the working point, and when all heating resistors are powered
additionally. The squares represent the thermistors within the mini-TEDD on the cooling
pipe and the inserts, while the dots indicate the thermistors mounted on the carbon fiber
skin.

varying temperature differences among the short inserts match with their differing
thermal resistances, which can vary by up to 0.5 K/W between the short inserts,
as demonstrated in thermal characterization performed by Vanessa Oppenlander
in Ref. [11] and reflected in the small variation of temperature differences. These
different thermal resistances can be explained by differences in glue layer thick-
nesses [19). Further analysis of heat distribution will be conducted in Section [}
Figure [5.6| presents a comparison of the temperature distributions on the 2S mod-
ule, showing the temperature differences at the working point at a COy temper-
ature of —33.9°C and a mean sensor temperature of —25°C between only the
2S module powered and when the 2S module and all heating resistors are pow-
ered. The temperature rises uniformly across the 2S module, ranging from 0.7 K
to 1 K. The temperatures of the CIC and CBC are influenced the most by the
heating resistors, rising by about 1K.

30



Figure 5.6: Heat map of the temperature differences on the 2S module’s top side (left)
and bottom side (right) the working point with a CO9 temperature of —33.9 °C between
only the 2S5 module powered and when the 2S module and all heating resistors are pow-
ered. The colored dots show the positions of the read out temperature sensors and the
temperature differences in K are indicated.

The same comparison has been performed at a working point with a CO, tempera-
ture of —29.7°C and a mean sensor temperature of —15°C with 8.4 W full module
power. The heat map in Fig. [5.7] demonstrates the differences between only the
2S module powered and when the 2S module and all heating resistors are powered.
The temperature differences for the cooling structure and the 2S module are very
similar to the one at —33.9°C CO, temperature. This consistency suggests that
the influence of the heating resistors remains uniform across different silicon sensor
temperatures.

Figure 5.7: Heat map of the temperature differences at a COy temperature of —29.7°C
and 5.8 W full module power. The upper depiction shows the top side of the mini-TEDD
structure with the mounted 2S module. The depiction below shows the bottom side. The
comparison is made between only the 2S module powered and at the working point, and
when all heating resistors are powered additionally. The squares represent the thermistors
within the mini-TEDD on the cooling pipe and the inserts, while the dots indicate the
thermistors mounted on the carbon fiber skin.
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As demonstrated, the heating resistors significantly impact the heat distribution
on the cooling structure and the 2S module. Therefore, the subsequent section
repeated the thermal runaway measurement with emulated neighboring modules
to investigate their impact on the onset of thermal runaway.

5.4. Results of the thermal runaway measurement for the
2S module and neighboring modules

5.4.1. Results of the thermal runaway measurement

The measurement procedure to obtain the thermal runaway curve with the 2S mod-
ule mounted on long inserts and five heating resistors is slightly different than the
procedure used beford’ The points have been recorded with the small difference
that the heating resistors were powered before the 2S module was turned on. The
measured curve can be seen in the left plot of Fig. 5.8 The onset of thermal
runaway is observed at the CO5 temperature of —30.4°C. The ambient temper-
ature of the second point at —33.6 °C CO, temperature does not match exactly
with the sensor temperature, but that does not affect the onset of the thermal
runaway. In the right plot, the measured sensor power of the 2S5 module is shown
in green. In yellow, the expected relation between sensor temperature and sensor
leakage current for the 800V Ultimate scenario is shown, which again confirms
the adequacy of the employed method for leakage current generation The sensor
and hybrid power measurements have been examined, but show no considerable
difference to the power distribution for only the 2S module powered.

2The two coolest working points have been found with the CO; temperature held constant,
while the sensor current has been adjusted until the working point was reached and the
sensor temperatures were in equilibrium.

Figure 5.8: Left: silicon sensor power during the thermal runaway measurement of the
2S module and five heating resistors at the Ultimate@800V scenario plotted against the
CO2 temperature in blue. The corresponding ambient temperature is shown in pink.
Right: the sensor power during the thermal runaway measurement of the 2S module and
five heating resistors at the Ultimate@800V scenario plotted against the COy tempera-
ture.

32



5.4.2. Comparison to 2S module on long inserts and simulation data

The effect of the emulated 2S modules can be seen in the comparison of the ther-
mal runaway curve of the 2S module alone on long inserts and the curve with the
additional heating resistors powered. Notably, the thermal runaway curve with
the 2S module and heating resistors show a similar shape to the curve with only
the 2S module powered, but is shifted to the left, with the thermal runaway be-
ginning 0.8 K earlier. As shown in Fig.[5.9] the new thermal runaway curve closely
aligns with the simulation data employing an htc of 5kW/m?/K. However, this
does not directly imply that the htc of 5 kW /m?/K is the correct htc for the setup,
since it cannot be distinctly determined. The effect of the heating resistors cannot
be directly correlated to the simulation, which does not account for the poten-
tial impact of the cooling structure or neighboring modules. But it allows the
interpretation that the cooling structure supports the cooling of the 2S5 module,
which could be compensated for by the neighboring modules. This idea cannot be
distinctly assessed with the present data.

This earlier onset of thermal runaway leaves an even smaller margin of 2.5K to
the nominal CO, temperature before the onset of thermal runaway. Despite the
potentially less effective cooling of the long inserts compared to the short inserts, it
can be observed that the heating resistors have a significant impact on the 2S mod-
ule and the onset of thermal runaway. This measurement has been performed for
a worst-case scenario and the 2S module with the highest fluence in the TEDDs.
Therefore, the remaining margin for other modules at different locations in the
detector will be larger.

Figure 5.9: Silicon sensor power during the thermal runaway measurement of the
2S module and five heating resistors at the Ultimate@800V scenario plotted against the
CO2 temperature in blue.The measured thermal runaway curve with only the 2S5 mod-
ule powered is shown in grey for comparison. Simulation data points with an htc value
of 5kW/m?/K are shown in green, while those with an htc value of 10kW/m?/K are
shown in red. Right: the sensor power during the thermal runaway measurement of the
2S module and five heating resistors at the Ultimate@800V scenario plotted against the
CO4 temperature.
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6. Investigation of the heat flux on the cooling
structure

In this section, the heat flux on the mini-TEDD cooling structure is analyzed in
greater detail. The influence of modules mounted on both the top and bottom
sides on the inserts of the cooling structure and on the carbon fiber surface is sur-
veyed using temperature sensors. This is done to understand how the neighboring
modules impact the thermal behavior of the 2S module.

6.1. Motivation

In the previous section, the influence of neighboring modules on the onset of ther-
mal runaway of the 2S5 module on long inserts was observed to be a reduction
by 0.8 K. To analyze the effect that the neighboring modules have on the ther-
mal management of the 2S module, the temperature distribution of the cooling
structure is further investigated, examining potentially significant heat flow to the
COg pipe and to the carbon fiber skin. Therefore, thermal measurements with
different configurations of powered 2S modules and emulated modules have been
performed. In the first configuration, the thermal behavior of the mini-TEDD
structure with only the 2S module activated in the top center position on long
inserts is compared to the thermal behavior with only the emulated module acti-
vated on the bottom center position. For the second configuration, the thermal
behavior with all real and emulated modules powered on the top side is compared
to all emulated modules powered on the bottom side. In the third and last config-
uration, the thermal behavior with only the 2S module activated is compared with
the thermal behavior when the left and right emulated modules on the bottom
side are additionally activated. These additional emulated module positions have
been selected as they are furthest away from the 2S module, spatially.

6.2. Results and comparison of one module powered on the
top/bottom center position

In this thermal measurement procedure, the first step was to adjust the setup to
the working point of the thermal runaway curve of the 2S module on the top center
position for a sensor temperature of —25°C and a CO, temperature of —33.9 °C,
corresponding to a full module power of 5.8 W. After several minutes of measure-
ment, the 2S5 module was deactivated and the emulated module on the bottom
center position is turned on. At last, the emulated module was turned off to mea-
sure the heat distribution with all modules turned off with ambient and cooling
conditions matching those of the working point of the thermal runaway curve at
the CO5 temperature of —33.9 °C. The results of the three measurements are shown
in Fig. Every temperature value has a systematic uncertainty of 0.3 K and a
negligible small statistical uncertainty.

It is observed that the average temperature of the green squares on the left plot
is higher, around —29 K, compared to the average temperature of —29.8 K of the
blue dots on the right plot. This slight difference in behavior is expected since the
heating resistors emulate a module power of 6 W, whereas the full power of the
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Figure 6.1: Values of the temperature sensors glued to the inserts for the 2S module
activated in the top center position in blue, the emulated module activated in the bottom
center position in green, and the temperature values when everything is turned off in
black. The left plot displays the temperature values of the temperature sensors glued
to the short inserts within the mini-TEDD structure, while the right plot shows the
temperature values of the long inserts. The ambient and COs temperature are adjusted
to the working point at a CO5 temperature of —33.9°C and 5.8 W full module power.

2S module is 5.8 W for this CO,y temperature of —33.9°C. This small difference
can result in temperature of up 1K, according to the right plot in Fig. The
blue dots on the right plot form a pattern corresponding to the heat distribution
on the 2S module. Inserts 14 and 15 are the warmest as they are closest to the
DC-DC, which is responsible for almost 1.8 W of the whole 2S module power alone
[3]. However, this pattern is not clearly transferred to the short inserts, shown
in the blue dots on the left plot. Although each heating resistor puts 1 W into
each insert, the heat distribution is influenced by the thermal resistance of the
inserts, resulting in the depicted pattern of the green squares on the left plot.
For example, insert 9 has the highest thermal resistance with 2.43 K/W at a COq
temperature of +15 °C |11] and is the warmest insert out of the short inserts in most
measurements. However, the systematic uncertainty of 0.3 K does not allow distinct
conclusions for the small pattern differences. The influence on the long inserts can
be seen by examining the green squares in the right plot. The temperature drop
of insert 13 could also be due to its thermal resistance, but only the short inserts
have been characterized individually in Ref.[11].

The module positions on the top side and the bottom side of the cooling structure
are shifted relative to each other. Each opposite-facing position has two inserts
with neighboring inserts to the left and right on the north and south side, and one
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insert with only one neighbor. The thermistors 4 and 9 are inserts with only one
neighbor, whereas 5, 6, 7, and 8 have two neighboring long inserts. If the heat
load is directly transferred between the inserts, it could be possible that the inserts
with only one neighbor insert behave warmer or colder than the inserts with two
neighbors. However, neither inserts 4 and 9 nor 10 and 15 demonstrate such a
behavior.

It is also interesting to see that the temperature difference of 0.5 K between the
blue points and all off on the left plot is practically equal to the difference between
the green squares and all off on the right plot. This suggests that the influence of
the top 2S module on long inserts to the neighboring short inserts is the same as
the influence of the bottom emulated module on short inserts to the neighboring
long inserts. Therefore, although individual inserts do not appear to influence the
temperature of their neighboring inserts, the consistent impact of the 2S module
on the short inserts and of the emulated module on the long inserts suggests an
additional uniform heat flux via the CO, pipe.

Regarding the black stars in Fig. [6.1], it is notable that the short inserts are approx-
imately 0.5 K cooler than the long inserts when everything is turned off. This new
observation contrasts with previous measurements conducted by Vanessa Oppen-
lander |11], where the 2S module was mounted on short inserts on the top side. In
that configuration, the insert temperatures were nearly equal when the 2S5 module
was deactivated, with only a small trend of the long inserts being slightly colder
by about 0.1 K [11], explainable within the systematic uncertainties.

In that context, significant differences in the thermal behavior of the cooling struc-
ture and the deactivated 2S module mounted on long inserts have been observed
in comparison to the 2S module mounted on short inserts. In the setup with
the 2S module on short inserts in Ref.[11], the measurement with a deactivated
2S module was performed at a CO4 temperature of —33.1°C and an ambient tem-
perature of —22.6 °C, resulting in a mean sensor temperature of —32°C. A similar
measurement on the present setup with the deactivated 2S module mounted on
long inserts at a colder CO5 temperature of —33.9 °C and an ambient temperature
of —25°C resulted an approximately same mean sensor temperature of —32.1°C.
The temperature difference to the CO4 temperature for the short inserts is 1.1 K
and for the long inserts 1.8 K. In the present setup, a colder CO, temperature
and a colder ambient temperature result in the same mean sensor temperature for
long inserts than warmer CO, and ambient temperature on short inserts. A pos-
sible explanation is that the temperature of the area of the deactivated 2S module
adapts to the ambient temperature. Since the short inserts cool more effectively
than the long inserts, the same sensor temperature can be achieved with a warmer
CO4 and ambient temperature for short inserts than for long inserts.

The influence of the ambient temperature on the deactivated 2S module tempera-
ture can be a possible explanation for the temperature difference of 0.5 K between
long and short inserts in the present setup and the minimal difference in the setup
with the 2S module mounted on short inserts in Ref.[11]. Cooled dry air exits
the vents directly under the mini-TEDD structure. Ambient temperature mea-
surements suggest a slightly cooler ambient temperature below the mini-TEDD
compared to on top of it, by less than 1 K. Because the 2S module has a larger
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area compared to the emulated modules to adapt to the ambient temperature,
the inserts with the 2S module mounted always receive more heat load than the
inserts without the 2S module. The more effective cooling of the short inserts
compared to the long inserts, coupled with the assumed small ambient tempera-
ture difference between the top and bottom sides, likely results in the temperature
difference of 0.5 K in the present setup and almost no temperature difference when
the 2S module is mounted on short inserts in Ref. [11].

In Figure[6.2] the temperature values of the thermistors on the carbon fiber surface
for the same thermal measurement as before can be seen. The left plot shows the
thermistors on the bottom side, mounted between the short and long inserts (bi)
on the carbon fiber skin. The right plot shows the thermistors mounted left and
right next to the 2S module (ntm) on the top side, as seen in Fig.

The black stars show that the bottom side is again cooler than the top side by 1 K.
The main reason for this behavior is assumed to be the location of the CO5 pipe,
which is very close to the bottom side as demonstrated in Fig. [£.3] and therefore
is cooling it more. Minor additional reasons could be that air is trapped below

Figure 6.2: Values of the temperature sensors mounted on the carbon fiber surface of
the cooling structure for the 2S module activated in the top center position in blue, the
emulated module activated in the bottom center position in green, and the temperature
values when everything is turned off in black. The ambient and COs temperature are
adjusted to the thermal runaway curve point with a COy temperature of —33.9 °C and
5.8 W full module power.
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the mini-TEDD cooling structure, with cooled air straight from the vents, which
is colder than the average ambient temperature, and that the bi thermistors are
closer to the inserts than the ntm thermistors, spatially.

The comparison of the blue dots on the left plot with the green squares on the
right plot indicates that the 2S module influences the temperature measured by
the bottom bi thermistors by about 1K stronger, than the emulated module on
the bottom center position influences the temperature measured by the top ntm
thermistors. The green squares on the left plot and the blue dots on the right plot
demonstrate that the emulated module on the bottom center position increases the
temperature measured with the bi thermistors by about 0.5 K, while the 2S module
increases the temperatures measured by the ntm thermistors by about 1.5 K.
This behavior could be caused by the fact that the long inserts protrudes out from
the carbon fiber skin on both the top and bottom side. Therefore the heat that is
transferred off of the 2S module via the long inserts has a direct path to influence
the carbon fiber skin on the bottom. The short inserts however are shielded from
the top side with an insert support made out of a plastic material, as demonstrated
in Fig. [4.3] This insert support could possibly prevent the heat transfer from the
short insert to the top carbon fiber skin layer.

The green squares on the left plot show a uniform distribution, influenced by the
pattern of the measurement in black. The pattern of the green squares on the
right plot shows a different behavior for the left and right side. A reasonable cause
for this behavior could be that the bottom center position is shifted to the right
in comparison to the top center position.

The blue dots in the right plot form a pattern according to the heat distribution
on the 25 module, the south is warmer because the service hybrid is located in
the south; the right south position is close to the DC-DC convertersand therefore
even warmer. The pattern is transferred to the location of the bi thermistors and
can be seen in the left plot, too.

This strongly suggests a considerable additional heat flux between the inserts and
the carbon fiber surface as well as between the two carbon fiber surfaces via the
the long inserts.

The measurements have also been realised in two different configurations, with
all real and emulated modules on the top or the bottom side powered, and also
the 2S module with two additional powered emulated modules on the left and
right bottom position. The corresponding plots can be found in the Appendix in
Fig. [A.4HA.7] These measurement do not reveal any new or different insights, the
behavior is very similar but with larger temperature differences. The heat flux
on the carbon fiber skin will be further investigated in the following, for all three
configurations.

6.3. Results and comparison of the heat flux on the carbon
fiber center

The thermistors on the carbon fiber center are positioned furthest away from the
inserts and CO, pipe, making them suitable for investigating the heat flux on the
carbon fiber surface. Their exact positions and labels can be seen in Fig. [4.6]
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Figure 6.3: Values of the temperature sensors mounted on the carbon fiber surface of the
cooling structure in the carbon fiber center position. The left plot shows the 2S module
activated on the top center position in blue, and the emulated module activated on the
bottom center position in green. The middle plot shows the top side activated in yellow
and the bottom side activated in purple. In the right plot, the 2S5 module activated
on the top center position is shown in blue, and with two additional bottom modules
activated on the left and right in red. The temperature values when everything is turned
off are depicted in black. The ambient and CO2 temperature are adjusted to the thermal
runaway curve point with a COy temperature of —33.9°C and 5.8 W full module power.

The carbon fiber center temperature values have been recorded in three configu-
rations and are presented in Fig. [6.3] In the left plot, temperature values from
the first configuration are displayed, where only the 2S module is activated in the
top center position on long inserts or only the emulated module is activated on
the bottom center position. The middle plot showcases the second configuration,
where all modules are activated on either the top side or the bottom side. The
right plot shows the third configuration, where the 2S module is activated with
emulated modules on the left and right bottom side additionally activated.

The left plot in Fig. displays the temperature values with only the 2S module
activated in the top center position on long inserts and only the emulated module
activated on the bottom center position. The 2S module increases the temperature
of the neighboring center positions on the top side by about 0.5 K, with a slightly
lesser effect on the bottom center positions. The emulated module on the bottom
side exerts a minimal impact of about 0.2 K on the neighboring center positions on
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the left and right bottom side, and about the same effect on the positions on the
top side. The same behavior is observed in the middle plot for the entire top side
or the entire bottom side activated, but with larger temperature differences, as
the thermistor center positions are located directly between the activated heating
resistors. The influence of the powered emulated modules on the center position
in the third configuration is depicted in the right plot. The blue dots represent
the temperature with only the 2S module activated, while the red dots indicate
the additional activation of two emulated modules on the left and right bottom
side. These emulated modules increase the temperature on the bottom side by
approximately 2 K and by about 0.7 K on the top side.

Overall, the presence of neighboring modules causes a significant increase in the
carbon fiber surface temperature, suggesting a significant heat flux via the carbon
fiber. This heat flux is likely responsible for the earlier onset of thermal runaway
with neighboring modules by 0.8 K.
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7. Summary

The 28 module is a substantial part of the Phase-2 upgrade for the CMS tracker.
This thesis investigated the thermal behavior of the 2S module mounted on the alu-
minum cooling contacts of the TEDD in the endcaps. With proceeding irradition,
the silicon sensors within the 2S module experience increasing leakage current,
directly impacting the sensor temperature. If the cooling power is not sufficient,
the 2S module can enter a self heating loop: the thermal runaway. In this thesis, a
4 mm 28 module is mounted on the long inserts of a mini-TEDD cooling structure,
which is placed inside an actively cooled box to prevent thermal exchange with
the environment. New COs temperature sensors have been integrated into the
COg pipe, providing accurate COs temperature measurements. The LED strips
have been calibrated to induce the expected current on the silicon sensors for a
targeted mean sensor temperature.

Thermal runaway measurements were conducted with the 2S module mounted on
the long inserts of the mini-TEDD, with heating resistors emulating six neigh-
boring modules for the Ultimate@800V scenario. Thermal runaway with only the
2S module activated begins at a CO, temperature of —29.7°C, which leaves a
margin of 3.3 K to the expected maximal CO, temperature along a cooling loop.
It is compared to the measured thermal runaway curve of the same 2S module on
short inserts, performed by Vanessa Oppenlander [11], which resulted in the in-
sight that the thermal runaway curve of the long inserts starts 3 K earlier than for
the short inserts. For the thermal runaway with neighboring modules, the onset
is shifted by 0.8 K to lower temperatures, providing less than 2.5 K margin. The
thermal runaway simulation data provided by Nicolas Réwert [33] aligns well with
the measured curve. In addition, thermal measurements regarding the heat flux
on the mini-TEDD structure were conducted, to explore how neighboring modules
impact the thermal behavior of the 2S module. The conclusion is that these addi-
tional modules induce a significant uniform heat flow onto both the CO, pipe and
the carbon fiber. The long inserts establish a thermal connection between the top
and bottom sides, potentially supporting the cooling effect on the side with short
inserts.

The performance of additional thermal runaway measurements with six 2S mod-
ules would be interesting to verify if the heating resistors effectively emulate a
2S module. Additionally, conducting further thermal measurements with different
powered module configurations could provide a deeper understanding of the heat
flux on the test cooling structure.
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A. Appendix

A.1. CO3 cooling setup

In the following a photo of the CO5 cooling system, and the mounted PT100
sensors can be found, as well as a schematic overview of the COy cooling circuit.

Figure A.1: Schematic overview of the CO2 cooling circle.
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Figure A.2: Photo of the CO2 cooling system.

Figure A.3: Photo of the PT100 sensors affixed inside the t-pieces of the CO pipe.

48



A.2. Systematic uncertainty of the PT100 sensors

In the following, the equation to calculate the systematic uncertainty of the PT100
sensors for each measured temperature can be found.

Rt)=R0-(1+A-t+ B-t?) (2)
A=39083-1073°C!

B=—-5.775-10""°C?

RO =2009

Equation 2: Equation to calculate the systematic uncertainty of the PT100 sensors.
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A.3. Heat distribution of the mini-TEDD structure in two
configurations

Figure A.4: Values of the temperature sensors of the inserts within the cooling structure
for all real and emulated modules on the top side powered in yellow and the bottom side
powered in purple. The temperature values when everything is turned off are shown in
black. The ambient and COqy temperature are adjusted to the thermal runaway curve
point with a CO9 temperature of —33.9°C and 5.8 W full module power.

Figure A.5: Values of the temperature sensors mounted on the carbon fiber surface
of the cooling structure for all real and emulated modules on the top side powered in
yellow and the bottom side powered in purple. The temperature values when everything
is turned off are shown in black. The ambient and COy temperature are adjusted to the
thermal runaway curve point with a CO2 temperature of —33.9 °C and 5.8 W full module
power.
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Figure A.6: Values of the temperature sensors of the inserts within the cooling structure
for the 2S5 module on the top center position activated in blue, and with two additional
bottom modules powered on the left and right in red. The temperature values when
everything is turned off are shown in black. The ambient and COs temperature are
adjusted to the thermal runaway curve point with a COy temperature of —33.9°C and
5.8 W full module power

Figure A.7: Values of the temperature sensors mounted on the carbon fiber surface of
the cooling structure for the 2S module on the top center position activated in blue, and
with two additional bottom modules powered on the left and right in red. The temper-
ature values when everything is turned off are shown in black. The ambient and COs
temperature are adjusted to the thermal runaway curve point with a COy temperature
of —33.9°C and 5.8 W full module power.
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