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Abstract

The Time Projection Chamber (TPC) signal readout of the ALICE detector is being
upgraded to accommodate the higher collision rates and -energies during LHC Run
3 in 2018. Due to the increased collision rates, the TPC drift time of about 100 us will
be 5 times longer than the average time between interactions, rendering the presently
employed gating of the TPC wire-chambers insufficient. Therefore, a Gas Electron
Multiplier (GEM) based system will be replacing the wire-chambers. In addition, the
front-end electronics need to be replaced to match the new readout chamber tech-
nology and increased data rates. This will be done by the new SAMPA chip which
combines the functionality of the previous PASA (PreAmplifier ShAper) and ALTRO
(ALICE TPC ReadOut) chips currently used as front-end electronics.

The focus of this work has been twofold: (1) Characterizing a SAMPA Chip 1
analog prototype for use in the upgraded ALICE TPC signal readout. (2) Construct
and characterize a GEM detector prototype for use with the SAMPA Chip 1.

A fully differential buffer has been designed and mounted on the Chip 1 carrier
board for ADC readout capabilities. The buffer performed well and the ADC readout
was successful.

The power consumption of the SAMPA Chip 1 failed to reach the requirement of
6 mW per channel, achieving no better than ~9 mW per channel at the nominal supply
voltage. Results from the gain and pulse shape stability showed linear gain and a
stable pulse shape, with some deviations for low and high input charges as a result
of poor signal-to-noise ratio and the amplifier saturating, respectively. The crosstalk
measurement showed scattered results, but none of the carrier boards achieved the
requirement of less than 0.2 %. The best crosstalk results averaged ~0.3 %, while
the worst exceeded 1 %. Simulated noise for the SAMPA Chip 1 doesn’t fulfill the
requirement of 385 ENC at 12 pF capacitance. When corrected for stray capacitances
on the carrier boards, the measured noise coincided to some extent with the simulated
values. The high noise levels seem to originate from the inside the SAMPA ASIC.

A GEM detector has been designed and produced in close collaboration with the
group stationed at the Wigner Research Institute in Budapest, Hungary. Testing of
the GEM detector has been done at the Wigner Institute using both Fe-55 and Sr-90
radioactive sources, measuring the energy resolution of the detector and calibrating
its gain. The gain was set to ~2000 and the energy resolution was measured to be
~8 %, which is below the 12 % requirement.

Further testing of the prototype detector has been conducted in Bergen, estab-
lishing its gain for different gas mixtures and measuring the signal-to-noise ratio of
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the SAMPA Chip 1 for MIPs. This work has been done in close collaboration with
Ganesh Jagannath Tambave, whose main focus has been on the signal readout and
data acquisition of the SAMPA Chip 1. The signal-to-noise ratio measured to be 27:1,
the requirement being 38:1. Increasing the drift gap of the detector will increase the
signal-to-noise ratio.
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Chapter 1

Introduction

Particle accelerators are used to recreate conditions similar to those of the very early
universe. They do this by colliding particles at very high energies to explode them
into their subatomic constituents, which are detected using different types of detec-
tors. The Large Hadron Collider (LHC) is an example of one such particle accelerator.

1.1 Large Hadron Collider (LHC)

The Big Bang theory explains the history and future of the universe. It is a scientific
model which helps to explain how the universe was developed over time. The figure
shows the history and expansion of the universe as we think it occurred, with the
Big Bang happening at time zero and the universe as we know it today 13.8 billion
years later. Initially the universe was very hot (1032 Kelvin) and no particles existed,
but over time it started to cool down as well as expand, and the sub-atomic particles
were created. To understand the different phases of the evolution of the universe
the Large Hadron Collider (LHC) has been built. In particular, two phases indicated
in figure [1.1] at times 107!° s and 10~ s are being recreated by colliding very high
energetic (TeV) proton-proton and heavy ion (Pb) beams, respectively.
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Figure 1.1: Evolution of the universe after the Big Bang. Using particle accelerators,
we can recreate conditions similar to those of the very earliest moments of the uni-

verse [9].
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Overall view of the LHC exeriments.

Figure 1.2: A picture showing the LHC and the four main experiments which take
place along the collider. [4]

The Large Hadron Collider (LHC) is the world’s largest and most powerful parti-
cle accelerator, achieving center-of-mass energies of 13 TeV (protons and heavy ions,
e.g. Pb). It was built by the European Organization for Nuclear Research (CERN)
from 1998 to 2008. As the name suggests, it is a large collider of hadrons (particles
made up of quarks). The LHC itself is a massive machine that lies in a 27 km long
circular tunnel roughly 100 meters below ground at the French-Swiss border. Inside
the tunnel there are two parallel beam lines which intersect at four locations. Particles
are accelerated in opposite directions inside the beam lines and are steered to collide
at these points. Four experiments take place at these intersections, ATLAﬂ ALICEH
CMﬂ and LHCbH Figure (1.2 shows the experiments and their location along the
LHC. This thesis is mainly focused on the upgrade activity of the ALICE Experiment
for 2018 which is discussed in the following section.

! A Toroidal LHC Apparatus

2 A Large Ion Collider Experiment
3 Compact Muon Solenoid

* Large Hardron Collider beauty
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1.2 ALICE Experiment

ALICE (A Large Ion Collider Experiment) at the LHC studies high-energy heavy-ion
experiments (Pb-Pb nuclei). The goal of the experiment is to characterize strongly
interacting matter at extreme energy densities. In this manner one can recreate the
phase of the early universe as proposed in the theory of The Big Bang, as discussed
in the previous section. These energy densities are expected to be high enough to

produce a Quark-Gluon Plasmaﬂ (QGP).

During the Pb-Pb collisions various types of particles are created, and to detect
and characterize them, ALICE employs a huge detector system which is shown in fig-
ure The Inner Tracking System (IPS) is the detector closest to the beam-pipe and
detects the decay of short-lived heavy particles. It consists of six cylindrical layers
of silicon detectors using three different detector technologies. Surrounding the ITS
is the Time Projection Chamber (TPC) which is the main tracking detector in ALICE.
It consists of a large circular gas volume (90 m3) divided in two by a 100 kV central
electrode. The end caps are equipped with MultiWire Proportional Chambers (MW-
PCs) which are used to record the trajectories of particles traversing the detector. This
gives a 3 dimensional image of the particle’s trajectory. In LHC Run 3 the MWPCs
will be replaced by GEMs. The Transition Radiation Detector (TRD) is located out-
side the TPC. It is used to detect electrons and positrons using transition radiation,
which is X-rays that are emitted when the particles traverse many layers of thin ma-
terials. The Time-Of-Flight (TOF) detector calculates the velocity of a charged particle
by measuring the flight time over a given distance of the particle’s trajectory. The
mass of the particle can then be calculated given that its momentum is known. There
are several other detectors, such as EMCAL and PHOS for photon detection, Muon
filters etc. There are also solenoid and dipole magnets used to bend the trajectory of
the high energetic charged particles inside the detector.

In 2010-2011, ALICE has performed Pb-Pb ion collisions at center-of-mass energy
of 2.76 TeV per nucleon pair and integrated luminosityﬁ (Lint) of 0.16 nb~1. To increase
the luminosity (collect more data, and therefore achieve better statistics), some sub-
detector systems (TPC, Muon etc.) of the ALICE experiment will be upgraded in two
phases, namely Run 2 and Run 3, after the two long shutdowns of the LHC in 2015
and 2018, respectively. Run 2 and Run 3 aim to reach L;,; of 1 nb~! and 10 nb~1,
respectively. The Run 2 has started in June 2015 and the world’s highest collision
energies for proton-proton beams have been achieved (6.5 Tev per beam). The heavy-
ion collisions at these record energies are planned to start in December 2015.

> A deconfined phase of matter in which the strongly interacting quarks and gluons no longer are
confined inside hadrons[12].

6 Luminosity is the ratio of the events detected (N) in a certain time (t) to the interaction cross-section
(0). The unit is barn [b] and is defined as 10~28m?2.
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Figure 1.3: A schematic view of the ALICE experiment [1].

1.3 ALICE TPC Upgrade

To achieve high luminosity during LHC Run 3, the Pb-Pb collision rate is expected
to be 50 kHz (compared to 3.5 kHz in Run 1 and Run 2). To cope with this high col-
lision rate, the present ALICE TPC and its readout system need to be upgraded. In
this context, the present Multi-Wire Proportional Chamber based TPC (Time Projec-
tion Chamber) will be replaced with a GEM (Gas Electron Multiplier) based TPC. The
GEM based readout chambers are proven technology for operation in high-rate en-
vironments. Moreover, the Front-End Electronics (FEEs) and the readout system will
also be replaced from the present triggered readout to continuous readout. The up-
graded GEM based TPC with continuous readout will match the expected increased
data-rates (1 TByte/s) for Run 3.

1.4 Upgraded ALICE TPC Readout System

The signal readout system of the ALICE TPC will be upgraded to continuous read-
out (no hardware trigger) before LHC Run 3 in 2018. In the continuous TPC readout,
the signals from the GEM detector pads will be processed using the Front-End Cards
(FECs), see figure On the FECs five custom-made SAMPA ASICs will process
the data from their 160 readout channels (32 channels each). The SAMPA contains
most of the Front-End Electronics such as a charge-sensitive preamplifier, shaper, 10
bit 10 MHz digitizer and digital signal processing part. The data from the SAMPA
will then be multiplexed and transmitted using GigaBit Transceivers (GBT) via op-
tical links to a Common Readout Unit (CRU). The CRU is an interface to the online
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computer farm and the trigger and detector control system. In the ALICE TPC up-
grade there will be 3400 FECs, each containing 5 SAMPA ASICS. Each SAMPA has 32
channels, giving the FECs a total of ~500.000 channels. All this data is sent to the CRU
at a rate of 1 TB/second. The first version of the SAMPA chip has been produced in
2014.

ESD protection

SAMPA ASIC
GBTx ASIC

GBT readout links: data
and monitoring (unidir.)

Trigger, timing and
clock distribution (TTS)

Figure 1.4: The location of the Front End Cards (FECs) in relation to the TPC Readout
Chamber (ROC). The SAMPA ASICs are located behind the ESD protection[11].

1.5 Primary Objective

The main purpose of this thesis has been to characterize the analog part of the SAMPA
chip which is to be used for signal readout in the upgraded ALICE Time Projection
Chamber (TPC) during Run 3 of the LHC in 2018. A preliminary prototype of the
SAMPA ASIC has been produced in 2014 on a Multi Project Wafer| (MPW) and is
currently in the test-phase. The analog part of the SAMPA is called Chip 1, and its
characterization, including power consumption, pulse shape stability, crosstalk and
noise performance, will be performed in this thesis. These results are presented in
chapter {4

The particle detection of the ALICE TPC will also be upgraded to a Gas Electron
Multiplier (GEM) based system which is to be used in conjunction with the SAMPA
ASIC. To be able to test the SAMPA Chip 1 under similar conditions to which it will
face in the ALICE TPC, a GEM detector is needed. A focus of this thesis has therefore
been to design and construct a GEM detector prototype for Chip 1 testing using real

7 Because Integrated Circuit (IC) fabrication is extremely expensive Multi Project Wafer services are
offered in which a number of different IC designs from various teams are incorporated on the same
silicon wafer to reduce costs.
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GEM signals. This work has been done in collaboration with the Hungarian research
group stationed at the Wigner Institute in Budapest, and the results are presented in
section

1.6 Outline

This thesis is divided into five chapters, including the current one. Chapter 2 gives a
brief introduction to the SAMPA ASIC and continues with the design and construc-
tion of a differential buffer which is needed for signal readout using an ADC. Chapter
3 introduces GEM detectors and explains the main physical processes which lead to
the signal detection. It also reviews the construction of the GEM detector prototype
and the calculations needed for the resistor chain. A few measurements of the proto-
type chamber conducted in Budapest conclude the chapter. In chapter 4 the SAMPA
Chip 1 test results are presented for signals created using both a pulse shape genera-
tor and the GEM detector prototype. Lastly, the thesis is summarized and concluded
in chapter 5.

1.7 About this Work

During the early stages of my work, I was fortunate enough to be invited by professor
Dezso Varga to visit the Wigner Institute in Budapest, Hungary. When I arrived in
Budapest I assisted the Hungarian research group in the construction of a prototype
GEM detector. Together we constructed the first version, but a flaw in the spacers
separating the GEM foils spoiled the performance of the detector. Therefore a set of
new spacers had to be designed and implemented. High voltage tests confirmed that
the second version performed flawlessly. Before bringing the prototype detector to
Norway, I designed and constructed a resistor chain which enabled the detector to be
powered from a single high voltage power supply.

When the SAMPA chip arrived from production at CERN, testing of the prototype
detector could be done in conjunction with the Chip 1. This work was done in close
collaboration with Ganesh Jagannath Tambave, whose main focus was on signal read-
out and data acquisition using an ADC. Oscilloscope measurements confirmed that
the prototype GEM detector worked well when connected to the SAMPA Chip 1.

I also designed a fully differential buffer to accommodate ADC readout, since
the SAMPA Chip 1 couldn’t drive the 50 2 load of the ADC. The PCB design of the
buffer’s carrier board put emphasis on improving crosstalk and noise performance,
since these were known to be poor. A challenging practical task was to solder the
very small SOT-23 IC packages to the carrier boards. Fortunately, the use of solder-
ing flux and excellent equipment made the task manageable. Tests confirmed that the
SAMPA Chip 1 worked well when connected to the ADC through the buffer.
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Chapter 2
SAMPA ASIC

The increased collision rates and -energies during LHC Run 3 in 2018 require the
signal readout of the ALICE Time Projection Chamber (TPC) to be upgraded. Since
the expected interaction rates for Run 3 are ~50 kHz for Pb-Pb collisions, the TPC
drift time of about 100 ps will be 5 times longer than the average time between
interactions[11]. Therefore, the presently employed TPC wire-chambers will be re-
placed by Gas Electron Multipliers (GEMs). In addition, the front-end electronics
(FEEs), currently consisting of the PASA (PreAmplifier ShAper) and ALTRO (ALICE
TPC ReadOut) chips, will be replaced by the new SAMPA ASIC (Application Specific
Integrated Circuit) to match the new readout chamber technology and increased data
rates.

The upgrade to the SAMPA ASIC will go in two steps, MPW1 and MPW?2. The
MPWT1 consists of three prototype chips meant for concept testing. They only have
a few channels each (1-5) and are meant for test purposes to improve the SAMPA
chip produced on MPW2, which will have 32 channels and incorporate all electronic
components (preamplifier, ADC and digital signal processing). Listed below are the
three prototype chips which combined make up MPW1.

¢ Chip 1: Analog chip (preamplifier, shaper and bias), 5 channels.
¢ Chip 2: ADC and SLVS (Scalable Low-Voltage Signaling), 1 channel.

¢ Chip 3: Combination of Chip 1 and Chip 2 and digital signal processing (DSP)
capabilities/filters, 3 channels.

2.1 ALICE TPC Requirements - SAMPA Chip

The ALICE TPC requirements for the SAMPA chip are documented in the Technical
Design Report (TDR) of the ALICE TPC upgrade and are listed in table 2.T[11]]. This
thesis focuses on the characterization of the analog part of the SAMPA chip (Chip
1), which corresponds to PASA (PreAmplifier/ShAper). The parameters measured
in this thesis are power consumption, noise, Signal-to-Noise Ratio (S:N / SNR), and
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crosstalk. A few additional tests will also be done to check for pulse shape stability
and gain linearity.

RuN1 RuUN3
(measured) (requirement)

Signal polarity Pos Neg
Detector capacitance (range) (pF) 12 - 33.5 12 -33.5
S:N ratio for MIPs  (IROC) 14:1 20:1

(OROC 6 X 10 mm? pads) 20:1 30:1

(OROC 6X15 mm? pads) 28:1 30:1
MIP signal (fO) 1.5-3 2.1-32
System noise (at 18.5 pF, incl. ADC) 670e 670e
PASA conversion gain (at 18 pF) (mV/fC) 12.74 20 (30)
PASA return to baseline (ns) <550 <500
PASA average baseline value (mV) 100 100
PASA channel-to-channel baseline variation (mV) 18 18
PASA shaping order 4 4
PASA peaking time (ns) 160 160 (80)
PASA crosstalk <0.1% <0.2%
PASA integrated non-linearity 0.2% <1%
ENC (PASA only, at 12 pF) 385¢ 385¢
ADC voltage range (differential) V) 2 2
ADC linear range (differential) (fO) 160 100 (67)
ADC number of bits 10 10
ADC sampling rate (MHz) 10 (2.5, 5, 20) 10 (20)
Power consumption (analog & digital) (mW/ch) ] 35 <35

Table 2.1: The ALICE TPC requirements for the SAMPA chip during Run 3. The

measured results come from the PASA chip used during Run 1.
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2.2 SAMPA Schematic

A schematic view of the SAMPA ASIC is shown in figure Each channel of the
SAMPA consists of a Charge Sensitive Amplifier (CSA), signal shaping circuitry, ADC
and DSP. The CSA amplifies the charge at the input and transforms it into a differen-
tial semi-Gaussian voltage signal. The SAMPA chip will be used for the upgraded
TPC as well as for the muon chamber. Therefore, it features a positive (TPC) and neg-
ative (muon chamber) polarity option which enables it to amplify both type of signals.
For TPC usage, the sensitivity can be set to either 20 or 30 mV /fC, while it is set to
4 mV/{C for muon chamber usage. The shaping circuitry aims to modify the pulse
shapes coming from the preamplifier to give them a constant peaking time and pulse
width by reducing the long tail of the signals. The pulse shapes coming from the shap-
ing circuitry will have peaking times of 160 ns for TPC settings, and 300 ns for muon
chambers, giving nearly the same pulse width of 500 ns for both detectors. Combined
with the preamplifier, the shaping circuitry is called PASA (PreAmplifier/ShAper), a
name reused from the chip used in Run 1 and 2.

Gan & shaping control

—
g

32 channel

1
CSA Shaper Channel

A‘(CZ IL P veu
Fal J ADC
R % -1 Vazr-
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- Buffers
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W = Cap amay
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Figure 2.1: Block diagram of the SAMPA ASIC. Each channel (32 total) consists of
a Charge Sensitive Amplifier (CSA), signal shaping circuitry, an Analog-to-Digital
Converter (ADC) and a Digital Signal Processing (DSP) chain[11]].

The ADC has 10 MHz sampling rate, 10 bit resolution and a dynamic range of
1.2 V. After digitization, a pipelined data processor removes a wide range of perturba-
tions on the input signal related to non-ideal detector behavior, such as temperature
variations of the electronics and noise. The signal is then compressed using zero-
suppression; all data points below a programmable threshold are removed, except a
specific number of samples around each peak. Four 320 Mb/s serial links conduct
the data read-out continuously at a speed of up to 1.28 Gbps. Without data compres-
sion, the 552,900 readout channels of the GEM TPC would produce data at a rate of
7 TByte/s [11]. After compression the data rate will be 1 TByte/s.
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2.3 SAMPA Carrier Board and Buffer Design

The data sheet of the SAMPA chip states that it is not designed for 50 () termination.
Unfortunately the CAEN ADC we use for signal readout is 50 () terminated. There-
fore a buffer was needed to shield the output of the SAMPA Chip 1 from the heavy
load of the ADC.

Before the buffer design began, a little test was conducted to see how the SAMPA
Chip 1 behaved while driving different loads. An input signal was injected into the
chip and the output was connected to the oscilloscope with the input impedance set
to 1 MQ. Then the input impedance was changed to 50 2 and the pulse shapes were
inspected for any change. Figure [2.2) shows two screenshots, one with 1 M() termi-
nation (left) and one with 50 Q (right). As expected the output signal was attenuated
when driving 50 Q2. Notice the different voltage division scales which accentuates just
how significant the attenuation is. As can be seen the negative channel suffers more
attenuation than the positive one.

Haise Filter Off Hoise Filter Ot

Figure 2.2: The differential outputs of the SAMPA Chip 1 with 1 M) termination (a)
and 50 (2 termination (b). The chip is not designed for 50 2 termination which is
clearly visible from the attenuated signal in (b).

2.3.1 Buffer Design Parameters

In order to efficiently shield the SAMPA Chip 1 from the ADC and not interfere with
the signals generated by it, the buffer had the following design constraints:

* Low noise: Although the buffer is located behind the SAMPA chip, and there-
fore the buffer noise referred to the input of the SAMPA chip is lower by a factor
of the gain of the SAMPA, it is always preferable to have the buffer interfere
with the signal as little as possible.

* Must have both a differential input and output (fully differential).
* Must be able to drive a 50 ohm load.

* Must have minimum =+ 1 V output swing.

Power consumption was not an issue since the buffer was only there for test pur-
poses.
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2.3.2 Buffer Design

A number of buffer designs were attempted using Veroboards and hole-mounted
components, but none of them proved successful as they increased the total noise
of the system too much. It was especially the interface between the two cards (the
SAMPA PCB and the buffer card) that proved to be faulty, as the wires connecting
them picked up a lot of ambient noise, even when placed inside the Faraday cage.
Therefore it was decided to design a whole new PCB for the SAMPA chip with an
embedded buffer using short leads and only surface mount device In addition,
the previous design of the SAMPA PCB was not particularly well implemented when
it came to noise and cross-talk considerations, so the new design took emphasis on
improving the PCB layout by shortening and separating neighboring leads.

A schematic view of the buffer design is shown in figure It uses a THS4503
fully differential amplifier which is unity gain stable and is designed to drive high
speed data acquisition systems. Even though the schematic shows the use of a dif-
ferent amplifier (LMH6552), the one used in the final design was the THS4503. This
could be done since the two amplifiers have the same footprint and pin configura-
tion. The gain is set by the ratios of RF1/RG1 and RF2/RG2. CF1 and CF2 eliminate
overshoot which was visible on the output during simulations of fast input signals.
C_BUF_CM is a filtering capacitor for the output common mode voltage. The com-
mon mode setting pin (Pin 2) could have simply been shorted to ground, but having
a component there makes the design more flexible by enabling the user to select a dif-
ferent common mode output voltage if desired. R20, R21 and C_.BUF_LP provide a
lowpass filter for the output of the buffer. This is done to reduce noise by filtering
away any signals with a frequency greater than the bandwidth of the ADC. The val-
ues of 10 Qand 1 pF are just examples, correct values were calculated later and used
in the final design. Decoupling capacitors are not shown in the schematic since they
make it look chaotic, but they are visible in the PCB layout picture (figure [2.3b).

The layout (PCB design) of the buffer can be found in figure It shows how
the components are placed on the PCB and where the connecting wires go. As can be
seen, the components are placed quite close to each other to decrease noise pick up
and save space. Placing the components too close, however, makes it quite difficult to
route the wires as there is very little space left for them to occupy. The red wires run on
top of the PCB while blue ones run on the bottom. Vias provide connections between
the top and bottom layers, and are visible as green circles in the figure. In addition to
the components shown in the schematic (figure[2.3a), the decoupling capacitors (C40,
C41, C50 and C51) are also visible. Notice how close the decoupling capacitors are to
the amplifier. This is done as per recommendations of the amplifier’s data sheet as it
helps increase stability and reduce noise.

! Surface mount devices are electronic components (e.g. ICs, resistors and capacitors) which are
mounted on the surface of a PCB instead of having legs that go through holes in the PCB, which
is the case for hole mounted devices. This enables the components to be smaller and have better
characteristics (e.g. lower noise and less parasitic capacitance).
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Figure 2.3: (a) The schematic of the buffer design. (b) The PCB layout of the buffer
design. The complete schematic and PCB layout can be found in appendix
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2.3.3 SAMPA Carrier Board

Four samples of the SAMPA Chip 1 (preamplifier and shaper) were available for test-
ing. Two were mounted on the original carrier board which came from CERN, and
two on the new PCB design with the embedded buffer. For convenience, the two
original carrier boards will be referred to as “OCB1” (“Old Carrier Board’ﬂ ) and
”OCB2”, while the two new designs featuring the embedded buffer will be referred
to as "NCB1” ("New Carrier Board”) and "NCB2”. OCB1 and NCB1 are depicted in
figures and respectively.

In the old design (a) there are two power inputs, +5 V and Vpp. The SAMPA
chip uses Vpp while the +5 V input is used to create three reference voltages, 450 mV,
600 mV and 750 mV. The reference voltages are controlled by the potentiometers at the
top of the PCB. Three test pads located around the two black ICs (Integrated Circuits)
below the potentiometers give easy access to measure the reference voltages while
adjusting them. The input consists of the five bottom LEMO connectors on the left
edge of the board, the two above are not used. The output is differential and has one
positive and negative pin for each channel. Gain and rise time are selected according
to table 2.2| by placing jumpers across the pins at the bottom of the PCB. The “ctrl
inj” jumper is related to the two topmost LEMO connectors and is redundant. The
configuration shown in the figure gives low gain (20 mV /fC) and 160 ns rise time. At
the center of the PCB sits the SAMPA chip. A piece of kapton tape was placed across
it to prevent the lid of the IC casing from falling off.

Jumper Label
ctrlinj ctsO cts1l cg0 cgl cg2 pol
30 mV/{C @ 160 ns, Neg C NC C C C C NC
20 mV/fC @ 160 ns, Neg C NC C NC C C NC
4 mV/fC @ 300 ns, Pos C NC NC C C NC C

Configuration

Table 2.2: Jumper settings for selecting gain and rise-time of the SAMPA Chip 1. The
jumper labels are seen at the bottom of figure

2 The term ”Carrier Board” refers to a Printed Circuit Board (PCB) to which electronic components
have been attached (e.g. soldered).
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The new design (b) does not feature two separate power inputs. Instead all oper-
ating voltages are made on-chip from a +5 V power supply using voltage references
and buffers. Vref is a 1.235 V reference voltage created from the +5 V power sup-
ply by a LM285DR voltage reference. Voltage dividers and buffers (LT1354) create
the three reference voltages (400 mV, 600 mV and 750 mV) from Vref. The locations
of the buffers are marked by the red arrows. Vpp is made from a voltage reference
(TPS71701DCKR) which is located above the blue potentiometers at the bottom of the
PCB (red square). The four blue potentiometers adjust the three reference voltages as
well as Vpp. Test pads are located adjacent to the buffers to give easy access to the
voltages while calibrating them. The jumpers to the right of the SAMPA chip select
which of the five channels go through the differential buffer. This was done to elimi-
nate the need of one buffer per channel, since they were quite expensive. The PCB was
designed with flexibility in mind, therefore the input can either be injected through
LEMO connectors (which are not mounted on the PCB in the picture) or through pin
connectors marked with a red rectangle to the left of the SAMPA chip. As with the old
carrier board the gain and rise time settings (table are selected using the jumpers
at the bottom om the PCB (below the SAMPA Chip 1). Because the two extra LEMO
input connectors have been removed in the new design, it does not feature the “ctrl
inj” jumper. The configuration shown in the figure gives low gain (20 mV/{C) and
160 ns rise time. Strips of tape were placed over the SAMPA chips to hinder the lid of
the IC cover from falling off.

The ADC we use for signal readout comes with single-ended inputs from the fac-
tory. However, the user manual describes a procedure where one can modify them
to become differential. Since this was possible, the output of the buffer in the new
PCB design was designed to be differential so it would match the ADC input. This
could be done since LEMO connectors can be used as differential signal carriers by
connecting one of the signals to the inner wire and the other one to the shielding
wire mesh (which is connected to ground if single-ended signals are used). Unfor-
tunately, the modifications to make the ADC inputs differential proved unsuccessful,
and single-ended signals had to be used instead. This had not been taken into account
while designing the new PCB design, therefore, the new design does not incorporate
single-ended output connectors which can be used as backup for the differential one.
Hence, the signal readout had to be done using wires instead of LEMO connectors,
as can be seen in figure By connecting two wires to the differential outputs and
two more to ground, the output can be read out as two single-ended signals, one from
each pair of wires (one pair consisting of a ground wire and the positive output of the
differential signal, and the other of the negative one and ground).

The two designs are quite similar at the input, but if one looks closely it is obvious
that the SAMPA chip of NCB is located closer to the input connectors than in OCB.
This was done to shorten the input traces as the input is where a signal is most prone
to noise. The traces in the new design were also separated as much as possible to
reduce crosstalk.

The packaged SAMPA Chip 1 mounted on a carrier board is shown in figure
with the silicon chip visible in the center. Bonding wires connect the silicon chip to
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the IC package, and the legs of the IC are soldered to the PCB. Figure shows a
closeup of the silicon chip and how the bonding wires are connected to it. The silicon
chip is produced in a 130 nm CMOS technology and is roughly 3 mm long and 1.5 mm
wide.

N

(b)

Figure 2.5: (a) The packaged SAMPA Chip 1 mounted on a PCB. Bonding wires con-
nect the silicon chip to the legs of the IC package which are soldered to the PCB. (b)
A closeup of the SAMPA silicon Chip 1 showing where the bonding wires are con-
nected.



Chapter 3
GEM Detectors

The particle-detection system of the ALICE TPC is currently based on wire-chambers.
Before Run 3 of the LHC in 2018 it will be upgraded to a GEM-based (Gas Electron
Multiplier) system to be able to handle the increased collision rates. Therefore, testing
of GEM detectors has to be conducted to find the best setup and operating parameters
before installing them in the ALICE TPC. For this purpose, a 10 by 10 cm GEM pro-
totype (see section was constructed in collaboration with the Hungarian group
in their lab at the Wigner institute in Budapest. In addition to providing valuable in-
formation about GEM detectors, the prototype chamber could also be used to test the
SAMPA Chip 1 under similar conditions to which it will be used in the ALICE TPC
upgrade.

3.1 Whatis a GEM Detector?

A Gas Electron Multiplier (GEM) is a charge amplification device that was invented
in 1996 by Fabio Sauli [14]. It consists of a thin insulating polymer foil which is coated
with thin copper layers on either side. The foils are perforated with many tiny circular
holes that are oriented in a hexagonal lattice. A closeup of a GEM foil is shown in
tigure illustrating the size and orientation of the holes. The outer diameter is
70 pm and the hole pitch is 140 pm.

Figure 3.1: A closeup of a GEM foil showing the arrangement of the holes[15]. The
diameter of the holes is 70 pm and the hole pitch is 140 pm.
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3.2 Constituents

A GEM detector consists of three main parts, a cathode electrode, the GEM foil(s),
and an anode for signal readout. The construction of a typical GEM detector is shown
in figure It consists of four GEM foils stacked on top of each other, separated by
2 mm. The anode readout plane is located below the GEM stack and the cathode elec-
trode above. During operation the stack of foils is enclosed in an air-tight chamber
which is filled with gas. High voltage is applied to the cathode and GEM foils, cre-
ating the electric fields labeled Egif, Et; and Eig. These refer to the drift-, transfer-,
and induction fields, respectively, which are defined below:

¢ Dirift field: The electric field between the cathode and the upper GEM foil.

e Transfer field(s): The electric field(s) between the GEM foils. If more than two
foils are used, there will be more than one transfer field.

¢ Induction field: The electric field between the bottom GEM foil and the anode.

Cathode
I_%I_‘ Earm \—%'—‘
zim ; I_%I_[ E+ \_%I_‘ 2 mm
GEM 3 I_I%I_‘ Er \—‘:'—‘r-j 2 mm
GEM 4 e oo = o
I_:_[ Eing readout anode\ \_:._‘ 2 mm

Strong back‘ ‘

Figure 3.2: A typical GEM detector setup consisting of four GEM foils[11].

GEM foil

A typical GEM foil (the so-called standard design [16]) is constructed from a 50 pm
thick kapton foil with a 5 pm thick copper electrode on either side. The foil is densely
pierced with 70 pm in diameter holes with a pitch of 140 pm using a chemical etching
process. A cross section of such a GEM foil is shown in figure The white horizon-
tal lines at the top and bottom of the foil are the copper planes. Due to the etching
process the holes are not perfectly cylindrical, but rather double conical. This shape
is a result of etching from both sides of the foil. If the foils were only etched from one
side the resulting holes would be V-shaped. The GEM foils are produced at the CERN
workshop using photo lithographic methods.
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Figure 3.3: A closeup of the cross section of a GEM foil[15].

Cathode

The cathode electrode is used to create an electric field which attracts ionized elec-
trons created by ionizing radiation to the first GEM foil. It can be constructed from
either wires, wire-mesh, or metal film. The film type offers a very homogeneous elec-
trical field, but cannot be used for discharge testing using a-particles since they don’t
penetrate the foil (see section @ Wire and wire-mesh cathodes, however, are suit-
able this type of testing as they offer little obstacle to the a-particles, enabling them to
reach the GEM foils and create discharges.

Anode

The anode of a GEM detector is used for signal readout. It is located below the bottom
GEM foil and consists of a segmented copper plane where each segment is connected
to a readout pin. As the anode acts as the “floor” of the detector, it needs to be strong
so it can withstand mechanical stress due to handling. This can be done by adding a
strong back-plane to it, as shown in figure

3.3 Main Physical Processes

For the SAMPA Chip 1 testing with the GEM detector prototype an Fe-55 and a Sr-90
source were used. The Fe-55 source emits low energy photons (5.9 keV) which ionize
the gas inside the detector as maximum ionizing particles. Due to their higher energy
(2.28 MeV), the electrons emitted by the Sr-90 source interact with the detector gas as
Minimum Ionizing Particles (MIPs). MIPs are discussed in section The Fe-55
source is used to calibrate the gain of the detector and to obtain its energy resolution
(see sections [4.2.T and [£.2.2] respectively), while the Sr-90 is used for signal-to-noise
ratio (SNR) calculations (see section .2.3).
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3.3.1 Photoelectric Effect

For photon energies below ~0.5 MeV the photoelectric effect is the dominant pro-
cess of attenuating electromagnetic radiation. Since the photons emitted by the Fe-55
radioactive source have 5.9 keV energy, they interact with the detector gas mainly
through this process.

In the photoelectric effect a photon is completely absorbed in a collision with a
bound electron. A free electron cannot absorb a photon and at the same time conserve
its momentum, therefore it has to be bound such that the ionized atom can receive
some of the momentum. Some of the photon’s energy is therefore absorbed by the
atom (E,), some is used to overcome the electron’s binding energy (E,), and the rest
becomes the electron’s kinetic energy (E;). With the photon energy being E,, the
kinetic energy of the freed electron is given by equation

Ek:E’y_Eb_EA%Ey_Eb (3.1)

The approximation can be done since Ex/E4 ~ m/M < 1/1840, where m is the
electron mass and M is the mass of the atom.

The photoelectric effect is illustrated in figure A photon is absorbed by a K-
shell electron, which is ejected with kinetic energy Ei. The electron’s binding energy
is emitted either as characteristic X-ray radiation or as auger electron
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Figure 3.4: The photoelectric effect [5].

! Electrons which are ejected from the atom when an electron from a higher energy level fills the
vacancy of a removed core electron.
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3.3.2 Inelastic Scattering From Atomic Electrons

The electrons emitted by the Sr-90 source interact with the detector gas through in-
elastic scattering from atomic electrons, which lead to excitationsﬂ and ionizationﬂ
Collisions that leave the incident atom excited or ionized are called soft collisions and
hard collisions, respectively. After an ionization, the freed electron can have enough
energy to further ionize other atoms. Such electrons are called 6-rays.

3.3.3 The Bethe-Bloch formula

H, liquid

—dE /dx (MeV g lem?)
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Figure 3.5: The Bethe-Bloch equation solved for numerous materials[2]. f = £ and
L__ where v is the particle velocity.

7:\/@1

The mean rate of energy loss dE/dx for heavy charged particles (e.g. o or p™) is
described by the well known Bethe-Bloch equation. Sine the equation is rather cum-
bersome, it is not shown here. Instead, it is much more informative to view the graph
of the function, which is shown in figure The energy loss per unit distance is
plotted as a function of particle momentum for various materials. It shows that fast
particles (i.e. particles with higher energy) lose less energy per unit distance than
slower particles. This is because faster particles have less time to interact with the
electrons when passing through a material, thus losing less energy to ionization. The
minimum value of —‘;—E is found at approximately the same momentum for the var-
ious materials. Particles with momenta in this region are called Minimum lonizing

2 Excitation is a process in which an atom or a molecule receives outside energy, causing an electron
to jump into an empty orbital of a higher energy shell.

3 Jonization is a process in which an external particle collides with an outer-shell electron of an atom
and knocks it out of orbit, resulting in an electrically charged atom.
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Particles (MIPs). For protons the minimum ionizing region occurs at ~