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Abstract

Over the past fty years, particle and nuclear physics have made signi cant
advancements, driven by innovations in particle detection and measurement
technologies. Modern experiments utilize cutting-edge tools such as MAPS and
MPGD devices, coupled with advanced readout electronics. However, in the
context of science outreach and education, more traditional detector methods,
like cloud chambers, are still utilized. This thesis aims to bridge this technolog-
ical gap by constructing a cost-e ective yet e cient particle detector based on
10x10 cn? area GEMs. The detector design incorporates inexpensive o -the-
shelf components for the front-end electronics and utilizes Arduino microcon-
trollers and Raspberry Pi computers for the digital readout system.

The analog front-end circuitry features an ampli cation stage followed by a
comparator, enabling Time-Over-Threshold-based measurements of the energy
loss of incident charged particles. This thesis details the considerations for the
circuitry, supported by simulations and measurements using prototype readout
boards. Additionally, a 64-channel modular version of the readout card system,
necessary for 2D particle tracking, is presented and discussed.

The constructed detector system is intended for use in science education
with high school students as part of the ORIGINS Go-To-School program later
this year.
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Chapter 1

Introduction

Pushing the boundaries of fundamental physics research requires solutions push-
ing the boundaries of engineering, where the practical meets the theoretical - or
the imagination. This thesis will explain our steps to read out a gaseous detector.

1.1 Fom CERN to TPC

CERN, Conseil eurogeen pour la recherche nuckaire (french. European Orga-
nization for Nuclear Research) is an institute having roots well within the 20th
century aiming towards a common and accessible place for international scale
fundamental research to take place. Here, scientists sought ways to explain,
describe, and quantify how our universe worked.

An essential tool for us to categorize and quantize measurements resulting
from the experiments at CERN happened through so-called detectors.

(Measurement) Detector : as in sensot a device that detects somephysical
gquantity and responds usually with a transmitted signal.

(As submitted to the Merriam-Webster Dictionary)

Using this de nition, one expects a measurement result from a detector to
have quanti able outputs within electronic means. This was not the case during
the early infancy of CERN [1]. Human labor was required to extract the data;
even well-trained eyes made mistakes and overlooked much information in the
bubble chambers.

One potential improvement was electrical circuits, as radio and the vacuum
tube emerged into our lives. Being at the forefront of research, CERN used these
technologies very thoroughly. Though not the rst to do so [2], a hotable amount
of research went to acquisition electronics. It enabled scientists to numerically
represent and store the acquired data. Now, the era of siphoning datum out of
detectors and processing them in mind-boggling man-made automatons was to
begin. After all, the power was in the numbers.

9
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1.2 Gaseous Electron Multipliers (GEM)

Subsequent developments in gaseous detectors, such as the multi-wire propor-
tional chamber (MWPC) developed by Charpak, who received the Nobel Prize
in 1992, brought many possibilities for particle research. Gas chambers real-
ized their potential as detectors by using a well-known e ect rst described
by John S. Townsend circa 1897 by the self-titted Townsend Avalanche [3]. It
occurs when ionized particles expel electrons, which then accelerate under the
in uence of an electric eld. These electrons collide with nearby gas molecules,
and upon reaching the critical ionization energy of the gas, they release more
electrons. Each collision results in further scattering and the generation of ad-
ditional electrons, e ectively multiplying the number of electrons through this
chain of collisions.

Figure 1.1: Stacked con guration of a MWPC used for fundamental particle
research at the LHCb experiment at CERN. It consists of wires suspended in air
and non-conductive plates under them. Via the wires, a well-de ned electrical
eld is generated, which uses the Townsend Avalanche to generate electrons
almost at the surface of the wires, thus creating a signal via the avalanche. [4].

Sauli developed his MWPC using the above-described principle, but one
issue needed to be addressed. This issue stemmed from the engineering and
manufacturing of said detectors. The principles of working were clear, but
the manufacturing needed to be more convenient. Turning to printable circuit
board-like material processing, Sauli invented the GEM. Such a GEM consists
of small, well-de ned, etched polyamide holes. We shall describe the inner
workings of a singular GEM and the entire system, including how the signal
forms and the path an electron takes until it hits a collection pad.

Nonetheless, it is safe to say Sauli and his colleagues indeed started an
avalanché of novel detection systems based on simpteelectromagnetic prin-
ciples such as drift and ionizationwhich are still used in experiments at
CERN.

LPun intended.

2]t seems too obvious retrospectively; however, we must not forget it was non-trivial back
then.
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Figure 1.2: Schematics of a triple stacked GEM detector. Left, Electric eld
con guration within the GEM's holes. Right, the entire GEM stack as well as
collection electrodes for electrons and ions respectively falling on an anode and
a cathode. [5].

1.3 Time Projection Chamber (TPC)

The TPC was born out of the necessity of having a large volume and having this
volume have an unprecedented three-dimensional spatial resolution. Combining
a 2-D planar ampli cation chamber (here GEM) for x/y coordinates and the
total drifting time the charge needs to reach the readout for the z coordinate
was the solution. Thus, an excellent timing resolution was required.

1.3.1 State of the Art Readout Electronics

Needs for a fast and reliable readout method were imminent at ALICE TPC
[6,7]. It used the MWPC before its upgrade to a GEM-based readout. One
peculiar challenge with GEM readout was the need for continuous readout of
the channels, which enabled unprecedented data throughput about the particle
collision. Thus, the serialized analog{digital multipurpose application-specic
integrated circuit (SAMPA) was born. It contains a continuous 32-channel read-
out for the anode of the GEM, taking much less space than normal approaches
via o -the-shelf IC and PCB approaches. [8] [7]

As seen in the gure above, the SAMPA chip's signal processing chain con-
sists of a charge-sensitive ampli er, a pole-zero cancellation network tuned to
the ampli er topology, a Gaussian pulse shaper, and a non-inverting stage (NIS).
Such ASIC design is quite expensive in terms of human resources. They require
special knowledge of solid-state physics and production processes. It also means
smaller production nodes, resulting in premium prices for low-yield production.
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