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Abstract

In the near-beam environment of the Large Hadron Collider, the tracker of the CMS
experiment is exposed to high radiation levels. Depending on their position with respect
to the interaction point, where the particle collisions take place, the silicon detectors were
designed to withstand fluences of 10* to 10> MeV nq/cm?. Microscopic radiation-induced
damage in the silicon sensors has important consequences on the evolution of sensor
parameters like charge collection efficiency, full depletion voltage and leakage current. In
order to provide a fact base for decisions concerning operational settings, these and other
sensor parameters are continuously monitored in both the pixel and strip tracker.

The scope of this master’s thesis includes establishing a simulation tool for the pixel
tracker that predicts the evolution of leakage current and depletion voltage based on fluence
and temperature history. A similar tool for the strip tracker had been developed in 2011 by
C. Barth [1]. His work was continued and served as a basis for the pixel tracker modelling
tool. The leakage current evolution is modelled according to a well-established empirical
model, which describes the evolution with fluence, temperature, and time [2]. The full
depletion voltage of the sensors is calculated from an effective charge concentration. The
latter was obtained from the Hamburg model [2].

Comparisons of the pixel tracker depletion voltage and leakage current modelling results
with available detector data have been performed to obtain a general understanding of
the tool and its input parameters. Predictions on the evolution of the detector parameters
were performed in close coordination with the monitoring and operation groups of the
pixel and strip tracker. Several times during the past year, the results of the tool provided
a basis for decisions on detector operation procedures.

Both the strip tracker and pixel tracker tools are imparted in a functional state and may
contribute to the monitoring and prediction of the leakage current and depletion voltage
in the coming years.






Zusammenfassung

In der direkten Umgebung des Large Hadron Colliders ist der Spurdetektor des CMS
Experiments hoher Strahlungsbelastung ausgesetzt. Abhéngig von ihrer Position in Bezug
auf den Interaktionspunkt, an welchem die Teilchenkollisionen stattfinden, sind die Silizi-
umdetektoren dafiir ausgelegt, Fluenzen bis 10'* oder 10! MeV n.q/cm? standzuhalten. Mi-
kroskopische Strahlenschiaden in den Siliziumsensoren beeinflussen die Entwicklung von
Sensorparametern wie Ladungssammlungseffizienz, Verarmungsspannung und Leckstrom.
Diese und andere Sensorparameter werden sowohl im Pixel-, als auch im Streifenspurde-
tektor kontinuierlich tiberwacht, um eine Faktenbasis fiir Entscheidungen beziiglich der
Betriebseinstellungen des Detektors bereitzustellen.

Diese Masterarbeit umfasst die Etablierung eines Simulationswerkzeugs fiir den Pi-
xeldetektor, welches basierend auf der Fluenz- und Temperaturhistorie die Entwicklung
von Leckstrom und Verarmungsspannung vorhersagt. Ein dhnliches Werkzeug war 2011
von C. Barth fur den Streifendetektor entwickelt worden [1]. Seine Arbeit wurde wieder-
aufgegriffen und diente als Grundlage fiir das Pixeldetektor-Simulationswerkzeug. Die
Leckstromentwicklung wird anhand eines etablierten empirischen Modells berechnet,
welches die Entwicklung in Abhangigkeit von Fluenz, Temperatur und Zeit beschreibt.
Die Verarmungsspannung der Sensoren wird aus seiner effektiven Ladungskonzentration
bestimmt. Letztere wird aus dem Hamburg-Modell gewonnen.

Vergleiche der Vorhersagen mit verfiiggbaren Detektordaten zu Verarmungsspannung
und Leckstrom wurden durchgefiihrt, um ein allgemeines Verstandnis des Simulations-
werkzeugs und seiner Eingangsparameter zu gewinnen. Vorhersagen zur Entwicklung
der Detektorparameter wurden in enger Absprache mit den fiir das Monitoring und den
Detektorbetrieb zustandigen Gruppen des Pixel- und Streifendetektors gemacht. Mehrmals
wurden im vergangenen Jahr basierend auf den Ergebnissen des Simulationswerkzeugs
Entscheidungen zum Detektorbetrieb getroffen.

Die Simulationswerkzeuge fiir den Streifen- und Pixeldetektor werden in einem funk-
tionalen Zustand weitergegeben. Sie werden in den kommenden Jahren einen Beitrag
zur Uberwachung und Vorhersage der Leckstrome und Verarmungsspannungen leisten
konnen.
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1. Introduction

The Large Hadron Collider (LHC) at the European Organisation for Nuclear Research
CERN! near Geneva is a high energy physics particle accelerator. At the time of writing
in 2018, the LHC has been successfully operated for several years.

The LHC constantly passes through cycles of physics data-taking, called runs, and
breaks of various duration. A timeline of the LHC programme is shown in Figure 1.1.
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Figure 1.1.: Roadmap of the LHC programme showing the periods of data-taking and the
long shutdowns (LS). The first period of data-taking, Run 1, lasted from 2010 to
2013. It was followed by LS1 until the end of 2014. Currently the end of Run 2
is approaching and with it LS2, which is scheduled from December 2018 until
early 2021. The increasing integrated luminosity corresponds to the increasing
amount of data delivered by the machine. Adapted from [3].

Major upgrade programmes of the LHC and the experiments, in the scope of which
newest research and development results are incorporated in the experimental setup, may
take several years of installation time. To this end long shutdowns (LS) are necessary.

Shorter breaks are also budgeted for: Technical stops (TS), a couple of days every few
weeks during operations, are often enough to perform smaller repairs. Over the winter
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1. Introduction

months the LHC is shut down for the year end technical stop (YETS), during which more
complex repairs or replacements can be performed.

All collaborations operating experiments along the LHC particle accelerator ring have
to coordinate their maintainance accesses minutely; access is not possible while beams of
particles are circulating in the ring due to radiation exposure.

The CMS (Compact Muon Solenoid) experiment has now collected a total integrated
luminosity of about 170 fb~! since 2010. Recorded integrated luminosity is a measure for
the amount of data collected, and is therefore a key figure of merit of any experiment. Yet
a high integrated luminosity entails that the detector has seen a high irradiation level,
which involves radiation damage inflicted by the traversing particles.

Located in the centre of the CMS experiment, where the radiation environment is
harshest, is the pixel tracker. It has been built in a way that allows comparatively quick
access during a YETS or even TS for replacements which are necessary due to the higher
radiation dose close to the beampipe.

The pixel tracker underwent an evolutionary upgrade during the extended year-end
technical stop (EYETS) 16/17 from Phase-0 (installed in 2008, data-taking since the start of
Run 1 in 2010, operated until 2016) to Phase-1 (since 2017). During the upcoming LS2 the
innermost pixel barrel layer will be replaced. Afterwards the pixel tracker will be prepared
for operation throughout Run 3 until its Phase-2 upgrade, which is scheduled for LS3.

The strip tracker surrounding the pixel tracker was not devised to be maintained in
a similar fashion. Therefore the design had to be extraordinarily robust, reliable, and
long-term radiation tolerant. The upgrade of the strip tracker is scheduled for LS3. During
LS3, all experiments as well as the accelerator itself will undergo comprehensive upgrades.
This happens in preparation for the era of the High Luminosity LHC (HL-LHC) thereafter.

Constant monitoring of the detector health is crucial for both the strip and the pixel
detector: Operational settings such as temperature can mitigate or aggravate the conse-
quences of radiation damage on detector parameters. Decisions must be carefully taken
with both the longevity of the detector and the primary goal of physics data-taking in
mind.

The scope of this thesis included resuming and establishing tools which contribute to
the monitoring activities concerning the strip and pixel tracker. The aim was to model
radiation-dependent detector parameters and provide projections for the future.



2. Silicon detectors

2.1. Material choice silicon

Semiconductors like silicon or germanium are a suitable material for a tracking detector
for several reasons [4]. In comparison with gas detectors, better position resolutions are
achievable due to smaller cell size. Faster signals thanks to high carrier mobility leads
in turn to shorter dead times. For the LHC, the geometry and exact composition of the
silicon sensors can be engineered to be less sensitive to some kind of radiation-induced
damage [5], as the damage mechanisms are understood to a large extent.

Silicon has additional advantages as tracking detector material. A mature manufacturing
infrastructure is on hand thanks to wide applications of silicon sensors in industry. As
opposed to other semiconductors like germanium or gallium arsenide, silicon is readily
available in nature; quantity being an important factor when considering the detector area
that needs to be instrumented. The existence of a natural oxide, silicon dioxide SiO,, with
suitable properties, is a crucial aspect. SiO; is chemically inert and withstands high field
strengths, making it a prime choice for an isolation layer of a silicon sensor. The energy
resolution of silicon is also favourable: It is defined by the threshold ionisation energy,
which is a mere 3.6 eV. In gas detectors the ionisation energy lies around 20-40 eV.

Main drawbacks of semiconductor detectors are the inconveniently high energy loss of
particles in the dense material as well as the higher cost factor in production.

2.2. Energy band model and band gap of silicon

The remainder of this chapter closely follows lines of argument which can be found e.g. in
[1,2,4,6,7,8,9].

A semiconductor may behave as an electric insulator or as a conductor, depending
on its temperature. This macroscopic property can be understood in the context of the
energy band model, described e.g. in [6, 7, 8]: The material is approximated as a perfect
monocrystal with a regular crystal lattice and infinite dimensions. Possible energy states
of the charge carriers in the material are governed by quantum mechanics.

If visualised in an energy-position band diagram or energy-momentum band structure
plot, these possible states form quasi-continuous energy bands that define the parameter
space in which the charge carriers can exist. The band structure of silicon is shown in
Figure 2.1.

In the ground state at absolute zero temperature only the lowest energy states are
occupied. The highest energy band whose states are fully occupied at 0 K is termed valence
band. Above it lies the conduction band.
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Only partially filled bands allow transport of charge. Charge carriers are thus either
electrons in energy states of the conduction band, or holes — unoccupied states in the
valence band, which can be interpreted as positively charged quasi-particles.

Energy (eV)
™

2k

3+

4
L [ r [100} X
Wave vector

Figure 2.1.: Band structure of the indirect semiconductor silicon. E; marks the band gap
energy. Taken from [8].

The density of free charge carriers (n for electrons and p for holes) can be written as

o Ev
n= / D(E)f(E,T)dE and p= / D(E) (1 — f(E,T))dE. (2.1)
Ec —0o0

Integration limits are the upper edge of the valence band Ey and the lower edge of
the conduction band Ec, respectively. D(E) is the density of states. The Fermi-Dirac
distribution f(E, T) accounts for the fact that electrons are fermions and thus follow Fermi-
Dirac statistics. It describes the fraction of occupied states of an energy E at T > 0 K in
thermodynamic equilibrium and is given by

f(E,T)= (2.2)

exp (Ek;?’) +1

kg is the Boltzmann constant. The Fermi energy Er is the highest energy a fermion can
have in the ground state at absolute zero temperature.

The formula for D(E) of a free electron gas must be modified by introducing effective
masses for electrons my, and holes my. This is to account for the fact that in a semiconductor



2.2. Energy band model and band gap of silicon

the charge carriers are not free, but are moving through electric and magnetic fields in the
crystal lattice, resulting in

3/2

Dc(E) = 2;3 VE —Ec forE > Ec (2.3)
(2 )3/2

Dv(E) P ——FVEv—E forE < Ey. (2.4)

Semiconductors and insulators possess a band gap: No energy states with Ey < E < Ec
exist. Unlike insulators however, semiconductors have a small enough band gap for thermal
energies around room temperature to lift charge carriers into the conduction band.

For intrinsic semiconductors Equation (2.2) can be approximated by a Boltzmann distri-
bution

(E -

f(E,T) = exp ( T F)) for E > Ef. (2.5)
This approximation remains valid for small enough defect concentrations. Charge carrier

densities can then be expressed through effective state densities

N my, ks T \*/*
=2 . 2.6
eV ( 2rh? ) (2.6)
as
—(E
n = Nc exp (Ec — Er) for E > Ec (2.7)
kgT
Eyv —E
p = Ny exp (Bv — Er) forE < Ey. (2.8)
kgT

For an intrinsic semiconductor charge neutrality n; = p; is given. It follows that Er lies
in the middle between the valence and conduction band for T = 0 K:

Ec + Ey + kBTln &
2 2 Nc

Ep = (2.9)

Semiconductors can be further subdivided into direct and indirect types:

If the minimum of the conduction band and the maximum of the valence band coincide
at the same momentum in an energy-momentum plot, an electron can change the band
without changing its momentum. This defines a direct semiconductor.

In an indirect semiconductor the least energy costly transition from valence to con-
duction band requires a change of the momentum of the electron, as energy and quasi-
momentum have to be conserved simultaneously in the process. The lattice will take the
excess, thus a phonon! is created in the process. Silicon is such an indirect semiconductor.
Its band gap is 1.12 eV, as shown in Figure 2.1, but the ionisation energy for an electron-hole
pair is 3.6 eV due to the additionally necessary phonon creation.

!Phonons are virtual particles that represent excitations of the crystal lattice.
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2.3. Doping of semiconductors

Silicon is a semiconductor with four valence electrons and therefore belongs to group IV
of the periodic table. Its lattice has the same structure as diamond and bonds between
the atoms are covalent. Conductivity and band gap properties of a semiconductor can be
purposefully altered by introducing impurity atoms with suitable electron configurations.
This process is called doping. An element of group IV is commonly doped with group III or
group V atoms. Group V elements will function as donors: They carry an additional valence
electron compared to the surrounding atoms. The Coulomb binding of the fifth electron
to the atom is effectively weakened by the covalent binding structure of the crystal and
it is therefore easier to "free" the fifth electron. It will contribute to the conductivity of
the material at room temperature. A semiconductor doped with a donor is called n-type.
Electrons are the majority charge carriers in this case.

Similarly, group III elements will function as acceptors: They lack a fourth electron to
fit into the surrounding covalent binding structure. As one of the surrounding electrons
is therefore likely to take the place, the resulting holes traverse the crystal structure as
majority charge carriers. Acceptor doped semiconductors are called p-type.

The doping concentrations for donors np and acceptors na can be split into an ionised
(charged) fraction, and a non-ionised (neutral) one

np = nj) + n% (2.10)
na = ”K+”OA~ (2.11)

For the temperature regime relevant for CMS silicon detectors (around +20 °C), all
impurities are ionised: ng =0 and n% = 0, and the effective doping concentration is

na —np = n;—ng. (2.12)

Further, overall charge neutrality still holds even though the dopant atoms themselves
are immobile and do not contribute to the charge transport

n+n, =p+np. (2.13)

From Equation (2.12) and Equation (2.13) follows that the effective doping concentration
is equal to the effective charge concentration Neg:

na —np = p — N = Neg. (2.14)

Thus doping leads to an inequality between positive and negative charge carriers n # p
and shifts the Fermi energy of the system. In an n-doped semiconductor, the additional
electrons shift Er towards the conduction band. In a p-type semiconductor, Er lies closer
to the valence band.

2.4. Microscopic parameters of silicon

2.4.1. Mobility

Mobility u of the free charge carriers is defined in terms of the electron charge e, the
effective mass m* and the time 7 between two interactions with phonons or impurities in
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the lattice

er

= — (2.15)
My p

Good charge carrier mobility is a desirable feature in a high energy physics sensor, since
it corresponds to fast signal times.

2.4.2. Conductivity

Conductivity o of the material depends on the mobilities of the electrons and holes

o = e (npm + ppp) - (2.16)

For high doping concentrations either of acceptors or of donors, the formula simplifies
due to

p~nay>n forp-type (2.17)
n=np>p forn-type (2.18)

respectively.

Conductivity depends on the doping concentration in two ways: There is an obvious
direct dependence on np 4 and another one via p(7r), compare Equation (2.15): Scattering
occurs more often in materials with more defects, thus 7 is smaller and mobility is lower
for higher doping concentrations.

2.4.3. Resistivity

The reciprocal of the conductivity is resistivity p
p=—. (2.19)
o

p is a very important design parameter of detectors, since the necessary voltage for detector
operation depends on it (see Equation (2.38)).
In case of high n-type doping, as e.g. in the CMS silicon sensor bulk
1

eunp

~
~

(2.20)

2.5. p-njunction

When an n-type and p-type semiconductor are brought into contact, the initially different
Fermi levels provoke a rearrangement of charge carriers. The electrons occupying higher
energy levels on the n-type side will drift towards the initially lower Fermi levels in the
p-type material, where energetically more favourable states are now available. They leave
ionised group V atoms behind. This is equivalent with holes diffusing in the opposite
direction.
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At some point the electric potential generated by the ionised dopants is strong enough
to prevent further charge carrier diffusion; the Fermi level is now constant everywhere.
Around the interface of the n- and p-doped material a space charge region (SCR) has formed,
see Figure 2.2. It is naturally depleted of all free charge carriers n = p ~ 0 before irradiation
(indicated by subscript 0), and consequently

Neftno = nD (2.21)
Nefipo = na. (2.22)
This equilibrium state is reached at the built-in voltage W, to be derived in the following.

The extent of the SCR into the n-type material x,, and p-type material x;, is usually different,
depending on doping concentrations.

2.5.1. Electricfield in the space charge region
With Poisson’s equation

Poisson’s equation
do(x)  p(x)

dx? €€

(2.23)

the shape of the electric field in the space charge region can be calculated. The result is
also shown in Figure 2.2.

Let x = 0 be the position of the interface between the p- and n-type semiconductor; —x;
be the end of the SCR in the p-type semiconductor and x,, the extent of the SCR into the
n-type semiconductor. Assuming that the charge distribution p(x) is constant within the
SCR —x, < x < +x, outside which it abruptly goes to zero, it can be written as

Depletion approximation

plx)=e (Neff,pe(—X)Q(x + Xp) + Nefrn0(xn — x)0(x)), (2.24)

with the Heaviside step function 6(x).
The resulting electric fields on either side of the p-n junction have a linear dependence
on x:

* dzq) do quffp
Eo(x) = — L 2.25
p(%) [xp dx? dx €€ (x TP ) (2.25)
R ) d®  gNefn
Falx) = / o= = T - xy) (2.26)
. dx? dx €€

where the boundary conditions %Lc:_xp = ‘%Ix:xn = 0 were used.

. ) N, nXn ) . .
The maximum of the field at x = 0is Eox = 1 E{Z’é’xP = qNg‘Z’O *n This can be rewritten in
terms of the width of the depleted zone w:
Negrpx Neg X 1
Emax:i(2 = F +2 i )szq ( 1 R (2.27)
€€o \ 2(xp + xn) (xp + Xq) €€ N + N
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Integrating a second time yields the built-in voltage and its dependence on w

0 gN.g *n gN,
Vbi:_/ 4 efp (x+xp)dx—/ T (5 — ) dx (2.28)
-x, €€o 0 €€
qNefipX2  qNugpx?
_ 177hp7p | G Veftntn (2.29)
€€ €€
1
= 2 Ea. (2.30)

2.5.2. Diodes in reverse bias

A p-n junction can be operated as a diode by applying an external voltage V};a5. Depending
on the polarity of the bias voltage, the p-n junction is either conductive (forward bias:
positive terminal at p-doped side) or non-conductive (reverse bias: positive terminal at
n-doped side).

An applied reverse bias allows further charge carriers to diffuse through the interface
between p and n-doped material, allowing deliberate control of the SCR width.

Woias alters the difference in potential in Equation (2.28) to
1
Voi + Vbias = EEmaXW (2-31)

The width of the depletion zone under external voltage then follows from Equation (2.28),
Equation (2.27), and Equation (2.31):

2660( 1 )(V T Voims) (2.32)
w = bi bi .
q Neff,n Neff,p ' e
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2.6. Silicon particle detectors

2.6. Silicon particle detectors

Fundamentally, a silicon particle detector is a p-n junction in reverse bias. Electron-hole
pairs created in the bulk through ionisation by a traversing particle will separate according
to the applied voltage.

It is important to fully deplete the volume of a silicon sensor in order to successfully
detect the signal of traversing particles. This will become clear in the following.

The energy loss of a traversing charged particle in the energy regime relevant for high
energy particle physics is described by the Bethe-Bloch formula? [10]. It gives the mean
rate of energy loss per distance travelled:

2meczﬁ2y2'1}mIX
12

2,2 g 1 (L In
Ap?\2
with the maximum transferred kinetic energy in a collision T4y, electron mass times the
speed of light squared mec?, atomic number of the material Z, atomic mass of the absorber
A, the mean excitation energy I, the density effect correction to ionisation energy loss
d(By) , Avogadro’s constant Ny, and the classical electron radius r, [11]. An example for
the Bethe-Bloch formula validity range is given in Figure 2.3.

~ p* - —5(5 Y (2.33)

dE 2
= = 4w Nyr;mec

u"on Cu

o0
o~ L _ ¥ |
e KT . §
~ C Bethe-Bloch Radiative ]
%—‘ -/ Anderson- -
= B Ziegler :
5 [5E 1
T
REE
=105 -
téb E Radiative .
s Minimum effects ]
= L ionization reach1% A .  ____--- -
S | Nuclear A
@ esses N | lo-=== RN, -]
¢ Without &
1 \ \ | |
0.001 0.01 0.1 1 10 100 1000 104 10° 106
By
\ \ \ | | | | | \ |
1 0.1 1 10 100, |1 10 100, |1 10 100 |
[MeV/d] [GeV/c] [TeV/d

Muon momentum

Figure 2.3.: Mean rate of energy loss (stopping power) for positive muons in copper (Cu)
as a function of fy. The Bethe-Bloch formula describes the region around
the minimum at around Sy = 3, correponding to minimum ionising particles.
Taken from [11].

2valid for 0.1 < By < 1000
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2. Silicon detectors

The Bethe-Bloch equation has a minimum at fy ~ 3 and most relativistic particles will
have mean energy loss rates close to the minimum.

The most probable value (MPV) for the energy loss lies below the mean value®. A
traversing minimum ionising particle (MIP) in silicon thus most likely generates about 10*
electron-hole pairs in a thin 320 pm sensor.

Intrinsic silicon has a background of about 10° to 10'° free charge carriers in a volume
the size of a CMS pixel or strip tracker sensor. Distinguishing the small signal of a MIP
from the large background noise in intrinsic silicon is impossible. Therefore the depletion
of the sensor is mandatory in detector operation to reduce the free charge carriers. The
alternative, cooling to very low temperatures, is impractical or unfeasible for experiments
the size of CMS.

2.6.1. Signalinduction

Signal S in this context is the charge induced in the electrodes due to ionisation in the sensor
bulk by traversing particles. The deposited energy in a silicon detector is proportional
to the number of generated electron-hole pairs. These charge carriers of charge ¢ move
in the device due to the applied bias voltage. Their moving will instantaneously induce
a current in the electrodes. Once they actually reach the electrode, the signal induction
stops.

The induced charge Q at the electrodes does not depend on space charge nor bias
voltage; thus the signal found in the readout electrode is directly related to the charge
generated by an ionising particle (assuming no trapping, see Section 3.5).

The Shockley-Ramo theorem provides a method to calculate the unique connection
between q and Q. It states that a static weighting potential ¢,(x), which can be derived
from the geometry of the sensor and solely depends on the spatial position x, describes
the translation from q to Q:

Q = —gpw(x). (2.34)

Equivalently, the induced current i in the electrode is described by the corresponding
weighting field Ey,(x), where v is the drift velocity of the charge g:

i=—qEw(x)- V. (2.35)

2.7. Macroscopic parameters of silicon sensors

2.7.1. Full depletion voltage

In Equation (2.31) the relation between an externally applied bias voltage and the width of
the depleted region in the sensor was found. The full depletion voltage Vg is defined as
the external bias voltage which needs to be applied to deplete the full thickness d of the

3The probability distribution of the energy loss for a particle with given $ in a thin silicon sensor is
described by a straggling function, see [12, 11].
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2.7. Macroscopic parameters of silicon sensors

bulk of the sensor. It marks the minimum bias voltage setting at which a sensor must be
operated to ensure optimal charge collection. Usually the built-in voltage W, is negligible
for silicon particle detectors with respect to Vpjas.

Approximating the sensor geometry with an ideal diode, discussing the case x, > x;,
and fully depleting the n-type bulk x, = d leads to

w(V) = xp =d = const  for Vyjas > Vigep- (2.36)

The full depletion voltage then follows directly from Equation (2.29)

qNegd?
Vdep,diode = . . (2.37)
2€€)
It can also be expressed via resistivity using Equation (2.20)
d2
Vdep, diode = . (2.38)
2eeppip

Vdep is highly dependent on the sensor thickness, which is why thinner sensors are more
radiation tolerant (compare Section 3.3).

2.7.2. Capacitance

Capacitance in a diode is defined as the variation of space charge Q with bias voltage Vas

dQ
C= .
dVbias

(2.39)

The junction capacitance is the dominant capacitance contribution under reverse bias
conditions. It takes only the charge in the depleted region into account and thus

dQ = gN.gAdw (2.40)
Using Equation (2.32) and Equation (2.36) the capacitance can be expressed as

dQ dw

dw dWias
_ 4 [ccotNarl_ Voias < V.
= Vot Vo) bias = Vdep

Ne
= A % = const  Vhias > Vdep
€A

_ o (2.43)
W(Vbias)

C(Vbias) =

(2.41)

(2.42)

Capacitance-voltage (CV) curves are useful to determine the depletion voltage. Typically
1/C? is plotted against the bias voltage. Such a curve displays a sharp kink which coincides
with Vgep, see Figure 2.4.
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2. Silicon detectors

2.7.3. Leakage current

The current that is measured in a semiconductor device when reverse bias is applied
is called leakage current fie,k. It consists of the diffusion current which is present even
in an ideal diode, plus the current from electron-hole pairs which are generated at any
irregularity in the semiconductor lattice. Unavoidable impurities from the manufacturing
process, doping atoms, and radiation-induced impurities thus increase the leakage current.

The leakage current in a sensor can be split into two different components: The surface
generation current Iy,f and the bulk generation current . When the term leakage
current is used in this thesis it refers to the bulk generation current.

Since generation and recombination of electron-hole pairs are in a dynamic equilibrium,
the lifetime of an excited electron in the conduction band before recombination has an
influence on the generation of electron-hole pairs: The shorter the generation lifetime
of an electron-hole pair, the more often pairs of free charge carriers are generated. If a
bias voltage is applied, these charge carriers constitute the leakage current - the more
frequently they are generated, the higher the current.

The leakage current of a diode before irradiation, [jeax 9, can be parametrised as

Ileak,O = elveff—,OWA (2.44)
211,
with electron charge e, initial charge carrier concentration Neg(, depletion zone width w,
surface of the p-n interface A, and generation lifetime 7;.
Shockley, Read [13] and Hall [14] find for the generation lifetime 77,

Et—Eg; —(Ey—E)
1 [or (R | or () (2.45)
T, = — + . .
nt Z)tpo'p UtnOn

with thermal velocities vt of electrons and holes, intrinsic fermi level Er; and the concen-
tration of traps in the material n;.

The minimum of 7, is reached for traps with energy levels E; near the intrinsic Fermi
level Eg;, close to the centre of the band gap. The concentration of deep-level traps ng thus
makes up the highest contribution to the generation of charge carriers. For a deep-level
trap % ~ oune and the leakage current can be written as

1
Deak0 = EeNeff,OO-iUtndlAW. (2.46)

Since only electron-hole pairs in the depleted region contribute, the leakage current is
proportional to w. The expectation is therefore that the leakage current will be independent
of the bias voltage for Viias > Viep:

o VWoias,  Vhias < Vi
Ileak,O { bias bias dep (2. 47)

const, Viep < Vbias-

The temperature dependence [8] of the leakage current is
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Figure 2.4.: Exemplary CV and IV curve: The CV curve displays a sharp kink which
coincides with Vgep. The current also rises until the volume of the sensor is
fully depleted, where it reaches a plateau.

Ege
I(T) T2 exp (— _ :B;f,) . (2.48)

The effective band gap Eg ¢ of silicon is 1.21 eV according to [15].

2.7.4. Noise contributions

Noise N refers to charge carriers from other sources competing with the signal. In a silicon
sensor the main sources for noise are the load capacitance Cj,og and the leakage current
Lok Other important contributions are the parallel (bias) resistance Rp and series (metal
strip) resistance Rs.

The Equivalent Noise Charge (ENC) is commonly used to define the signal-to-noise
ratio (compare Section 4.3.5.1)

— 2 2 2 2
ENC = \/ENCCM +ENC? +ENCZ +ENCE . (2.49)

. chipC . N
ENCg,,, can be parametrised as ENC¢,,, = a + buht—;’d, depending on the peaking time

t, and intrinsic chip noise ucpip. The contribution from the leakage current is called shot
noise and depends on the peaking time, ENCy,, o \/m. The thermal noise term due to
parallel resistance shows the behaviour ENCg, oc m. The serial thermal noise term
ENCg is proportional to m.

In case of the LHC, where bunch crossings occur every 25 ns and readout peaking
times are correspondingly short, those terms with é and \/g dependencies have the

greatest impact. Consequently the aim is to minimise leakage current (e.g. via temperature
during detector operation), load capacitance (via strip length, see Equation (4.1)) and series
resistance, while a high parallel resistance is desirable.
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3. Radiation damage in silicon detectors

3.1. Defects and introduction mechanisms

The harsh radiation environment of the LHC has degrading effects on silicon detectors
and their properties. Overviews are given e.g. in [2, 4, 16, 17, 18]. Traversing particles
interact with the material through ionising and non-ionising energy loss (NIEL) processes.

Damage in the surface layer and the bulk of the silicon sensor are caused by different
mechanisms and impact different parameters. Electronics are also affected.

3.1.1. Surface damage

Ionisation through photons or charged particles is the main cause of surface damage [19]
in the SiO; layer. Ionising processes lead to the creation of electron-hole pairs. Since
electrons have a higher mobility in the material, they may leave the volume via the positive
electrodes, whilst holes get trapped in the SiO, layer.

Neglecting surface damage in the modelling of sensor parameters in the scope of this
thesis is justified thanks to the sensor design and the high quality manufacturing process.

The impact of non-ionising interactions on the surface is negligible, since the dis-
placement of atoms in the anyway highly irregular lattice structure of the oxide has no
macroscopic consequences.

3.1.2. Bulk damage

The main impact on silicon sensors’ macroscopic properties comes from bulk damage.
Non-ionising processes, which can be elastic scatterings or nuclear interactions with
massive particles such as neutrons, protons, or pions lead to displacement of atoms and
therefore irregularities in the lattice. Essentially these irregularities are vacancies or
interstitial atoms in the surrounding lattice structure, see Figure 3.1. Combinations of
multiple interstitials or vacancies and also radiation-unrelated impurities are possible,
leading to a rich variety of additional energy levels in the silicon band structure, see e.g.
[20, 21].

The defects may change over time. For example, pairs of interstitials and vacancies
(Frenkel pairs) may recombine. Defects may also move through the lattice or eventually
interact with each other to form stable defects. This time-dependence is summarised under
the term annealing.

The energy states in the band gap introduced by defects influence the microscopic and
macroscopic parameters of the sensors. Figure 3.2 gives a simplified classification of energy
levels regarding their position in the band gap and resulting effect [21].

17



3. Radiation damage in silicon detectors
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Figure 3.1.: Graphical representation of some common lattice defects. The basic building
blocks are vacancies in the lattice, and interstitial atoms in-between the regular
lattice positions. Complex defects are combinations of interstitials, vacancies,
and impurities. Taken from [4].

+ Defects with energy levels in the upper half of the band gap act as donors, while
levels in the lower half of the band gap act as acceptors. In Section 3.3 the impact on
the effective space charge and thus the depletion voltage is described.

« Levels close to the middle of the band gap lead to an increase in leakage current,
which is described in Section 2.7.3 and Section 3.6.

+ Defects with shallow energy levels act as traps for charge carriers. Trap release
times can be high for low temperatures, thus signal and charge collection efficiency

are affected. More detail is given in Section 3.4.

« Trapping further has an effect on the electric field shape, which as a consequence is

no longer linear, see Section 3.5.

Seen on a larger scale, bulk damage may occur in point-like and cluster-like shapes,
with probabilities depending on the particle type and energy. Neutrons interact only via
the strong interaction. The primary knock on atom does further damage in the lattice,

which leads to isolated clustered defects.

Protons and pions tend to inflict cluster damage above a transferred momentum of 5 keV,
while at lower energies point defects are the more likely outcome. The lower threshold to
produce a single point defect is about 25 eV [18].
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Figure 3.2.: Energy levels introduced by radiation-induced defects in the lattice influence
the macroscopic parameters of the silicon sensor. Taken from [22] (after [2].

3.2. NIEL scaling

The displacement damage cross section D describes the NIEL damage depending on the
kinetic energy E of the incident particle [23]

ER,max

DE)= Y0 (B) [ £ (BB P (5.1

All possible interaction processes are summed over. Their cross section is denoted o,. f, is
the probability distribution for a recoil energy Eg to be transferred during a process v.
P(ER) is the Lindhard partition function [24] and describes the fraction of the recoil energy
which actually ends up in atom displacement.

The maximum possible recoil energy Er max depends on the mass of the incident particle
m and its energy E, as well as the silicon atomic mass mg;:

msim

Ermax = 4E———
S o ms?

(3.2)

The NIEL hypothesis is based on the assumption that all energy deposition is due to NIEL
processes, thus independent of the particle’s charge. This is not entirely true, however it
remains a useful concept [25]. An important exception to NIEL scaling is discussed below.
Assuming NIEL-only energy deposition, the manifestation of the damage only depends
on the transferred energy. Therefore a direct comparison between different particles is
possible by normalising the damage to that of a reference particle at a reference energy
[23, 26]. Neutrons at E = 1 MeV serve as standard reference:

Dreutron(E = 1 MeV) = 95 MeV mb (3.3)

The resulting normalised damage functions for protons, neutrons, electrons, and pions are
shown in Figure 3.3.
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Figure 3.3.: Displacement damage functions of protons, neutrons, electrons, and pions, all
normalised to the damage function of 1 MeV neutrons. The relevant energy
regime for high energy physics is magnified. After [27, 2].

The fluence ® = f $(E)dE of any particle type may then be translated into a fluence of
exclusively 1 MeV neutrons it would take to yield the same radiation damage effect, the
1 MeV neutron equivalent fluence ®cq. The corresponding unit is MeV neq/cm?. It is defined
by weighting the energy spectrum of ®(E) with the normalised displacement function:

[ D(E)$(E)dE
95MeVmb

The scaling factor between ®.q and ® is a measure for the damage inflicted by a given
radiation source and is called hardness factor k

[ DE)PE)E @

95 MeVmb® @
The NIEL scaling hypothesis is not always applicable. The irradiation of oxygenated

silicon for example shows a clear deviation of charged hadron damage from NIEL scaling:

The observed impact on effective doping concentration is considerably lower than predicted
by NIEL [28, 29, 30].

Deq = (3.4)

K = (3.5)

3.3. Hamburg model for effective doping concentration

The Hamburg model is an empirical model for the evolution of the effective space charge
in irradiated silicon diodes. A change in N.g corresponds to a change in depletion voltage,
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3.3. Hamburg model for effective doping concentration

see Equation (2.37). The Hamburg model was described in [2] and has proven to be a good
description for most applications up to fluences of 10'> MeV neq/cm?. All numerical values
listed in this section are taken from [2].

The typical fluence-, temperature- and time-dependent behaviour of the depletion
voltage is visualised in Figure 3.4. Since irradiation decreases the effective doping con-
centration of an n-type bulk due to the introduction of new acceptor levels and donor
removal, the depletion voltage first decreases with fluence. At some point the effective
doping concentration changes sign and the material undergoes type inversion. For the
type-inverted material the depletion voltage rises with irradiation.

The annealing behaviour of a sensor after irradiation can be monitored in the laboratory.
Effective charge concentration changes with time and temperature: First, the radiation-
induced part of N.g decreases as radiation-introduced acceptor-like defects decay, then
increases — even beyond the N, level directly after irradiation — as a result of additional ac-
ceptor level formation. Higher temperatures accelerate the annealing, lower temperatures
slow the process down.

The Hamburg model [2] implements this annealing behaviour as three separate terms

Ner = Neff,O + NC((I)eq) + NA((beq, £, T) + NY(q)eq, t, T) (3-6)

Nefr is the initial doping concentration as described in Section 2.3. Some stable fraction
of the radiation damage N¢ is permanent and does not anneal. The stable damage term
Nc is given by

—c®,
Ne(®@eq) = Neg (1 e q) + gePeq (3.7)
with the donor removal constant ¢ and the acceptor creation constant g.. N, is the

asymptotic value for complete donor removal.
The short-term annealing is parametrised as

t t
Na (d)eq, t) = Oeq Z,: Gai €XP (—m) ~ Deqga €Xp (—a) (3.8)
with damage parameter ga and time constant
1 Ea
—=ka=k - . 3.9
> =k = ke (- a | 69)

where Ty is the annealing temperature. The effective band gap energy Ej4 is

Ex = (1.09 £ 0.03) €V, (3.10)
and kg = 2.4755-107s7" (3.11)
The reverse annealing term is
t
Ny (Peq» t) = Nyo (1 — exp (——)) : (3.12)
Ty
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3. Radiation damage in silicon detectors

with
Nyo = chDeq (3~13)

where gy is the damage parameter for the reverse annealing. Again the time constants are
parametrised similarly:

1 Ey

2 kv =k = 3.14

Y Y Yo exp ( kBT) ( )
with Ey = 1.31eV (3.15)
and kyo = 7.4- 10571 (3.16)

Reverse annealing was found to saturate in case of oxygenated silicon, compare Section 3.2.
Different parameter sets are available for the Hamburg model and in principle they need
to be newly extracted from irradiation and annealing studies for each sensor geometry.

The depletion voltage modelling in this thesis is performed by means of the Hamburg
model. In order to translate the effective space charge concentration into the depletion
voltage, Equation (2.37) was used. The linear relation between |Neg| and Vgep in Equa-
tion (2.37) was derived assuming a linear electric field. However, after high fluences a
significant change in the field configuration of a silicon sensor is observed, as will be
explained in the next section. The range of validity of the application of the Hamburg
model to calculate the full depletion voltage is limited to fluences below 10'> MeV neq/cm®.
Neg is still validly described by the Hamburg model after higher irradiations; however the
concept of a full depletion voltage is no longer well-defined.
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3.3. Hamburg model for effective doping concentration
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Figure 3.4.: Top: The change of the depletion voltage with fluence. Bottom: The annealing
behaviour after irradiation for a fixed temperature. Short-term and reverse
annealing clearly have different time constants. Not shown here: Higher

temperatures lead to faster short-term and reverse annealing times. Taken
from [2].
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3. Radiation damage in silicon detectors

3.4. Trapping and charge collection efficiency

Irradiation introduces trapping centres to the material, compare Figure 3.2. Some of the
generated charge from ionisation will be trapped in these centres and consequently is not
"collected" at the electrodes any more, despite having an electric field throughout the bulk.
The difference between the collected charge at a given bias voltage before irradiation and
after irradiation is the amount of trapped charges Qjrapped- It is lost for the signal.

Qtrapped = Qnon—irrad - Qirrad (3'17)
The charge collection efficiency is a useful parameter to quantify this effect:

Qirrad

CCE = .
Qnon—irrad

(3.18)

3.5. Double junction

After high irradiation, the linear solution for the electric field found in Equation (2.25)
holds no longer. Figure 3.5 shows the parabolic field found in the sensor after irradiation.
It can be derived from transient current technique (TCT) studies: Time-resolved analyses
of laser-induced signal currents in the sensor show a double peak.

p—l— n+
= Efield 4]l
”“‘;‘ E ﬁeld “““‘

..IIII“‘

basic assumption - linear simulated - parabolic

N Neff N

eff |

Figure 3.5.: Left: The linear electric field before irradiation as found in Equation (2.25).
Right: A linear distribution of effective charge carriers due to capture of
thermally produced electrons and holes in radiation-induced traps explains the
parabolic electric field observed in sensors after high irradiation levels. Taken
from [4].

To first order, the new field configuration may be approximated by two superimposed
linear fields, corresponding to one junction on either side of the sensor (double junction) [4].
Yet while the defect concentration in the material is homogeneous, the field measurements
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3.6. Empirical model for leakage current

show a clear asymmetry. This asymmetric field configuration can be explained by radiation-
induced traps in the material. When thermal electron-hole pairs are produced, the electrons
and holes move in opposite directions due to the applied bias voltage. The defects in the
volume between the origin of the electron-hole pair and the positive electrode are likely
to trap a traversing electron, while positive holes are more likely to be trapped in the
other part of the volume. This quasi-static occupation of traps results in a distribution of
effective space charge as shown in Figure 3.5 on the right, which leads to a parabolic field
configuration in the sensor volume.

For a parabolic field configuration and Vpjas < Vgep, the undepleted zone is now in
the middle of the sensor. Unlike before, there are fields present even in the undepleted
zone. Charges are constantly drawn from this region, increasing noise and simultaneously
rendering the depletion voltage concept non-applicable.

For irradiation levels higher than 10'° MeV neq/cm?, the study of parameters like CCE
and signal-to-noise ratio are more meaningful for the determination of optimal detector
settings. Full simulations of sensor field configurations and derivation of these parameters
is currently done with the tool PixelAV [31].

3.6. Empirical model for leakage current

As irradiation increases, the number of radiation-induced electron-hole pair generation
centres increases in the bulk. Consequently the bulk leakage current rises. A well-tested
empirical parametrisation [2, 32] describes the leakage current increase Al depending on
fluence @4, annealing time ¢, temperature T during annealing, and reference temperature
Tref

I (<I>eq, t, Tyer, Ta) = Iy + Al ((I)eq, t, Tref, Ta) (3.19)
with AI(@cq, t, Trer, Ta) = a(t, Tref, Ta)PeqV . (3.20)

The model describes the leakage current independent of material and particle type. Fluence
dependence and annealing behaviour of the leakage current are shown in Figure 3.6.

Operational temperatures are an important handle on the leakage current. Warm
temperatures lead to a faster annealing (decreasing) of the leakage current in the detector,
which is advantageous: Low leakage current means low noise. Further care must be taken
to avoid reaching the HV power (Equation (6.1)) supply limits; here low leakage current is
also desirable. During operations these limits can also be avoided by reducing temperature
- thereby effectively scaling the leakage current to lower values, but at the same time
slowing down the beneficial annealing.

The o parametrisation used for both the pixel and strip tracker leakage current calcula-
tions was taken from [2] in combination with a parameter set at Tf = 20 °C:

t
11(Ta)

) + a(Tp) + fln (ti) (3.21)
0

azoc(t, Ta) = agexp (—
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3. Radiation damage in silicon detectors

with the parameters from [2]

%I = kor exp (_kBE;a) (3.22)
kor = 1.2732 . 108 57! (3.23)
Er = (1.11 £ 0.05) eV (3.24)
ar = (1.23 £ 0.06) - 10717 A/em (3.25)
B =(3.07+0.18) - 107'¥ A/cm (3.26)
oy =—(8.9+1.3)-10" A/em + (4.6 £ 0.4) - 10‘14T—1A AK/cm. (3.27)

Once the leakage current at Tpr is known, its value for a measurement temperature Ty
can easily be calculated remembering the temperature scaling in Equation (2.48).

3.6.1. Self-heating and thermal runaway

A feedback loop called self-heating exists between the sensor temperature and the leakage
current: As a result of the temperature dependence of the leakage current given in Equa-
tion (2.48), an increase in sensor temperature will entail an increase in leakage current.
This increases the module power (compare Equation (6.1)), which will in turn raise the
heat dissipation and may have an impact on the sensor temperature. The increase of
temperature with module power is called thermal contact %.

Self-heating has to be counteracted by sufficiently efficient cooling. There are three
possibilities:

1. The cooling is such that the loop converges and the situation stabilises with a leakage
current below the threshold imposed by the power supply.

2. Thermal runaway: If the cooling efficiency is not good enough, the loop does not
converge and temperature and leakage current keep rising. Once the leakage current
is beyond the capacity of the power supply, the voltage channel trips and the
corresponding modules are lost for operations. An example of a thermal runaway
was observed in a strip tracker power group with a degraded cooling contact, see
Figure 3.7.

3. The third scenario has the same result as the second one: If the cooling is theoretically
good enough to prevent a thermal runaway but the point of equilibrium lies beyond
the power supply limit, the power supply still trips.
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Figure 3.6.: Top: The change of the leakage current with fluence. Bottom: After irradia-
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Taken from [2].
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Figure 3.7.: A thermal runaway was observed for one power group (out of 2000) with a
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known issue of degraded cooling contact leading to high operational temper-
atures (~ 30 °C). The combination of bad cooling contact and high radiation
levels led to a point where the leakage-current-induced temperature increase
of the power group could no longer be compensated by the cooling system,
leading to a self-amplifying leakage current behaviour: As the HV channel 2 is
switched on, the sensors of both channels started heating each other, being
placed back to back. After a trip of the HV channel 1 occurred at the power sup-
ply limit, the second HV channel’s current and temperature stabilised again. In
order to continue operation of the channel, the bias voltage had to be lowered.
Taken from [33].



4. The Large Hadron Collider
and the CMS experiment

4.1. The Large Hadron Collider at CERN

The circular underground tunnel of the LHC at CERN has a circumference of 27 km. In
two beam pipes, bunches of particles are accelerated in opposite directions to almost the
speed of light. An overview of the accelerator complex is shown in Figure 4.1.

Primarily, the LHC is colliding protons, but about four weeks per year are dedicated to
collisions of heavy ions. The protons stem from an ordinary hydrogen bottle. Electrons
are stripped from the hydrogen gas atoms by means of a strong electric field in the
Duoplasmatron. The remaining nuclei pass through several pre-accelerators. Electric
fields in radio-frequency cavities are used for accelerating the beam and simultaneously
portioning it into bunches. The beam energy is raised to 50 MeV in Linac 2, 1.4 GeV in the
Proton Synchrotron Booster, 25 GeV in the Proton Synchrotron, and then 450 GeV in the
Super Proton Synchrotron.

Finally, the proton bunches are injected into the LHC where they are accelerated to the
final collision energy. After operating at 3.5 TeV and then 4.0 TeV per beam in the years
between 2010 and 2013, the current energy per beam is 6.5 TeV. The design beam energy
of the LHC is 7.0 TeV and is targeted after LS2.

An ultra-high vacuum of 107 bar is maintained inside the beam pipes to reduce
interactions of the accelerated particles with molecules as much as possible.

Dipole magnets deflect the beam onto the roughly circular orbit of the accelerator.
Quadrupole magnets defocus and focus the beam, thereby keeping it safely in the centre of
the pipes and also providing the desired beam cross section when the beams are collided.
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The CERN accelerator complex
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Figure 4.1.: The accelerator complex at CERN. The sketch features the pre-accelerators to
the LHC, the LHC ring itself, and the four big LHC experiments ATLAS, CMS,
LHCD, and ALICE. Taken from [34].

4.2. Experiments at the LHC

Four major experiments are placed along the ring. In their focus lies an interaction point (IP)
each, where the two beams cross and statistically some of the protons collide. The physical
processes that then take place, produce a number of outgoing particles. When traversing
the detectors, they generate signals which are selectively read out and stored for further
analysis. The underlying physical processes can be studied by comparing theoretical
expectations with experimental observations from collision data.

Two of the four big detectors are specialised on a specific physics topic. LHCb (b
for beauty) is examining events related to b-quarks and b-antiquarks to gain a better
understanding of the asymmetry of matter over antimatter in the universe. The detector
ALICE (A Large Ion Collider Experiment) was designed for research related to the strong
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interaction by recording heavy ion collisions, in which a state called quark-gluon plasma
is created.

The other two big experiments however were built as versatile multi-purpose detec-
tors: ATLAS (A Toroidal LHC ApparatuS) and CMS. Both collaborations are searching for
signatures of yet unknown phenomena while working on increasing the measurement
precision of various properties of the known Standard Model forces and particles. ATLAS
and CMS had a common spotlight moment in 2012, when they announced the discovery
of the Higgs boson [35, 36, 37, 38].

4.3. The CMS detector

The CMS detector [39] consists of different layers and was designed to be virtually hermetic.
The subsystems are organised into a cylindrical barrel part placed symmetrical around the
IP. A cylindrical coordinate system is used to describe the detector. The z axis lies parallel
to the beam pipe, with z = 0 marking the IP.

Endcap disks are mounted adjacent to the barrel in both plus and minus z direction.
The forward region is instrumented for a good pseudorapidity’ coverage (|| ~ 5 in case
of the hadron forward calorimeter, see Section 4.3.4, and |n| ~ 2.5 in the tracker).

The various layers of CMS have different functions in the process of detecting and
identifying particles that traverse the detector coming from the IP. Accurately measuring
both momentum and energy of the particles is the basis for particle identification.

Particle identification and reconstruction is done by the CMS Particle Flow algorithm [40,
41]. It uses combined information from all subsystems.

Naming the main subsystems from outside to centre, there are the muon chambers, the
solenoid magnet, the calorimeter, and finally the tracker, which is in close proximity of
the beam pipe. An image of the CMS detector is given in Figure 4.2.

A short introduction of the trigger system is given in the following; the subsystems are
described in more detail in the sections thereafter.

4.3.1. Trigger

The slots for particle bunches in the LHC currently have a 25 ns spacing, however not all
of the potential slots are actually occupied by a bunch. The bunch crossing rate is 40 MHz -
available bunch slots/occupied bunch slots. In 2018, about 50 inelastic collisions occur
per bunch crossing (pile-up). All of the subdetectors register particles originating from
these collisions through a signal that is created within an active volume (see Section 2.6.1
on signal induction in silicon detectors).

The full amount of data that is created could not possibly be read out and stored.

By any standards the events that are categorised as "interesting" for physics analysis are
statistically rare and thus only make up a small part of the data. This trait is exploited by a
trigger system: Across two stages the data are filtered through sophisticated decision trees

!Pseudorapidity 7 = —In (tan (%)) is related to the angle 6 between the particle’s momentum and the
beam pipe.
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and only a fraction of them is kept. An indication to read out and store the full detector
data of an event could for example be the occurrence of a muon with a momentum above
a defined threshold.

Despite the large data rate, CMS uses only two trigger levels. Instead of several hardware-
based trigger levels, the single hardware trigger of CMS is the Level-1 (L1) trigger [42]. It
already reduces the data rate to a peak 100 kHz based on information from the calorimeters
and the muon systems. In a second step, software algorithms on a computer farm called
the High Level Trigger (HLT) [43] further select events, thereby achieving the permanent
storage rate of 1 kHz [44].

The combined data from all experiments is processed by the Tier-0 server farm. The
CERN Data Centre itself hosts 11 000 servers with 100 000 processor cores [45]. From there,
the data is distributed to the World Wide LHC Computing Grid for further processing,
permanent storage, and analysis.

Figure 4.2.: View of the open CMS detector.

4.3.2. Muon chambers

The outermost layers in a typical high energy physics detector have essentially one task:
detecting muons and measuring their momenta. The muon chambers of CMS [46] start in
7.4 m and end in about 4 m distance from the IP. The absorption length A is the distance
after which all but 1/e of the initial particles have been stopped by a material. After
the more than 104 worth of calorimeters plus the magnet, only muons and neutrinos (or
hypothetical non-Standard Model particles) are likely to have survived the traverse. Yet
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only the charged muons will leave a signal in the gas detectors and can thus be identified
as such. For all other particles, the probability of interacting with the detector material
through ionisation, nuclear interactions, bremsstrahlung, or pair production is high enough
for them to be stopped before reaching the muon gas chambers.

There are three types of muon chambers used in CMS. Drift tubes (DT) in the barrel and
cathode strip chambers (CSC) in the endcaps are responsible for position measurement and
triggering; additionally, resistive plate chambers (RPC) in both barrel and endcap measure
position information and can trigger the readout of the full detector data of an event.

4.3.3. Solenoid magnet

A charged particle’s trajectory in a magnetic field will be curved due to the Lorentz force.
Thus a strong magnetic field is required to allow an accurate measurement of a particle’s
momentum by tracking its curved path in the muon chambers and the silicon tracker.

The 3.8 T superconducting solenoid magnet [47] is the eponym of the Compact Muon
Solenoid experiment. It creates a homogeneous magnetic field parallel to the beam pipe
inside its volume. The magnetic field also penetrates the muon chambers both in barrel
and forward region.

An important design feature is the size of the magnet’s coil. It contains not only the
pixel and strip tracker but also the electromagnetic and most of the hadronic calorimeter.
The placement of most of the calorimeter? within the magnetic coil has the advantage that
particles can be measured precisely in the calorimeter before they encounter the massive
magnet. This way, the muon system is closer to the magnet and the particle paths are
bent stronger within the muon system’s volume. The return yoke of the magnet, which
confines the magnetic field to the CMS detector volume, consists of massive layers of iron
interleaved with the muon chambers (white in Figure 4.2).

4.3.4. Calorimeter

The barrel and endcap sections of the hadronic calorimeter (HCAL) [48, 49] of CMS
are what is called a sampling calorimeter, with alternations of brass layers serving as
absorber and plastic scintillator layers in-between. An additional section of the HCAL is
the forward calorimeter [50], which instruments the area close to the beam pipe It is based
on Cherenkov radiating quartz fibre.

The electromagnetic calorimeter (ECAL) [51] of CMS on the other hand is homoge-
neous. This means that it consists of a material that works as absorber and scintillator
simultaneously. Lead tungstate crystals are used for this purpose.

Key requirement for a calorimeter is its good energy resolution. The ECAL and HCAL
also have the task of measuring jets and missing transverse energy, explained in the follow-
ing. Both are signatures of importance for the L1 calorimeter trigger and HLT as well as
later analyses.

20nly the Hadronic Outer calorimeter (HO) and Hadronic Forward (HF) calorimeter are situated outside
of the magnet. The task of the HO is to catch tails of hadron showers which may punch through the
magnet.
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Since the sum of transverse momenta before a collision is zero®, this is also true for all
outgoing particles after the collision. Neutrinos only interact via the weak force. They are
therefore likely to escape the detector without generating any signal. Their presence only
becomes obvious through missing transverse energy*.

Elementary particles interacting via the strong force carry colour charge® and cannot
exist individually. They will form composite particles with a net colour charge of zero
called hadrons. Since the primary quark or gluon usually has a high velocity, the resulting
particles all fly in a similar direction. These cones of particles are called jet in the detector.

4.3.5. The strip tracker

Another characteristic of the CMS design is the all-silicon tracking system. 206 m?® of
silicon have been used to build the strip tracker [4].

The amount of material must be kept as low as possible in order to reduce multiple
scatterings and minimise the influence on later energy measurements in the calorimeter.
The silicon sensors of the tracker are attached to a stiff and very light carbon fibre structure
with good thermal conductivity. Cooling, readout fibres, and cabling are also supported
by the carbon fibre.

The main task of the tracker is to record precise position information of particles.
Charged particles’ tracks are bent in the magnetic field and their momentum as well as
the sign of the charge can be determined from the curvature.

A multitude of sensor hits is recorded for each bunch crossing and the tracking algo-
rithms have the task of disentangling and combining them to individual particle tracks.
These are subsequently used to reconstruct vertices. The two-dimensional position resolu-
tion of the strip tracker is in the order of several 10 pm [52].

The strip tracker [53, 54, 55] is structurally devided into four regions: Tracker EndCap
(TEC), Tracker Inner Barrel (TIB), Tracker Inner Disks (TID), and Tracker Outer Barrel
(TOB), see Figure 4.3. Their total of 10 layers and 3 plus 9 disks on each end cover the
range between 22 cm and 115 cm in radius, 5.4 m in total length and a pseudorapidity
region down to |5| < 2.5.

More than 20 different module designs can be found among the 15148 strip modules.
Resistivity and physical dimensions are adapted to radiation exposure and overall geometry
requirements. The characteristic wedge shape of the disk and endcap strip sensors reduces
the overlap of modules.

Some layers and rings have double-sided stereo modules which are mounted back-to-
back. The two modules are installed with a stereo angle of 100 mrad between their strip
orientations. This improves the z resolution. The small angle was chosen in order to
keep the combinatorics of hits in the two modules at a reasonable level despite the high

3Even though proton or ion constituents usually have a momentum component transverse to the proton
beam, at nearly the speed of light it is mostly negligible in the LHC’s high energy collisions

* Apart from neutrinos, hypothetical long-lived neutral particles, interacting only via the weak force or
some new interaction outside of the known Standard Model of Particle Physics, are a potential cause of
missing transverse energy

>Quarks and gluons are the elementary particles which have colour charge in the Standard Model
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Figure 4.3.: Schematic layout of a quadrant of the CMS strip and pixel Phase-1 tracker. The
pixel tracker layers and endcaps are shown in green. Strip tracker single layers
are represented by red lines, double layers with stereo modules are indicated
by blue lines. Adapted from [56].

occupancy in the LHC environment. Stereo layers are TIB and TOB L1 and L2, as well as
rings TID R1 and R2, and TEC R1, R2, and R5 (compare Figure 4.3).

The front-end readout chips APV25 (analogue pipeline voltage chips), are wire-bonded
to the strips. They were specially developed to cope with the short 25 ns bunch crossing
intervals of the LHC. The design is radiation hard and has low noise contributions. From
the APVs, the signal is further transmitted via an analogue optical link to the front-end
drivers (FED), where it is digitised. The data amount in the strip tracker is independent of
hit activity, therefore power consumption is fairly stable. Consequently the temperature
environment is also stable compared with the pixel tracker, see Section 4.3.6.

Radiation damage (see Section 3.3) is the reason why the tracker is cooled down during
operations and warm-up periods (which might be necessary for technical interventions)
are usually kept as short as possible. However, short warm-up periods can be a tool to
exploit the short-term annealing, thereby lowering the depletion voltage. Annealing is
accelerated for higher temperatures and is almost fully suppressed at low temperatures
(T < 0°C). The short-term annealing Nj is beneficial for the CMS tracker; it partly reverses
the radiation damage and therefore leads to a gain in depletion voltage. Contrarily the later
onset of reverse annealing Ny is detrimental, as the depletion voltage evolution progresses
further with it.

The strip tracker is cooled by a monophase liquid cooling system. Further an active®
thermal screen (TS) between the tracker and the ECAL keeps up a temperature gradient
from -10 °C on the inside to approximately room temperature on the outside, even when
the subdetectors are switched off. Both the main cooling system and the TS use C¢Fy4 as
cooling liquid.

The thermal screen can simultaneously cool its inside while heating the outside by dedicated heating foils.
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4.3.5.1. CMS p-in-n AC-coupled microstrip sensor

A p-in-n microstrip design was chosen for the CMS strip tracker. The n-doped bulk
comprises most of the volume of the sensor and consists of non-oxygenated float-zone (FZ)
silicon. Float-zone refers to the growth technique of vertical zone melting. The melting
is confined to a narrow zone of the material, which vertically passes through this zone.
The technique results in a very pure material. Intentional introduction of impurities like
oxygen may or may not be achieved by diffusion processes afterwards.

A low-resistivity material was chosen for the benefit of a high initial depletion voltage
(compare Equation (2.38)), which means that type-inversion occurs later. Thus the maxi-
mum bias voltage defined by the power supply limit is reached later under irradiation (see
Section 3.3 on the Hamburg model), due to the initial decrease of depletion voltage, before
it starts to rise again after type-inversion.

The percentage of sensor cells simultaneously carrying a signal at any one time is called
occupancy. A low occupancy is important for resolution of individual tracks. The strip
tracker was designed to have a maximum occupancy of 1—3 % . This was achieved through
cell granularity. p*-doped strips are implanted on the sensor front side, thereby segmenting
the surface into p-n junctions for a higher granularity. The p*-implants have a doping
concentration much higher than that of the bulk (indicated by the *). Consequently the
SCR spreads further into the n-bulk under bias voltage while thin implants are sufficient
to realise the full depletion of the bulk.

Bulk and strips are sealed off from the surroundings by a SiO; surface insulation layer.
An aluminium readout strip is placed over each implant on top of the SiO; layer. They are
capacitatively coupled to the p*-strips. The distance from the centre of one implant strip
to the next is called pitch.

Design and working principle of a microstrip sensor are sketched in Figure 4.4. In case
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particle capacitive coupling
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Figure 4.4.: Working principle of a p-in-n AC-coupled microstrip sensor, taken from [4].
The applied bias voltage enlarges the space charge region, which is depleted
of free charge carriers, across the sensor n-bulk. Electron-hole pairs generated
by traversing ionising particles are separated by the bias voltage. Transport of
charge carriers towards the readout electrodes leads to a signal.
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of a reverse-biased p-in-n detector, the strip implants are on ground and the n**-backplane
is on high voltage (HV) potential.

The electrons drift towards the n**-backplane, holes drift towards the front side readout
strips. The main contribution to the signal comes from holes, due to the properties of the
weighting field in the sensor (see section on signal induction, Section 2.6.1).

An important parameter in the strip tracker is the signal-to-noise ratio % It is crucial
to optimise % to yield the purest possible data.

Due to trapping (Section 3.4), signal decreases after irradiation. An increase of noise
(defined in Equation (2.49)) is mainly driven by the increase in leakage current described
in Section 3.6. Surface damage increases the load capacitance, which also results in higher
noise levels. Overall, the signal-to-noise ratio decreases under irradiation due to decreasing
signal on the one hand and rising noise contributions on the other hand. This must be
taken into consideration during the sensor design phase. A signal-to-noise ratio of 10:1 at
the end of life, after irradiation, was one of the design requirements of the strip tracker [53].
To some extent noise is unavoidable, but design parameters and operational settings can
be chosen to minimise it.

In case of the strip tracker the total (load) capacitance is approximately a function of
the width-over-pitch ratio due to a subtle interplay between interstrip and backplane
capacitance [54]. It may be parametrised as

w .
Cload = Cinter-strip + Chackplane = (0.83 + 1.67;) pF per cm strip length. (4.1)

making strip length an important design parameter of a sensor [4]. Direct consequence of
the maximum occupancy goal of 1 — 3 % are the strip lengths, which range from 8.5 to
20.2 cm [55].

Sensors with smaller strip lengths have lower noise contributions from Cio,q (compare
Equation (4.1)). To meet the requirement of a good signal-to-noise ratio, the smaller
signal yield of a thinner sensor (shorter tracks, thus less deposited charge) is sufficient.
The radiation dose closer to the beam pipe commands the use of thinner 320 um sensors
(TIB, TID, and TEC R1-4). They are more radiation tolerant due to Vg, o d?, compare
Equation (2.37).

At higher radii, occupancy goals can be met with larger strip lengths, which are less
expensive. This entails higher noise and therefore thicker 500 pm sensors with larger
signal have to be used in TOB and TEC R5-7.

4.3.6. The pixel tracker

2 m? of silicon have been used to build the pixel tracker. Radiation-induced damage from
charged hadrons was found to saturate in oxygenated silicon, as described in Section 3.2.
This trait is exploited in the CMS pixel tracker, where charged hadron fluence is high; the
sensors have an n-doped diffused-oxygenated float-zone (DOFZ) silicon bulk and n*-doped
implants.

At the low radii of the pixel tracker, where particle tracks are much denser than in the
strip tracker, a higher granularity of detector cells is necessary to keep the occupancy low;
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The goal was to stay below 1 % occupancy. Pixel instead of strip sensors are needed here.
Position resultion in the pixel tracker is < 10 pm.

Due to the high granularity, wire-bonding to a readout chip was not an option. Instead,
readout chips (ROC) of the same geometry are placed on the front side of the pixel sensor.
Each of the pixel cells is connected to a readout channel on this chip via small metal dots,
the bump bonds. In the ROCs, zero-suppression is applied: Only hits with a signal above a
defined threshold are kept. The signal is amplified and then stored on the edge of the chip
until the trigger confirms further processing. The digital activity in the pixel tracker, and
consequently the temperature, depends on hit activity.

In the Phase-0 detector, 1440 pixel modules had equipped the then three barrel layers
(BPIX) and two forward disks (FPIX); when upgrading to Phase-1, the number was in-
creased to 1632 modules. During Phase-0, the barrel had 3 barrel layers at r = 4.4,7.3, and
10.2 cm and 2 forward disks on each side of the barrel at z = +34.5 and z = +46.5.

The currently installed four layers of the Phase-1 pixel barrel span the range between
3 cm and 16 cm in radius and z = +27.4 cm along the beam pipe. Adjacent to the barrel
cylinder are the three Phase-1 disks in the forward regions up to z = £51.6 cm.

The cooling of the pixel tracker was achieved with perfluorohexane (C¢F;4) during
Phase-0, but has been changed to a two-phase cooling with CO; for Phase-1. The Phase-0
modules were attached to the carbon fibre support structure with silicon nitride base
strips; the same mechanical layout was applied for the Phase-1 layers 2-4. The Phase-1 L1
modules are directly attached to the carbon fibre structure with thermal paste, thereby
achieving better cooling efficiency.

4.3.6.1. CMS n-in-n hybrid active pixel sensor

Metal Contact via
10 Bump pad| Bias dot

; T T
R SRR RS

b

i
SRR

150
Full dose p-spray n-Implant

Figure 4.5.: Pixel cell close-up. The design choice fell upon diffused-oxygenated float-zone
silicon [28]. Visible are the n**-implants and bump pads. p-spray isolation
increases the resistivity between neighbouring cells. Taken from [57].
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An n-in-n Hybrid Active Pixel Sensor (HAPS) design has been chosen for the pixel tracker.
The technology is comparable to microstrip sensors with an increased density of cells.
Both Phase-0 [53, 58] and Phase-1 [59] pixel cells have a (100 X 150) um? surface and a
thickness of 285 pum. The layout of a CMS pixel is shown in Figure 4.5.

A full pixel sensor consists of 66560 pixel cells and is read out by 2 X 8 Readout chips,
as shown in Figure 4.6. The sensor is bump-bonded back-to-back with the ROCs. The
ROCs are glued to silicon nitride base strips, which in turn are screwed onto the support
structure [60]. The HDI (high density interconnect), TBM (token bit manager), and SMD
(surface mount device) component also depicted in Figure 4.6 are all part of the readout

structure.
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Figure 4.6.: Pixel module transect, taken from [61].
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5. Modelling of the CMS strip tracker
leakage current and depletion voltage

5.1. Foundations and previous results

The following chapter ties in with the 2013 dissertation of Christian Barth [1]. His work
yielded insights, methods, and results concerning the modelling of strip tracker macro-
scopic parameters. The modelling tool described in [1] was adjusted in order to update
the strip tracker results. Previous results include i.a. the prediction of leakage current,
depletion voltage and expected number of thermal runaways in the strip tracker after
400 fb™! on a per module basis or per high voltage (HV) group'.

Since both the Ve, and leax models depend on parameters like temperature and fluence,
which constantly change in the LHC environment, a step-by-step calculation is performed.
The principle is illustrated in Figure 5.1.

lllustration of principle

4 %

day 0 day 1 day2 day 3 day4 day>d
—e—|leak d1 —e—|leak d2 lleak d3

Figure 5.1.: [llustration of the underlying principle of the modelling tool: A step-by-step
calculation of radiation damage impact on depletion voltage or leakage current
is performed. Taken from [62].

For each time segment the radiation impact on the parameter in question is calculated.
For the leakage current, the model described in Section 3.6 is used, and the depletion voltage
was obtained from the Hamburg model according to Section 3.3. Annealing calculations
are performed for each day’s radiation damage separately and eventually the results are
superimposed.

!0One HV group contains several modules.
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5.2. Input parameters for the strip tracker modelling

The input for the strip tracker script remained largely the same as in [1]. The tool was
extended to include the year 2023. Five day periods are the base time blocks for the
computing-intense calculations for all modules of the strip tracker. This time granularity
is sufficient, as the temperature environment in the strip tracker is quite stable, see
Section 4.3.5.

A strip specific Hamburg parameter set [1, 63] is used for the calculation of the depletion
voltage. The leakage current parameters were given in Section 3.6.

5.2.1. Fluence

Sophisticated simulations of the detector geometry, material, and resulting radiation
distribution in the CMS detector are performed by the BRIL (CMS Beam Radiation In-
strumentation and Luminosity) RS (Radiation Simulation) group. The fluence input for
this thesis was obtained from FLUKA [64, 65], a fully integrated Monte Carlo simulation
package.

A FLUKA simulation of the fluence at 7 TeV beam energy is used (CMS FLUKA study
v.3.9.0.0). It is scaled to the other beam energies via the proton-proton crosssection. NIEL
scaling is approximately valid for non-oxygenated silicon, and contributions from charged
and neutral particles do not require separate treatment as in the pixel tracker.

The (r, z) position of each module’s centre in the cylindrical coordinate system of the
experiment is used to extract the corresponding bin entry from the FLUKA matrix. As
CMS is mostly symmetric in ¢, the FLUKA results are averaged in this regard.

5.2.2. Delivered integrated luminosity

The delivered integrated luminosity since 2010 will be ~190 fb~! by the end of Run 2. A
scenario for a total 500 fb~! integrated luminosity by the end of Run 3, shown in Figure 5.2,
is assumed for the 2023 predictions in this chapter. This is consistent with the current
prognosis of an integrated luminosity of 300 fb™! in Run 3. Predictions of the modelling
tool for 600 fb™! after Run 3 can be found in Appendix A.3.

5.2.3. Numerical correction to depletion voltage for strip geometry

The diode approximation, which was used in Section 2.7.1 to obtain Vg, from Neg via
Equation (2.37), is not accurate enough for a sensor with strip geometry; the finite pitch p
and width w of the strip implants change the electric field in the sensor compared to a
diode, and thus influence the depletion voltage.

The increase in depletion voltage for an AC-coupled junction-side microstrip detector
has been derived in [66] to be

€ w
Vdep,strip = Vdep,diode (1 + % e+ 1A0 (_)) (5.1)
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Integrated luminosity in fb™

[3,]
[=]
o

3

Int. Luminosity /fb™

300

200

100

1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
01/01/12 31/12/13 01/01/16 31/12/17 01/01/20 31/12/21
Time

Figure 5.2.: The integrated luminosity scenario which served as an input for the strip
tracker parameter predictions of Section 5.4. A delivered integrated luminosity
of 100 fb~! was assumed for each year in Run 3.

where

r|1-% il
Ao(w) :ﬁ/ (5] xsing dx (5.2)
0

p 4 [cos x + cos 7[%

is a constant defined by the detector geometry.

In the calculation of the strip sensors’ depletion voltage, the value ¥ = 0.25 is used. For
a sensor of thickness d = 320 um, the geometry correction is a ~ 23 % effect. For thicker
500 um sensors, the increase is still 15 % compared to Viep diode-

5.2.4. Tracker maps and temperature distribution in the strip tracker

Parameter distributions in the strip tracker, for which a per-module or per-HV group
resolution is of interest, are typically visualised by means of a tracker map. An example
is given in Figure 5.3. It shows a typical temperature distribution in the strip tracker,
measured during Run 2.

A schematic layout of the strip tracker with the subdetectors TIB, TOB, TEC, and TID
was given in Figure 4.3. The rectangles in the centre of the tracker map correspond to
one layer of the barrel region each, unfolded into a flat shape. Starting from TIB L1 on
the bottom left, which directly surrounds the pixel tracker, increasing layer numbers
correspond to increasing radius. The endcaps and disks (D) are projected onto a circlet
area. Numbering of their rings (R) — although not shown in Figure 5.3 - starts from inner
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5. Modelling of the CMS strip tracker leakage current and depletion voltage

rings and increases towards higher radii. Plus + and minus - indicate the z position with
respect to the IP.

Figure 5.3.: Tracker map of the temperature distribution in the strip tracker. Visible features
are explained in Section 5.2.4.

The white spots occur where information is missing. Reasons are either the failing
readout as in TOB L4, TIB L1-4 and TEC or unstable control chain circuits, where detector
control unit (DCU) readings are unavailable. Parts in TOB L3, TID- D2, TIB L3, and TIB
L3 are only passively cooled by surrounding modules. Some parts in the detector have
degraded cooling contacts. This explains the warm spots in TIB L1 and TIB L2. Since it
is more difficult to cool the double modules with twice the power dissipation and worse
cooling contacts, layers featuring stereo modules tend to be warmer (TIB L1 and 2, TOB
L1 and 2, TID R1 and 2, TEC R1, R2, and R5). The temperature patterns will also be visible
in the depletion voltage and leakage current in the following sections.

From 2010 until 2012, the cooling plant ran at 4 °C. After LS1, the cooling temperature
was lowered to —15 °C, then further lowered to —20 °C after YETS 17/18. Depending on
detector parameters, a cooling set point between —20 °C and —25 °C is considered a viable
future option for Run 3. The lower limit is —25 °C, the minimum achievable temperature
by the cooling plant.

Thermal contacts % (compare Section 3.6.1) have been extracted for each individual
module [1]. Since Vias, fleak, and Tj are constantly monitored in the strip tracker, corre-
lating power and temperature allows the calculation of %:

dp
Woiaslleak = P = ﬁTsil (5~3)

Occasional missing measurement information was replaced in the tool by a suitable thermal
contact value comparable to those of the surrounding modules.

The procedure to obtain the temperature input for the modelling of the leakage current
and depletion voltage in the strip tracker is described in the following.
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5.3. Comparison with data: Depletion voltage drop

+ For each module, a reference temperature measurement serves as a starting point
for the calcuation. This reference measurement has been taken with the cooling set
point at +4 °C.

+ A simplified temperature scenario is assumed, mimicking the cooling set points
during operation. Future scenarios of the years after LS2 were based on the available
schedule of the LHC Programme Coordination. In the future, 120 days at a room
temperature of RT = 20 °C are budgeted for, otherwise temperatures are assumed at
0 °C for LS2 and all YETS.

« For each individual module, the offset between the reference module temperature
measurement and the cooling set point at the time of the measurement, 4 °C, is
propagated to each subsequent cooling set point, to obtain a base temperature
scenario.

« An implementation of the self-heating loop described in Section 3.6.1 takes care of
the module’s temperature- and leakage current increase under irradiation. It makes

use of the g—; measurements described above.
The resulting temperature evolution of one example module, as calculated by the modelling
tool, is shown in Figure 5.4.

Temperature (TIBminus_1_2_2_1, DETID: 369121385), 500 fb™' scenario
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Figure 5.4.: Exemplary temperature evolution of a representative TIB L1 module until the
end of 2023, as calculated by the modelling tool. The impact of self-heating is
visible in the rising temperatures during operation periods.

5.3. Comparison with data: Depletion voltage drop

After resuming work with the strip tracker tool and successfully reproducing previous
results, further cross-checks with data were made.
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5. Modelling of the CMS strip tracker leakage current and depletion voltage

While CV curves are used to determine the full depletion voltage during R&D sensor
characterisation, it is not possible to measure capacitances of the CMS silicon sensors
during detector operation. Other macroscopic parameters are expected to saturate for bias
voltages above Vgep:

Cluster width, or Cluster size (CS) for pixels, is the total number of cells which share the
charge collection from one track.

Cluster charge (CC) is the amount of charge deposited in the sensor. It depends on
the track length in the sensor, to which it is consequently normalised. The track length
differences are corrected by normalising the charge to the shortest possible track length
(perpendicular to the sensor).

Depletion voltage data points are obtained from HV bias scans, during which the bias
voltage is varied stepwise. Two kinds of signal bias scans exist in the strip tracker: Once per
month, a small bias scan is performed, which can be done parasitically during data-taking,
since only a small subset of the power supply units (PSU) is participating. Full scans need
dedicated time slots and are performed twice per year.

Detector data is subsequently analysed to obtain the variables cluster width and cluster
charge. An exemplary cluster width distribution with the rising flank and a plateau is
shown in Figure 5.5. The kink position marks the bias voltage of what is interpreted as
the depletion voltage. An algorithm for the extraction of the kink position had already
been developped by the strip tracker community. Figure 5.5 features an example of the
linear fitting method.
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Figure 5.5.: Example of the linear fit algorithm to cluster width data from HV bias scans.
The aim is to extract the full depletion voltage which marks the point at which
the variable saturates. Taken from [33].

A recent compilation of the bias scan results yielded the evolution of the full depletion
voltage of each layer in the strip tracker. In order to anchor the modelling results to
current data, the depletion voltage drop with fluence was simulated and compared with
the already available data plot. Both are juxtaposed in Figure 5.6. The data points follow a
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5.3. Comparison with data: Depletion voltage drop

slight up-and-down modulation from one scan to the next. This is caused by annealing
behaviour during the YETS and visible in the start-of-year scans, while the depletion
voltage in the mid-year scans after irradiation tends to be higher.

The depletion voltage evolution is very similar in the data and the simulation. In both
cases the thicker TOB sensors with d = 500 pm show a steeper slope in the drop of depletion
voltage compared to the 320 pm TIB sensors due to Vgep o< d* (compare Equation (2.37)).
The thicker modules will undergo type-inversion first.

The comparison confirms the reliability of the modelling tool for the strip tracker in
terms of depletion voltage.
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5. Modelling of the CMS strip tracker leakage current and depletion voltage
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Figure 5.6.: Top: Data from bi-yearly full scans up to April 2018 was averaged for each of
the TIB and TOB layers. Fluence was calculated from FLUKA simulations and
delivered integrated luminosity. Reference values of the initial depletion volt-
age are from laboratory measurements. Bottom: Modules with representative
temperature histories in TIB and TOB were chosen and their depletion voltage

evolution modelled up to similar fluences.
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5.4. Future projections

5.4. Future projections

5.4.1. Strip tracker depletion voltage after Run 3

Based on the input parameters described in the previous sections, the depletion voltage was
modelled. The resulting tracker map with projected depletion voltages after an integrated
luminosity of 500 fb™! is shown in Figure 5.7.

Figure 5.7.: The expected depletion voltage after 500 fb™! in the strip tracker. The depletion
voltage is predicted to stay well below the power supply limit of 600 V during
Run 3. Visible features are explained in Section 5.4.1.

A range of depletion voltages occurs and can be traced back to multiple key influences.

« The sensor thickness (see Section 4.3.5) plays an important role due to Vgep o d?.

« Warmer modules are subject to faster annealing. The temperature distribution
Figure 5.3 is therefore imprinted in the depletion voltage distribution. Double layers
tend to be warmer, compare Section 5.2.4.

« Initial depletion voltage dictates when type-inversion will occur. Specifications
allowed inital depletion voltages in a range of 100 —300 V. After Run 3, most modules
are past type-inversion.

« Radiation exposure decreases with the radial distance from the interaction point.
There is increased radiation in the forward region due to neutron backscattering
from the calorimeters.

A visibly higher depletion voltage occurs e.g. in TEC Disk 9 Ring 5 (the second ring
of this disk, counting from inside out). This roots in a combination of several factors. R5
has stereo modules which are harder to cool; it features thick 500 pm sensors; and it is
exposed to comparatively high radiation as it is positioned at intermediate radius and is
subjected to neutron backscattering near the calorimeter.
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5. Modelling of the CMS strip tracker leakage current and depletion voltage

Overall the depletion voltage predictions stay below 350 V in the whole strip tracker
until the end of Run 3. As the power supply limit is at 600 V, the margin is ample. It had
been shown in past studies that any operational temperature between —20 °C and —25°C
during Run 3 will lead to very similar depletion voltage predictions.

5.4.2. Strip tracker leakage current after Run 3

The leakage current prediction for after Run 3 in Figure 5.8 is again represented in a tracker
map. The input parameters have been described in the previous sections.
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Figure 5.8.: The expected leakage current per module after 500 fb™! in the strip tracker.
The leakage current simulation is known to underestimate the data by about
20 %. Some regions approach critically high values, where the risk of thermal
runaways is imminent. Visible features are explained in Section 5.4.2.

The spread in the leakage current values has again several origins. Different sensor
volumes, individual radiation exposure of the modules, but most critically temperature
have an impact on the leakage current evolution.

Previous studies had shown that the leakage current simulation results underestimate
the data by 20 %. The discrepancy was fairly constant over time in the past. This has to
be kept in mind when interpreting the predictions. Even with the lowest possible cooling
set point at —25 °C, some modules’ leakage current reaches critically high values, at which
a thermal runaway may evolve. Some of the white spots in the tracker map in Figure 5.8
correspond to missing input information, however some represent thermal runaways
predicted by the simulation. The concerning modules are highlighted in Figure 5.9.

Most of the 307 simulated thermal runaways occur in the double layers TIB L1 and
TIB L2, where suboptimal cooling (Figure 5.3) boosts the self-heating effect. In combination
with high radiation exposure, the radiation-induced leakage current increase is substantial.
Further clusters of thermal runaways occur in hot spots in TIB L3 and TID- D2.
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T
- 4

Figure 5.9.: The expected distribution of thermal runaways after 500 fb~! in the strip
tracker. The simulation predicts a total number of 307 thermal runaways.
More details are given in Section 5.4.2.

If the cooling set point during Run 3 is higher than —25°C, or delivered integrated
luminosity exceeds the 500 fb~! which are assumed in the applied scenario, the leakage
current values will be higher and more thermal runaways will occur. Tracker maps for a
600 fb™! scenario with cooling at —25 °C can be found in Appendix A.3.

The occurrence of thermal runaways versus fluence is shown in Figure 5.10. To get a
better understanding of the thermal runaway evolution in the strip tracker on a global
scale, a hypothetical 1000 fb™! integrated luminosity scenario was simulated in addition.

According to Figure 5.10, the lowest risk of thermal runaways is in the TOB?. The
radiation exposure in TOB is comparatively low and cooling is mostly satisfactory, thus
barely any thermal runaways in TOB are expected before reaching 1000 fb™!. Only few
TID modules are predicted to develop thermal runaways in the 500 fb~! scenario, and
between the 500 fb~! and the exaggerated 1000 fb™?, only few additional TID modules are
affected. The same statement can be made about the TIB L3 and L4. On the other hand, the
double layers TIB L1 and TIB L2 show a significant increase in thermal runaway numbers
from one scenario to the other. TEC modules, which are not affected at all in the realistic
500 fb~! scenario, make a substantial contribution to thermal runaway numbers in the
1000 fb~! scenario.

The overall shape of the histogram distribution shows a step up in numbers around
80-10'? MeV neq/cm?. It must be remembered that fluence in Figure 5.10 does not represent
a globally valid alternative time scale; each module progresses in radiation exposure with
individual speed, depending on its geometrical position in the tracker. For example a
thermal runaway in TIB L1 may occur at a higher total fluence, but at an earlier point in

21t consists of thicker 500 um modules, and is therefore expected to reach the limit before TIB L4 with the
thin 320 um modules.
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5. Modelling of the CMS strip tracker leakage current and depletion voltage

time compared with some TIB L4 module. The latter is positioned at a higher radius and
thus exposed to less fluence in the same extent of time.

It looks from the number of thermal runaways versus delivered integrated luminosity
in Figure 5.11, as if the beginning of Run 3 at 300 fb~! marks a point beyond which the
occurrence of thermal runaways may become more frequent. This coincides with notably
higher integrated luminosities per day in the underlying luminosity scenario. Beyond
it, the rate of occurrence increases slowly but steadily, yet without any sudden point at
which a drastic increase in thermal runaway numbers must be expected, even if the strip
tracker is exposed to more than the realistic 500 fb™! of integrated luminosity.

A critical subject related to leakage current in the strip tracker is the per-HV group
leakage current. The maximum is at 12 mA per power supply. Previous studies had shown
that a cooling set point of —25 °C instead of —20°C ameliorates the situation. It will be
crucial to monitor the leakage current per HV group during Run 3.

As the depletion voltage will stay well below any critical limit, and thus even some
reverse annealing could be taken, warm-up phases during shut-downs for beneficial leakage
current annealing might be a tool in the future. The regions with the highest predicted
depletion voltage, especially TEC D9 R5, should in that case be carefully monitored
regarding the reverse annealing of the depletion voltage.
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Figure 5.10.: Occurrence of thermal runaways versus fluence for both the realistic 500 fb™!
scenario and a hypothetical 1000 fb™! scenario.
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Figure 5.11.: Occurrence of thermal runaways versus luminosity for a hypothetical
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1000 fb™! scenario. Though the occurrence rate is rising continuously, no
sudden increase in thermal runaway numbers is predicted for beyond the
currently prognosed 500 fb~!.



6. Modelling of the CMS pixel tracker
leakage current and depletion voltage

Based on the available strip tracker modelling tool, a similar tool was developed for
the pixel tracker. The simulation step size of one day was chosen for the pixel tracker
studies, due to the higher fluctuations in temperature compared with the strip tracker
(Section 4.3.5).

The main sources of uncertainties from input parameters to the pixel tracker modelling
tool were identified as

« Silicon temperatures, especially important for the leakage current
« Hamburg parameter set for the calculation of the depletion voltage
+ Modules spanning a range of several mm in radius

The listed input parameters were varied separately to evaluate the sensitivity of the
depletion voltage, while the rest was set to the best estimate value. This was done for
both Phase-0 and Phase-1; The Phase-0 depletion voltage modelling results serve as an
example in the following section.

6.1. Input parameters for the pixel tracker modelling tool

6.1.1. Fluence

The DOFZ silicon of the pixel sensors requires separate Hamburg parameter sets for neutral
and charged particles (compare Section 3.2). The BRIL group provided FLUKA studies for
6.5 TeV beam energy with split neutral and charged particle contributions. Version tags
are CMS FLUKA study v3.20.1.0 for the Phase-0 pixel tracker geometry and CMS FLUKA
study v3.23.1.0 for the Phase-1 geometry. The FLUKA study uses track-length binning and
is scored to the neutron equivalent fluence. It was normalised to an integrated fluence
value per fb™!, which was subsequently scaled with the integrated luminosity per day.

Fluence changes rapidly with radius, especially in the inner pixel layers, and so a high
granularity binning of 1 mm in r was paramount. 1 cm binning in z is sufficient, as the
simulated fluence is very homogeneous in z across the tracker volume (see Section 6.4.3)
and this way the barrel modules are wider than the chosen binning. Depletion voltage
and leakage current are modelled for each barrel layer at z = 0 cm.

The modelling of leakage current and depletion voltage is only done for an average
radius per layer. The average Phase-0 and Phase-1 layer radii are listed in Table 6.1, along
with radii of inner and outer ladders of each layer.
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6. Modelling of the CMS pixel tracker leakage current and depletion voltage

Phase-1 L1 L2 L3 L4
Inner ladder radius (in mm) | 27.39 65.78 107.08 158.15
Average radius (in mm) 28.98 67.57 108.725 159.805
Outer ladder radius (in mm) | 30.56 69.35 110.37 161.46
Phase-0 L1 L2 L3
Average radius (in mm) 4.38 7.28 10.15

Table 6.1.: The average radius of each pixel barrel layer was used as input for the modelling
of Viep and lieax. Inner and outer radii of Phase-1 are calculated from the sensors’
centres of inner and outer ladders respectively [67]. For Phase-0, a generic
+0.15 mm offset was applied on the average layer radius to approximate the
inner and outer radius.

The fluence exposure of a module depends strongly on its radial distance r from the
beam pipe. Since modules are planar and the design of a layer features alternating inner
and outer ladders of modules as sketched in Figure 6.1, the modules of one layer span a
range of several millimetres in r. Figure 6.2 gives an impression of the depletion voltage

g

W%

Figure 6.1.: Schematic crosssection of the Phase-1 pixel barrel showing the placement of
ladders with modules attached, as well as the position of the cooling loop pipes.
Taken from [59].

spread expected within one pixel barrel layer solely attributed to different radial positions
of modules.

A rough expectation for the fluence in the detector would be a o« r~2? dependence.
Consequently the impact of the radius variations in Figure 6.2 is greatest for L1, with
depletion voltage differences of about 50 V between inner and outer radius. However,
as the difference between the inner and outer layer radii in Figure 6.2 is only 3 mm, the
FLUKA granularity of 1 mm in r already plays a role and results are not expected to be
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6.1. Input parameters for the pixel tracker modelling tool

Phase-0 pixel depletion voltage simulation: Impact of radius (FLUKA)

CMS FLUKA study v3.20.1.0 CMS Work in Progress
L1, inner radius: mid-layer-1.5mm

L1, mid-layer radius: 4.38cm

L1, outer radius: mid-layer+1.5mm N r\[
L2, inner radius: mid-layer-1.5mm

L2, mid-layer radius: 7.28cm l/ N
L2, outer radius: mid-layer+1.5mm I

L3, inner radius: mid-layer-1.5mm
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L3, outer radius: mid-layer+1.5mm
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Figure 6.2.: Impact of radius on the depletion voltage results. Since each of the three
Phase-0 pixel barrel layers consists of inner and outer ladders, which are
placed at different radii, inner ladders are expected to see correspondingly
higher fluences. For all following studies the mean value of inner and outer
radius is taken.

overly precise. In conclusion, the average radius of a layer is a reasonable choice for the
modelling tool, even though a small difference in depletion voltage is expected for the
L1 inner and outer ladders.

6.1.2. Delivered integrated luminosity

The official recorded integrated luminosity was obtained using the brilcalc tool [68]. It
extracts the luminosity measured by BRIL. A script from the strip tracker community
was then used to obtain the delivered integrated luminosity per day [69]. As luminosity
production was not yet finished at the time of writing, a scenario for a total integrated
luminosity of ~70 fb~! in 2018 in CMS was used; it has been progressively replaced by
newly available luminosity data. For Run 3, a 400 fb~! scenario was applied. The resulting
total integrated luminosity input scenario is shown in Figure 6.3.

6.1.3. Hamburg model and leakage current parameter set

The depletion voltage of the pixel barrel is modelled with two separate parameter sets for
neutral and charged irradiation contributions. This is necessary due to the NIEL violation
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Figure 6.3.: The delivered integrated luminosity per day was used as input to the mod-
elling script for Phase-1. Measured data were regularly updated, progressively
overwriting the realistic scenario which has been assumed for the future. The
resulting total integrated luminosity scenario is shown here.

of charged particles in DOFZ material described in 3.2. Two parameter sets for oxygenated
silicon were available: RD48 and CBoxy [29, 70], both of which assume a saturation of the
Hamburg model’s reverse annealing term, as it was found in laboratory studies [71]. While
the RD48 set is only implemented with saturation for charged particles, the CBoxy set
has been extracted in conjunction with a parametrisation which assumes saturation for
both the neutral and charged particles’ reverse annealing terms. A comparison is shown
in Figure 6.4.

Differences of up to 40 V between the two parameter sets occur in the outer L3, where
the discrepancy is largest. In case of the pixel Phase-0 scenario, the difference seems
to become smaller after a higher total fluence. The parameter set RD48 was found to
describe the Phase-0 depletion voltage data best. Contrarily, the second parameter set
CBoxy yielded a better description of the depletion voltage of the Phase-1 pixel, and was
used there instead of the RD48 set.

It was assumed that the leakage current parameter set given in Section 3.6 is valid, even
though it was extracted from measurements of different time and temperature ranges.
The temperature validity range of the parameter set in [2] lies between 21 °C and 106 °C,
and therefore above the application case of the pixel detector. Specifically for effective «
parameters above 6 - 107!7 A/cm additional short-term annealing components are expected
to enter the leakage current behaviour. Typical values for the pixel tracker during operation
lie between 6 - 10717 A/cm and 7 - 1077 A/cm.
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6.1. Input parameters for the pixel tracker modelling tool

Phase-0 pixel depletion voltage simulation: Impact of the Hamburg parameter set

CMS FLUKA study v3.20.1.0 CMS Work in Progress
L1, CBoxy set
L1, RD48 set
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Figure 6.4.: Two different parameter sets for oxygenated silicon were available, called RD48
and CBoxy. Differences between these two give an impression of the model’s
uncertainty.

6.1.4. Temperature

The pixel barrel has no direct silicon temperature measurements. The spatially closest
information available are measurements on the carbon fibre support structure near the
cooling loop just outside the barrel, whose average value will be denoted Tt in the following.
Precise estimations for the silicon temperature T; of the pixel sensors are an important
input to the modelling tool. Tj; is expected to increase with module power, compare
Section 3.6.1. The offsets AT = T — T¢f for each of the layers in the pixel tracker were the
missing information.

The module power is approximately! composed of the high voltage (HV) sensor power
Puv = Vhiaslleak and the low voltage (LV) ROC power that consists of a digital and an
analogue contribution, Pry = Pana + Paig:

Produle = Puv + Pry (6-1)

In order to understand the impact of temperature uncertainty on the depletion voltage
modelling, the temperature offset AT was varied, while all other input parameters were
kept fixed. The result in Figure 6.5 is again an example of the Phase-0 scenario.

Temperature offsets in Figure 6.5 were varied for a range of (ﬂ?(K ) around the Phase-0
best guess temperatures described in the following section. Although the impact on the

!Neglecting the power contribution of the Token Bit Manager (TBM) shown in Figure 4.6, compare [60].

59



6. Modelling of the CMS pixel tracker leakage current and depletion voltage

Phase-0 pixel depletion voltage simulation: Impact of temperature
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Figure 6.5.: Depletion voltage results depend on the estimated temperature offset AT added
to the cooling loop temperature T in order to estimate Tgj. Assumptions of
higher operational temperatures lead to lower depletion voltage predictions in
Phase-0: At high temperatures, annealing is accelerated and beneficial short-
term annealing decreases the depletion voltage. Detrimental reverse annealing
does not play a role for the considered operational temperatures mostly around
or below 0 °C.

depletion voltage in Figure 6.5 seems large, this range was intentionally exaggerated and
almost certainly contains the true silicon temperature.

In the following sections, the estimation of AT for Phase-0 and Phase-1 is described as
well as the underlying input temperature scenarios.

6.1.4.1. Silicon temperatures in the Phase-0 pixel detector

From 2010 until YETS 2011/12, the C¢Fy4 cooling set point was at +7 °C; It was then
changed to 0 °C until LS1, after which it was lowered to —10 °C. During LS1 the barrel had
been extracted. A temperature scenario with 80 days at room temperature of 20 °C was
assumed to account for the time during which work in the cleanroom has been performed.

The available Phase-0 temperatures were averaged for each day over all temperature
probes associated to cooling loops, to obtain the mean carbon fibre temperature T.¢. The
result is shown in Figure 6.6.

The Phase-0 mechanical design of the barrel layers resembles the design of the Phase-1
layers 2, 3, and 4. Even though the cooling mechanism and precise layout of the barrel
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Phase-0 Pixel - Database temperatures in °C

Temperature in °C
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Figure 6.6.: Averaged carbon fibre temperature Tt for Phase-0. It serves as a basis for the
estimation of Ty, for which an offset is added whenever the LV is on. The
resulting temperature scenario is used as an input to the depletion voltage
modelling in Figure 6.11.

is different in Phase-0, AT is assumed to be comparable. This allows to estimate the
temperature offset AT for each of the barrel layers L1-3 between T¢f and Tgjj. They loosely
follow the insights recently won from the laboratory studies described in the following
section. The final temperature offsets, which were added to T, in order to compute the
model curves in Figure 6.11, are ATy, = +3 K, AT, = +2 K, and AT;3 = +3 K

6.1.4.2. Silicon temperatures in the Phase-1 pixel detector and thermal mock-up studies

Three temperature sensors are placed on each cooling loop: Below the first, middle, and
last module of the cooling loop (In, Middle, Return). All three positions are on the edge of
the barrel, as indicated in Figure 6.7.

The unprocessed Phase-1 carbon fibre temperature data from the pixel barrel is shown
in Figure 6.8. T.f was obtained by averaging these measurements irrespective of the layer
association of the temperature probes, since no clear layer dependence was observed in
the temperature data.

The offset AT between Tir and Ty was derived from dedicated laboratory studies of
the pixel community. A mock-up layer 2 half-shell, largely identical to the real Phase-1
barrel layer 2, had been presciently constructed for precise temperature modelling [72].
Parameter settings like module power and cooling flow were chosen according to the
real detector environment. The module power was set to 2.9 W (for L2), split between
0.1 W HV power and 2.8 W from LV, compare Equation (6.1). The CO; cooling flow for
the mock-up was set to 2.5 g/s, which had been the setting in BPIX until TS2. The cooling
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6. Modelling of the CMS pixel tracker leakage current and depletion voltage

Figure 6.7.: The pixel barrel in the laboratory. Cooling loop pipes are installed in a zigzag
fashion. The position of two example cooling loop sensors is marked by white
circles.

liquid in the mock-up was brought to the working point two-phase state by pre-heating to
achieve the same conditions as in the real detector.

After the CO; enters the pixel barrel, the cooling temperature is dropping as the CO,
pressure decreases. As a result, the temperature spread observed in the thermal mock-up
is approximately +2 K around the average silicon temperature.

An anchor point was necessary to compare the mock-up with the real detector. When
both are in a cooled-down state and module power is off, temperatures should equalise in
the tracker volume. The T.f measurement is then expected to be identical to Ty in the real
detector. Cooling set points were comparable at —22 °C in the detector and —22.5°C in
the mock-up. The carbon fibre temperatures in the detector were found to be around an
average of —17.5 °C, while the average mock-up temperature was at —19.5 °C. A possible
explanation for this difference could be the surrounding strip tracker heating the ambient,
which is not present in the laboratory. Correcting for this offset, the mock-up studies
predict silicon temperatures in the detector L2 between —12 °C and —8 °C with module
power on.

These predictions tally with the experiential expectations for Tg. An offset of AT =
2 K between T;r and Ty is estimated to be realistic in a setup without base strips (see
Section 4.3.6). Starting from the approximate average T, = —11.5 °C found in the real
detector when the detector is on, this leads to Tg; = —9.5 °C, assuming no base strips. With
base strips, slightly higher temperatures are expected, in full accordance with the thermal
mock-up predictions for L2.

Further support for these values comes from a thermal simulation which was developed
in the scope of [60]. For the settings in the real detector L2 it predicts T = —9.4°C and
Tee = —11.0°C without base strips. According to the simulation, the base strips used in
layer 2-4 could further account for an additional +1 K due to the higher thermal resistance
between base strips and carbon fibre. Layer 1 in the Phase-1 pixel barrel does not have
base strips, however the power consumption is higher closer to the IP due to higher hit
rates and corresponding digital activity. These two effects are estimated to cancel each
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Temperatures measured along cooling loops
20—
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Temperature in °C

Figure 6.8.: Pixel Phase-1 temperature measurements. The temperature probes are placed
along the carbon fibre near the cooling loop (In, Middle, Return: compare
Figure 6.7). Values are averaged and the average, T, is used as a basis for
estimation of the silicon temperature T;. In periods when the detector is on,
T, lies around —11.5 °C.

other out. Layer 4 is adjacent to the strip tracker inner barrel layer, which is on average
warmer than —8.5 °C. Therefore layer 4 was attributed a slightly higher temperature offset
of ATi4 = 4 K. Table 6.2 summarises these steps.

The temperature offsets AT listed in Table 6.2 were added to the cooling loop mean
value of each day whenever the detector LV was on. The example in Figure 6.9 shows the
final resulting average silicon temperature scenario for L1.

The mock-up studies yielded an absolute estimate for Ty with the assumed module
power close to the situation in the real detector at present if the LV is on. Recent mock-up
results estimate the thermal contact to be around 2.6 K/W for L2. However an implemen-
tation of the thermal contact like in the case of the strip tracker was not applied in the
following studies.

6.1.5. Geometry

The sensor volume comes into play when calculating the leakage current. Without the
guard rings, the active volume amounts to (6.48 X 1.62 X 0.0285) cm® = 0.299 cm? per
sensor. The sensor volume is the same for Phase-0 and Phase-1.

The necessity of a geometry correction to the diode’s solution for the depletion voltage
in the pixel modelling tool (compare Section 2.7.1 and Section 5.2.3) is discussed in the
following. A single pixel has a pitch area of (100 x 150) pm?, and the pixel implant area is
about (80 x 130) um?, compare Figure 4.5.
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L1 L2 L3 L4

Cooling set point -22 22 -22 -22 °C
Mean T (Figure 6.8) -11.5 -11.5 -115 -11.5 K
+ Offset AT +3 +3 +3 +4 °C

Resulting Ty; (Figure 6.9) | -85 -85 -85 -7.5 °C

Table 6.2.: Summary of the input temperatures. Depending on the layer, an offset of
AT = 3 K or 4 K is added to the average carbon fibre temperature. The latter
is permanently changing during detector operations due to the dependence of
digital activity on detector hits in the pixel tracker. An average value per day is
considered, whose value lies around —11.5 °C when the detector is on (compare
Figure 6.8).

The width-to-pitch ratio is sufficiently close to 1 in both spatial directions % — 1to

assume Ay (%) — 0, and the depletion voltage formula for a pixel sensor approaches the

original solution for a diode

Vdep,pix ~ Vdep,diode . (6.2)

The correction would be of the order of O (1072). Since the correction is expected to be
negligible, no geometry factor is applied in case of the pixel depletion voltage modelling.

6.1.6. Depletion voltage data from cluster size and cluster charge

Similar to the strip tracker, full bias scans are performed about every half-year. They
involve all sectors of the pixel barrel and endcap. Several hours of collision time are needed
for these scans during which data is not usable for physics analyses.

The HV scans before 2018 had been too scarce to reliably test the modelling results
against. Mini HV bias scans have since been adopted as an approximately bi-weekly
practice. They include one representative power group in each barrel layer and endcap
ring and yield comparable results as the full scans. A comprehensive list of the HV scans
can be found in Appendix A.2.

For each voltage step of the bias scan, a convoluted Landau-Gauss distribution was fitted
to the raw data to extract the most probable value (MPV) of the cluster charge distribution.
An exemplary curve of MPVs was already given in Figure 5.5.

Subsequently the kink position associated with the full depletion of the sensor volume
can be extracted by either of the following methods

« Two linear fits whose intersection point marks Vgep,
« Fitting the curvature with a parabola, where the minimum marks Vgep,
+ By visual judgement

For Phase-0 the linear fitting algorithm described in Section 5.3 was used on cluster
charge measurements to obtain data for comparison.
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Estimated average silicon temperature in °C, L1
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Figure 6.9.: The resulting Phase-1 pixel layer 1 silicon temperature scenario used as input
for the leakage current and depletion voltage models.

In pixel Phase-1 the usage of the linear fitting algorithm is unsuitable due to the no
longer textbook shapes of the CC and CS distributions with the onset of trapping. This
also increases the uncertainty of the method for obtaining data significantly.

The curvature method is a promising tool for distributions which do no longer saturate
in a plateau. While a curvature algorithm is available from the strip tracker community,
the fit needs further adaptation and is not yet applicable to the pixel tracker bias scan
results. The Vg, data points for Phase-1 were therefore extracted by eye for both CS and
CC. Future plans beyond the scope of this thesis include the tuning of the curvature fitting
algorithm for a more reproducible data point extraction.

A source of uncertainty is the definition of the kink position; this may vary in a range
of ~ 50 V between extraction methods. Additionally CC and CS results sometimes show a
large discrepancy, which can be up to 100 V in L1 in extreme cases.

A cross-check with some successful curvature fit results showed that the visual ex-
traction approach is justified; Differences between extraction methods lie within the
discrepancy seen between CS and CC.

6.1.7. Leakage current data

A tool for the extraction of the leakage current data from the database was already
available [73]. It creates a list of successful LHC fills with stable beams. Based on this list,
the first leakage current database entry is taken after more than 10 minutes have passed
since the declaration of stable beams. By this time, the detector environment should be in
a reasonably stable temperature state.
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6. Modelling of the CMS pixel tracker leakage current and depletion voltage

The readout and storage of leakage current data is per HV group; no information about
the z distribution of the leakage current is available in the real detector. Leakage current
is expected to be comparable for all modules in a HV group. A more detailled discussion
can be found in Section 6.4.3.

6.2. Estimation of the combined input parameter
uncertainties

In an attempt to understand the total uncertainty, the radius, temperature offset and pa-
rameter set were varied simultaneously in Figure 6.10. While inner radius, RD48 parameter

Phase-0 pixel depletion voltage
Combined impact of parameter set, temperature, radius
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o C
° o50- L3, low Vdep L3, high Vdep L3, HV scan data
-4 i
0 —
T -
3 200 -
L C

150 —

100 —

50—
ol \ \ \ \ \ \
01/01/11 01/01/12 31/12/12 31/12/13 01/01/15 01/01/16 31/12/16

Figure 6.10.: Simultaneous variation of the modelling input parameters radius, parameter
set and temperatures show a large impact on the depletion voltage. A more
detailed description is given in Section 6.2.

set and low temperatures individually lead to low depletion voltage values in the Phase-0
example, the interplay between the parameters is intricate, but overall leads to expectedly
low values. On the other hand outer radius, RD48 parameter set and high temperatures
lead to high depletion voltage results in the Phase-0 example. The combined variation
of the parameters in Figure 6.10 gives an estimation for the minimum ("best case") and
maximum ("worst case") depletion voltage values that would be covered by the model.
In conclusion, the explanation for discrepancies between data and model cannot be
attributed to a single aspect, but is due to a combination of several factors. The complexity
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of the underlying model and limited possibilities of investigation on the past beyond the
recorded database values did not allow to further resolve the influences.

6.3. Phase-0

6.3.1. Phase-0 depletion voltage

The pixel modelling tool was first compared to available Phase-0 data in order to assert
its general reliability. In Figure 6.11, the depletion voltage is modelled for each of the
three Phase-0 pixel barrel layers. Cluster charge data points were extracted with the
linear fit algorithm described in Section 6.1.6. Clearly visible are the periods without

Phase-0 Pixel - Full depletion voltage vs days
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Figure 6.11.: Modelling of the pixel Phase-0 depletion voltage for each of the three barrel
layers. Cluster charge data was obtained from HV bias scans using the linear
fit algorithm.

luminosity production, technical stops and the LS1 in 2013-2014, where the depletion
voltage shows a plateau. Warm-up periods lead to annealing behaviour in the depletion
voltage. Luminosity production ended in November 2016, after which the Phase-0 detector
was extracted.

L1 receives higher fluences and undergoes type-inversion first. The data points do not
follow the model all the way to zero around the period of type-inversion. This behaviour is
inherent to the data point extraction method shown in Figure 5.5. The simulated depletion
voltage evolution in L1 is always ahead of the data. This results in an underestimation
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of the data before type-inversion, and an overestimation after type-inversion. Only two
data points are available for L2 due to the lack of bias scan data. The data points in
2016 however represent a useful anchoring point and are described well by the modelled
depletion voltage within the uncertainties. In case of L3, the simulation again seems to be
slightly ahead of the data in 2012 during type-inversion. However in 2016 the data points
are well described by the model curve.

The seeming discrepancy between data and simulation is covered by the combined
uncertainties of the data points, see Section 6.1.6, and the input data, discussed in Sec-
tion 6.2. Differences between simulation and data are most pronounced for L1, where the
uncertainties are also largest. The Phase-0 data allowed a successful validation of the pixel
modelling tool.

6.4. Phase-1

6.4.1. Phase-1depletion voltage

In the following, the depletion voltage of the present Phase-1 pixel tracker is studied. The
input parameters for the depletion voltage model as well as estimated uncertainties were
covered in the previous sections. In Figure 6.12, the depletion voltage for the four Phase-1
pixel barrel layers L1-4 is shown together with the CS and CC data. For the ratio plot, the
mean value of both CS and CC data points of a given HV scan was divided by the model
prediction of that day.

While the model describes the data within the estimated uncertainties, there are some
discernible tendencies. Except for recent scan points in L1, the simulation tends to under-
estimate the depletion voltage data. Yet after warm periods? (scan points 19/04/2018 and
31/07/2018), the data and model are almost perfectly in agreement. The only exception are
again the more recent L1 data points.

Figure 6.13 shows the underlying evolution of N in L1, described by the Hamburg
model (see Section 3.3). Neg is further broken down into the contributions from each of
the Hamburg model terms N¢, Nj, and Ny for both neutral and charged particles. After
the annealing periods the contribution from N has worn off. This is the case the full scan
performed on 19/04/2018 after the YETS, and to a lesser extent the 31/07/2018 scan directly
after the machine development MD2 (Section 6.4.1.1). It could be an indication that while
the Hamburg model CBoxy parameters for stable damage N, and reverse annealing Ny
are well suited for the application case pixel Phase-1, the short-term parameters or the Ny
implementation may have to be revised.

As Nc and Ny seem to be well modelled, this suggests that the FLUKA fluence simulation
for z = 0 cm in the pixel tracker is accurate. This statement must be put into perspective
by the comparatively large uncertainties of the modelling tool.

After July 2018, the L1 data points lie below the depletion voltage model curve in
Figure 6.12. This coincides with a change of the modules participating in the HV miniscans
for L1 after July 2018. The previous set had developed an unexplained dip in the rising

See Appendix A.2 for the 2018 schedule including TS, machine development (MD) and HV scan dates.
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Figure 6.12.: Modelling of the pixel Phase-1 depletion voltage for each of the four barrel
layers. Data points correspond to the saturation point of cluster charge and
cluster size data from HV bias scans.

flank of the CS and CC measurements. A direct comparison of these modules can only be
done as a subset of the two available full scans. The present L1 module selection shows
indeed lower values in the same scan, though r or z position cannot explain the difference.
It is estimated to be 25 V. Trapping or other radiation effects influencing the shape of the
CC and CS distribution could also have an impact, possibly explaining the tendency to
show the kink position at lower bias voltages in the more recent L1 data. Also the validity
of the Hamburg model is no longer obvious in case of L1, since it has been exposed to a
total fluence of ~ 7 - 10'* MeV neq/cm2 as of October 2018.

Overall, the simulation describes the data well enough to allow future projections of the
depletion voltage. The modelling tool for the pixel depletion voltage therefore provides
a comparatively easy and fast way to estimate the detector conditions with respect to
optimal bias settings. Application cases of the modelling tool results are described in the
following Section 6.4.1.1 and Section 6.5.
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Figure 6.13.: Effective space charge evolution in L1 as predicted by the Hamburg model.
The total Ng is the result of three terms - stable damage N, short-term
annealing Nj, and reverse annealing Ny. Contributions from neutral (n) and
charged (p) particles are split as they show different behaviour in oxygenated
silicon. The silicon temperature is given as an overlay. Its impact on the
annealing terms is evident.

6.4.1.1. Annealing studies for the Phase-1 pixel depletion voltage

The bias setting of L1 had been at 400 V since the beginning of 2018 and during operations in
2018, the L1 depletion voltage approached this value. Some action was required in order to
continue with optimal settings for the innermost layer. Two main options were considered,;
raising the bias voltage, or warming up the detector to make use of beneficial annealing of
the depletion voltage (compare section 3.3). Pixel sensor specifications theoretically allow
bias voltages well beyond what is currently possible in the detector. The limiting factor
are the power supply units (PSU) with a maximum output of 600 V.

Changes of the bias voltage entail the need for new calibrations. Pixel cluster shapes
depend on incident angle, Lorentz angle (due to the Lorentz force), and field configuration,
which changes under W;,s and with irradiation; templates of these cluster shapes are used
in the offline data reconstruction. The production of new calibration templates requires
some leadtime. If the depletion voltage can be predicted reliably, the templates can be
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prepared in advance; Bias settings can be applied right when needed without compromising
on quality in the first iteration of data reconstruction®.

The second option, warming up the detector, meant no less effort as this entailed the need
for new calibration templates as well as possible impacts on other parts of the experiment.
Possible days for a warm-up procedure were the upcoming TS and MD periods.

Multiple times, projections of the depletion voltage for different warm-up annealing
scenarios were provided as a basis for decisions.

During preparation of TS1, the L1 depletion voltage was predicted to increase beyond
the bias voltage setting at the time soon after TS1, if no action was to be taken. It was
decided to raise the bias voltage of L1 to 600 V after TS1. However the attempt had to be
abandoned for technical reasons.

The annealing study in Figure 6.14 was requested by the Pixel Monitoring Group to
answer the question which impact warm days in MD2, MD3, and optionally MD4, have
on the depletion voltage evolution in L1. The highest achievable warm-up temperature
was assumed to be 17 °C. Based on these results, the annealing of the detector at 17 °C

Phase-1 pixel depletion voltage simulation: Annealing scenarios 17°C
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Figure 6.14.: Depletion voltage annealing scenarios considered before MD2. Compared
are different combinations of warm days in MD2, MD3, and optionally MD4.
A graphic representation of the warm days (red) is given on the right side.
17 °C correspond to the assumed maximum possible warm-up temperature.
As a reference, a curve with no annealing is plotted.

was attempted in the ensuing MD2. In Figure 6.15, different warm-up temperatures are
compared, as it was not clear beforehand which temperatures could be achieved. During
the warm-up procedure the temperature stagnated around 12 °C due to passive cooling

3The data is available within a matter of a few days — with original calibration settings — for analysis
purposes. Often a second iteration is issued with optimised calibrations. However this step may take up
to several months.
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Phase-1 pixel depletion voltage simulation: Annealing scenarios
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Figure 6.15.: The impact on depletion voltage of warm days in MD2 and MD3 with anneal-
ing temperatures at 9, 12, and 17°C are compared with no annealing. Details
are given in Section 6.4.1.1.

from the surrounding strip tracker. This meant collecting fewer days of annealing at a
lower temperature than expected.

A beneficial effect of the warm-up procedure was not clearly visible in the data after-
wards. No reliable CC/CS data points could be extracted for layer 1 (L1) in the period
just before the warm-up, thus the temperature impact on depletion voltage cannot be
quantified regarding the L1 data. L2-4 data points show annealing behaviour in terms of
depletion voltage, however effects in these outer layers were of secondary importance.

Complementary monitoring parameters describing the performance of the sensor and
the chip, like CC, CS, CCE, resolution, or the efficiency with which hits are detected,
should always be studied in addition to the depletion voltage predictions. A detailed study
of these parameters did not show notable changes for the critical L1 after the annealing
attempt in MD2.

Predictions for a potential warm-up at 12 °C in MD3 displayed a potential depletion
voltage drop in L1 by only 50 V. Neither the depletion voltage nor the complementary
parameter studies promised large improvements from the complicated warm-up procedure.
It was decided to instead raise the bias voltage by 50 V to 450 V to effectively establish the
same leeway between Va5 and Viep.
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6.4.2. Phase-1leakage current

The modelling of the leakage current in the present Phase-1 pixel tracker as a further
important operational parameter is discussed in the following. All input parameters were
described in the previous sections. Like the depletion voltage, the leakage current was
modelled for each of the four barrel layers using the average layer radii. Fluence was
extracted from the FLUKA matrix for z = 0 cm.

lieax Was calculated at Tier = 20 °C in the day by day manner described in Section 5.1,
including annealing at the average sensor temperature of the day, Ta = Tj;. The result was
then scaled from T, to the measurement temperature of each day, again identical to T.

The temperature spread within one layer discussed in Section 6.1.4.2 is visible in the [jeax
data. About a factor of 2 or more lies between the highest and lowest current measurements,
which, if directly translated to a temperature difference according to Equation (2.48),
corresponds to a temperature difference of 7 K between the warmest and coldest group
of modules. The L3 Ij.,x data displays a noticeably smaller spread compared to the other
layers. The cooling loop arrangement in L3 has incoming (warmer) and outgoing (colder)
pipes geometrically adjacent to each other and temperatures assimilate between them. In
all other layers the cooling loops are arranged with incoming pipes next to each other,
and outgoing pipes next to each other, thereby creating warmer and colder areas in the
layer. The resulting temperature modulation over ¢ is clearly visible in the cooling loop
data of L1, L2, and L4.

The leakage current model curves in Figure 6.16 and Figure 6.17 reflect leakage current
calculated from the average temperature of the modules. This is not identical to the average
leakage current of the modules due to the intricate temperature dependence in two ways -
annealing history and measurement temperature - described in Section 3.6. However the
average leakage current is expected to lie within the upper and lower band limits given in
the plots.

A temperature variation of +2 K, reflecting the temperature spread observed in the pixel
mock-up, was taken as an input for the separate calculation of the upper and lower band
limits.

All four layers show deviations between model and data. Yet the shape of [,k data
evolution is well described — the ratio between the data’s mean value and the model is fairly
constant for the whole measurement period within one layer. The model underestimates
the data by approximately a factor of 1.3 in L1, 2.4 in L2, and 1.8 in both L3 and L4. These
factors depend on the chosen temperature scenario; however they are not explainable by
merely a wrong temperature estimation. Unrealistically high temperatures around 0 °C
would be the conclusion, contradicting all studies which have been carried out to estimate
module temperatures.

Asleakage current is very sensitive to temperature, one could presume that averaging the
temperature over a whole day introduces a considerable systematic uncertainty. Leakage
current annealing at a given average temperature is slower compared with annealing
at fluctuating temperatures around this average. The impact of realistic temperature
fluctuations proved negligible®.

“The impact of realistic temperature fluctuations within a day on the depletion voltage prediction is even
smaller.
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6. Modelling of the CMS pixel tracker leakage current and depletion voltage

In conclusion, the missing factors are very unlikely to originate from a single source.
This is underpinned by the observation that the factors display no stringent increase (or
stringent decrease) from one layer to the next as one would expect for something solely
related to one parameter out of surface area or volume, fluence scaling, or similar.

The pragmatic approach of applying a multiplication factor leads to accurate descriptions
of the leakage current data for all four barrel layers and therefore allows meaningful
predictions of the future leakage current evolution in the pixel tracker.
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Figure 6.16.:
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L3: Leakage current per module
Simulation for z = 0 cm, scaled to silicon temperature and multiplied with factor to fit data: x 1.8
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Figure 6.17.: Pixel Phase-1 leakage current in the barrel layers 3 and 4. Data is per HV
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6.4. Phase-1

6.4.3. Investigation on z distributions of several parameters

Questions have been raised about the z distribution of the leakage current data and
simulation in the pixel tracker. Since the leakage current data is read out per HV group,
which includes multiple modules at potentially different temperatures, this cannot be
tackled by a direct approach. However, hypothetical differences of the leakage current
in z direction would arise from either fluence or temperature gradients in z. Further, a
parameter which is accessible in a z-resolved way is the depletion voltage.

The mock-up studies led to the conclusion that temperature drops by several Kelvin
along the distance of a cooling loop, while the CO, traverses part of a barrel layer. The
temperature drop will roughly cancel out between adjacent cooling pipe sections due
to the change of flow direction after each turn in the zigzag layout. When averaging
over a whole layer, the temperature should thus be fairly independent of z (assuming no
exceptional cases like areas with degraded cooling contacts).

Fluence expectations are based on the FLUKA simulation. The available FLUKA file
for Phase-1 (see Section 6.1.1) shows a striking uniformity of fluence in z within the pixel
tracker volume, as can be seen in Figure 6.18. A slight exception is L1, where the charged
particle fluence is higher nearer the IP. The predicted impact on the simulated L1 depletion
voltages at different z positions can be seen in Figure 6.19. It is predicted to result in a
depletion voltage difference of 60 V at the most. The z slices for which the FLUKA values
were plotted correspond to the average module centre z positions, listed in Table 6.3.

Barrel minus Barrel plus
-4 -3 -2 -1 IP +1 +2 +3 +4
-237cm -171cm -104cm -3.7cm | Ocm | 3.0cm 9.7cm  164cm  23.1cm

Table 6.3.: Average z position of modules in the Phase-1 pixel barrel for which the FLUKA
information in Figure 6.18 and Figure 6.19 was extracted.

Breaking down the depletion voltage data of a full bias scan into z-resolved information
would allow to check if it is indeed roughly constant along the full pixel barrel length.
It could give an indication whether the fluence simulation and temperature laboratory
measurements describe the real detector environment well. The final cross-check will be
left for future studies as the necessary data was not available at the time of writing.
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Fluence slices at different z - charged particles
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Figure 6.18.: Simulated FLUKA fluence of neither charged nor neutral particles shows any
significant difference along the z range of the pixel tracker for a given radius r.
Fluctuations are within statistical uncertainties.
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Phase-1 pixel depletion voltage simulation: Modules at different z positions - L1
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Figure 6.19.: Pixel depletion voltage simulations for z # 0. FLUKA values were extracted at
the average z position of the barrel modules, as described in Table 6.3. FLUKA
bin width is 1 cm in z. Even though the depletion voltage for z = +1 is higher
due to the higher fluences in L1 near the IP, the difference to the modules at
higher z positions is 60 V at the most.
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6. Modelling of the CMS pixel tracker leakage current and depletion voltage

6.5. Predictions for after LS2

With the tool’s results anchored to the available Phase-1 data until 2018, predictions for
the evolution of lieax and Vgep during the upcoming Run 3 were made.

The time scope was extended until the end of 2023, to contain the expected schedule for
LS2 and Run 3. For the future temperature scenario in Figure 6.20, it was assumed that
the sensor temperatures will remain comparable to those in 2018. A period of 30 days at
room temperature during each of the YETS of Run 3 is included. For all YETS in Run 3 the
duration of four months (December to March) was allocated. In each year of Run 3, four
generic TS of five days each were assumed, during which the detector is off and kept cold.

Temperature in °C, L1

20 o

15

Temperature in ° C

10 5

5 |
e i

T T T T T T
01/01/18  01/01/19  01/01/20 31/12/20 01/01/22 01/01/23

Figure 6.20.: Silicon temperature scenario (example given for L1) used as input for the
modelling of the depletion voltage and leakage current evolution until 2023.

A luminosity scenario resulting in a total integrated luminosity of 400 fb™1 delivered
during Run 3 was chosen, corresponding to a realistic to slightly-above-expectations
estimate. It is displayed in Figure 6.21.

The depletion voltage evolution of the pixel detector is shown in Figure 6.22. L1 will be
exchanged in LS2, which is why its depletion voltage and leakage current model curves
restart from an unirradiated state in 2021. However since the concept of depletion voltage
is no longer applicable for L1 in Run 3, the prediction can only be sensibly interpreted for
the outer layers.

The necessary bias voltage in L2 will approach the present power supply limit of 600 V
according to the projections in Figure 6.22. During LS2 the power supply units will be
upgraded to allow a maximum bias voltage of 800 V. Sensors and full modules have been
shown to withstand these bias voltages.

In Run 3 the HV power supply limit of 12 W will be a critical value. One power supply
is responsible for the combined sensor power of one HV group. Therefore the leakage
current of a HV group and its set bias voltage together have to stay below this 12 W limit.
The number of modules differs from one HV group to the next. Table 6.4 lists the minimum,
maximum and average number of modules per HV group for each of the layers. Using this
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Figure 6.21.: Delivered integrated luminosity scenarios used as input for the modelling of
the depletion voltage and leakage current evolution until 2023.

Average Minimum Maximum
L1 3 3 3
L2 7 4 8
L3 11 8 12
L4 16 16 16

Table 6.4.: Number of modules per HV group for each of the four Phase-1 pixel barrel
layers. Average (exact), minimum and maximum are listed.

information the leakage current per HV group was modelled for average, minimum and
maximum numbers of modules. Again the same temperature and integrated luminosity
scenario was applied. The results are given in Figure 6.23 and Figure 6.24.

At 600 V, the leakage current in a HV group must remain below 12 W/600V = 20 mA.
At 800V the leakage current limit is even at 12 W /800 V = 15 mA.

In case of L1 and L2, these limits will have to be closely monitored during Run 3. An
option would be to reduce the cooling set point in the pixel detector further, thereby
scaling the leakage current to lower values.
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6.5. Predictions for after LS2

Figure 6.23.:
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Predictions of the leakage current evolution per HV group until 2023 for L1
and L2. The average, minimum, and maximum numbers of modules per HV
group were considered, compare Table 6.4.
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Figure 6.24.:
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6.6. Outlook

6.6. Outlook

The modelling tool for the pixel has proven its applicability for the prediction of the
important detector parameters depletion voltage and leakage current. It was used multiple
times to define operational procedures.

Current ideas for further studies include the adaptation of the curvature algorithm to the
Phase-1 CC and CS shapes to extract the depletion voltage, as described in Section 6.1.6. A
study of the z distribution of the depletion voltage data could be interesting for the reasons
explained in Section 6.4.3. Another interesting topic is the attempt to extract a pixel
specific Hamburg parameter set from Phase-1 data. Frequently performed mini bias scans
during the past months and very recent results of the L2 mock-up, which substantiated
the temperature estimations considerably, made this a viable option.

The task of maintaining the code and providing the Pixel Monitoring group with
information based on the simulation has recently been adopted by the Particle Physics and
Detector Development group of the Hamburg university to ensure future continuation.
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7. Summary

Leakage current and depletion voltage are important operational parameters in the CMS
strip and pixel tracker. Their evolution with radiation in the detector is continuously
monitored.

A tool for modelling of the leakage current and depletion voltage of the strip tracker
had been developed in [1] (Section 5.1). The parametrisations of the depletion voltage
and leakage current were taken from [2]. Work on the existing strip tracker tool was
resumed and previous results were successfully reproduced. A comparison with available
depletion voltage detector data was made (Section 5.3) and a very good agreement between
simulation and data was found. New projections of the expected depletion voltage, leakage
current, and thermal runaway occurrences in the strip tracker for different integrated
luminosity scenarios until 2023 (end of Run 3) were provided (Section 5.4).

Tying in with the strip tracker modelling tool, a similar tool was established for the pixel
tracker in the scope of this thesis (Chapter 6). All necessary input parameters were assessed
and laboratory studies of the thermal mock-up pixel barrel layer 2, performed by the pixel
tracker community, provided valuable insight to the silicon sensor temperatures in the
detector (Section 6.1.4.2). The depletion voltage and leakage current results were compared
to available detector data (Section 6.3.1 and Section 6.4). The good agreement between
data and simulation allows predictions for future evolution of these two observables.

Several times during the past year, predictions for the pixel tracker depletion voltage
evolution in 2018 served as a basis for decisions on operational procedures (Section 6.4.1.1).
A warm-up of the detector was performed based on the beneficial depletion voltage
annealing prospects the tool yielded. Predictions of the evolution of leakage current and
depletion voltage in the pixel tracker during Run 3 were provided (Section 6.5).

Both tools are in a good state for reliable predictions and their results will continue to
make an important contribution to the tracker monitoring.
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A. Appendix
A.1. Acronyms

ALICE A Large Ion Collider Experiment
ATLAS A Toroidal LHC Apparatus (Experiment)
APV  Analogue pipeline voltage chip
BPIX Barrel pixel

CERN European Organisation for Nuclear Research
CC Cluster charge

CCE Charge collection efficiency

CMS Compact Muon Solenoid (Experiment)
CS  Cluster size

CSC Cathode strip chambers

D Disk

DCU Detector control unit

DOFZ Diffused-oxygenated float-zone
DT  Drift tubes

ECAL Electromagnetic calorimeter
EYETS Extended year-end technical stop
FED Front-end driver

FPIX Forward pixel

FZ Float-zone

HAPS Hybrid active pixel sensor

HF Hadronic forward calorimeter
HCAL Hadronic calorimeter

HDI High-density interconnect
HL-LHC High-luminosity LHC

HLT High-level trigger

HO Hadronic outer calorimeter

HV High voltage

IP Interaction point

L Layer

LHC Large Hadron Collider

LHCb LHC beauty (Experiment)

LS Long shutdown

LV  Low voltage

MD Machine development

MIP Minimum ionising particle

MPV  Most probable value

NIEL Non-ionising energy loss
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PSU Power supply unit

R Ring

ROC Readout chip

RPC Resistive plate chambers
SCR  Space charge region

SMD  Surface mount device

TBM  Token bit manager

TCT Transient current technique
TEC Tracker endcap

TIB Tracker inner barrel

TID Tracker inner disk

TOB Tracker outer barrel

TS  Technical stop OR Thermal screen
YETS Year-end technical stop

A.2. High voltage bias scans

A.2.1. Phase-0

2010 Apr 05 - L3, D1
2010 Oct 28 — L1, L3, D1
2011 Mar 14, 16, 18 — L1, L3, D1
2011 May 15 - L1

2011 Jul 14 - L1

2011 Jul 28 — L3

2011 Aug 03 - L2

2011 Sep 07 - L1, D1
2011 Oct 12 - L1

2011 Oct 27 - L1

2011 Oct 30 - D1

2012 Apr 06 — L1-3, D1-2
2012 Jul 02 — L1-3, D1-2
2012 Aug 13 - L1

2012 Sep 27 - L1

2012 Dec 02 — L1-3, D1-2
2013 Jan 21 - L1-3, D1
2015 Jun 08 — L1-3, D1-2
2016 Apr 28 — L1-3, D1-2
2016 Jun 13 - L1-3, D1
2016 Jul 04 — L1-3, D1
2016 Oct 20 — L1-3, D1-2
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A.2. High voltage bias scans

A.2.2. Phase-1

2017 May 25 - D1-3

2017 Aug 14 - L1-4

2017 Aug 23 - L1

2017 Aug 26 - L1,34

2017 Sep 23 — L1-4, D2

2017 Okt 04 - L1

2017 Okt 27 - L1

2017 Nov 09 - L1-4, D1-3

2018 Apr 19 — L1-4, D1-3 (Full)
2018 May 05 - L1-4, D1-3 (Mini)
2018 May 12 - L1-4, D1-3 (Mini)
2018 May 25 - L1-4, D1-3 (Mini)
2018 Jun 09 — L1-4, D1-3 (Mini)
MD1 - 2018 Jun 12-17

TS1 - 2018 Jun 18-21

2018 Jul 11 - L1-4, D1-3 (Mini)
MD2 - 2018 Jul 23-28

2018 Jul 31 - L1-4, D1-3 (Full)
2018 Aug 17 — L1-4, D1-3 (Mini) - New HV groups
2018 Sep 01 — L1-4, D1-3 (Mini)
2018 Sep 07 — L1-4, D1-3 (Mini)
MD3 - 2018 Sep 12-16

TS2 - 2018 Sep 17-21

2018 Sep 26 — L1-4, D1-3 (Mini)
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A. Appendix

A.3. Future projections for the strip tracker in 2023 after an
integrated luminosity of 600 fb™!

Figure A.1.: The expected depletion voltage after 600 fb~" in the strip tracker. The depletion
voltage is predicted to stay well below the power supply limit of 600 V during
Run 3. More details are given in Section 5.4.1.
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A.3. Future projections for the strip tracker in 2023 after an integrated luminosity of 600 fb™!

Figure A.2.: The expected leakage current per module after 600 fb™! in the strip tracker.
The leakage current simulation is known to underestimate the data by about
20 %. Some regions approach critically high values where the risk of thermal
runaways is imminent. More details are given in Section 5.4.2.
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Figure A.3.: The expected distribution of thermal runaways after 600 fb~! in the strip
tracker. More details are given in Section 5.4.2.
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