Instrumentation and testing of RPC (Resistive Plate
Chamber) detectors in the Pierre Auger collaboration

Pedro Alexandre Glória Cardoso

Thesis to obtain the Master of Science Degree in

Engineering Physics

Supervisors: Prof. Pedro Jorge dos Santos Assis
Prof. Pedro Miguel Félix Brogueira

Examination Committee
Chairperson: Prof. Mário João Martins Pimenta
Supervisor: Prof. Pedro Jorge dos Santos Assis
Member of the Committee: Prof. Bernardo António Neto Gomes Baptista Tomé

September 2014

Resumo
Esta tese reflecte o estudo sobre as características e física dos detectores Resistive Plate Chambers
(RPCs), detectores de partículas carregadas. Este trabalho foi desenvolvido no âmbito do projecto
Muon Auger RPC for the Tank Array (MARTA) que se baseia na introdução de detectores RPCs por
baixo dos tanques de água do observatório Pierre Auger. O observatório Pierre Auger é um pioneiro
em detecção de astro partículas e tem conseguido diversas medidas e resultados de grande interesse
na área da Física de raios cósmicos. Os detectores RPCs que se pretendem instalar no observatório
têm como principal objectivo a detecção e a medição da componente muónica resultante do chuveiro
de partículas despoletado por um raio cósmico.
Existe um foco em perceber como funciona a ionização e como ocorre a multiplicação de carga dentro
da avalanche. Destas informações pretende-se depois extrair as suas consequências em termos de
sinal induzido nos eléctrodos e fazer uma previsão teórica da eficiência.
Nas medições experimentais encontram-se resultados de acordo com as previsões teóricas. Estudouse em detalhe sinais típicos e espectros de carga e tensão. Mediu-se a carga típica duma avalanche
na nossa unidade RPC nos primeiros 6 𝑛𝑠 do sinal como estando à volta 8 𝑝𝐶. Estimou-se uma
percentagem de streamers à volta dos 2.4 %. Fez-se aquisições de eficiência em que se obteve um
valores da ordem dos 60% e 80% dependendo da electrónica de aquisição.
Palavras-chave: RPCs, projecto MARTA, observatório Pierre Auger, raios cósmicos, detectores de
partículas, espectros de carga.

Abstract
In this thesis it is going to be presented an overview of the physical characteristics of a certain particle
detector: Resistive Plate Chambers (RPCs). This work was done as a part of the Muon Auger RPC for
the Tank Array (MARTA) project which is an upgrade proposal to insert RPCs below the water tanks of
the Pierre Auger observatory. This observatory is a pioneer in astroparticles experiments and has
obtained various results and measurement of great interest in cosmic ray physics. These RPCs’ primary
objective is to detect and measure the muonic component of the particle shower started by a cosmic ray
event.
We will focus in the understanding how the particle ionizes the gas and how the charge multiplication
phenomenon occurs inside a chamber avalanche. With this knowledge we will give theoretical
predictions of the induced signals and the RPC’s efficiency.
We find that the experimental results are in line with what we predicted based on charge multiplication
phenomenon. There was a big focus on measuring and understanding signals and charges/voltage
spectra. We have measured the average charge of the first 6 𝑛𝑠 of the avalanche signal to be around
8 𝑝𝐶. We have estimated the percentage of streamers in our acquisitions as being 2.4 %. There were
also measurements of the efficiency of around 60 % or 80 % depending on the electronics acquisition
setup.
Keywords: RPCs, project MARTA, observatory Pierre Auger, cosmic rays, particle detectors, charge
spectra.
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1. - Introduction
1.1 – Cosmic Rays
Since the beginning of the 20th century, cosmic rays have been a matter of great interest to the scientific
community. It all started with some not widely accepted electrometer experiments done by Theodor Wulf
in 1909. He started to notice that this device, made to measure the electric charge in its upper metallic
sphere, had different discharge rates at the top of Eiffel Tower than at the bottom. While the results of
this experiment were not very conclusive, they encouraged other experiments with the goal of
understanding what the phenomenon behind the discharge of the electrometer was.
After many experiments, balloon flights and submarine dives, it was Victor Hess who presented the first
accepted curve for the variation of this phenomenon with altitude. Meanwhile it was becoming clear that
the source of this phenomenon was extraterrestrial and the term “cosmic ray” was coined by Millikan
that defended that this was caused by photons. It was later discovered that cosmic rays are constituted
mainly by protons, although the nature of the highest energy cosmic rays is still object of debate.
So what are cosmic rays? Cosmic rays are highly energetic particles that enter earth’s atmosphere
coming from the outer space. While it is still uncertain what their origins are, it is certain that they are a
source of information of the whole universe around us. Nevertheless there have been indications that
they might come from supernovas and other astronomical events, even though this is still highly
controversial subject in the scientific community.
It was clear that a better understanding of cosmic rays was vital to human knowledge of the surrounding
universe. Thus physicists started building cloud chambers to study cosmic rays and, in 1929, it was
observed the first evidence of antimatter, the positron. This discovery was the initial step for the
affirmation of particle physics, as one of the most important subjects in physics.
With the construction of the first particle accelerator in the 1950’s, particle physics branched out into two
distinctive experimental paths. It was now possible to study controlled and focused beams of particles
colliding with each other, or one could continue to study particles coming from outer space. It is important
although to notice that these studies are complementary and they have both been critical to the
determination and categorization of all matter constituents.
The evolution in the physics of cosmic rays was always paced with the rhythm of technological
improvement of the detectors and observatories. When experiments started associating various
detectors and improving the time resolution, physicists started to notice that spaced detectors would
have time coincident events. As a result further investigation was done on the subject revealing that
particles came in bunches, and thus they would very probably have the same primary cosmic ray as a
source. Meanwhile with this evolution it became possible to reconstruct the primary particle properties
using EAS (Extensive Air Shower) [1] [2], and not just detect single particles that hit a detector.
When a cosmic ray enters in contact with the atmosphere it scatters in the presence of other nuclei
creating secondary particles. As the primary particle collides with an atmospheric nuclei, it will be
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produced as a result: pions (charges -1, 0,+1), eventually baryons (other protons and neutrons) and
charged kaons. The neutral pions will give the main contribution to the electromagnetic cascade.
Charged pions and kaons will be the main contributors for the creation of muons. In the end, the result
of one highly energetic particle hitting the atmosphere is mainly an electromagnetic component
(electrons, positrons and photons) and a muonic component. This can be explained by the lifetimes of
the particles involved in an EAS, meaning that other particles are unstable and will most likely decay or
interact before reaching the ground level.
Nowadays, the Pierre Auger Observatory the world’s largest cosmic ray observatory is composed of
both ground water Cherenkov detectors tanks [3] and fluorescence telescopes. The first ones are
disposed in an array configuration, and they consist of large tanks filled with water. High energy particles
crossing the water emit Cherenkov radiation, because they have velocities superior to light in this
medium. Three PMT’s (photomultipliers) tubes symmetrically distributed at a distance from the center
of the tank detect this Cherenkov radiation. The fluorescence telescopes consist typically of large mirrors
and segmented UV cameras and detect the light emitted from de-excitation of nitrogen molecules. This
information is cross compared with the ground detections and it’s possible to reconstruct the path of the
shower and do the primary particle characterization with a very large number of samples.
Observatories exploit the cosmic ray energy spectrum by using very large areas in order to detect higher
energy cosmic rays. Dealing with particles with energies between 1015 eV and 1020 eV, HECR (High
Energy Cosmic Rays), is one of the main advantages of cosmic ray experiments over particle
accelerators experiments that will only be capable of achieving energies of 14 × 1012 eV with the 2014
upgrade of the LHC (Large Hadron Collider).
Even though cosmic rays physics has come a long way in the last century, there is still uncertainty
associated with these very complex events. UV telescopes can only guarantee optimal performance in
dark moonless nights. Moreover they are only sensitive to cosmic rays with energies high enough to
cause detectable fluorescence, usually above of 3 × 1018 eV – UHECR (Ultra High Energy Cosmic
Rays). Water tanks are able to absorb 85% of the electromagnetic radiation that hit the tank coming
from the shower and they are almost transparent to muons. The signal from their PMTs is a sum of the
electromagnetic with the muonic component which makes it very hard to correctly measure the muonic
component alone. The current detector technology has been around for some time. It is now demanding
that for further studies on EAS and cosmic rays, that new technologies arise or that other kind of methods
of detection are repurposed for this important goal.

1.2 - Pierre Auger Observatory
The observatory Pierre Auger is located in a plateau of about 1400 m of altitude, in Mendonza Province,
Argentina, and it’s a result of an international collaboration that involves nearly 500 physicists from more
than 90 institutions in 19 countries. It is constituted by 1600 water tanks (12000 liter each) separated by
1.5 Km between them and 4 UV telescopes stations overlooking these surface detectors covering an
area of 3000 𝐾𝑚2 . More information on [4].
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Figure 1.1 - On the left is the layout of the Pierre Auger Observatory and on the right is the Cosmic
Ray detection method.
The high-density polyethylene ground detectors have 3.6 m of diameter and 1.2 m of height and are
filled with pure water. These detectors are self contained and sufficient. They have solar panels that are
capable of giving 10 W to its electronics (duly encapsulated): GPS, PMT’s, processor and power
controller. These detectors represent a low cost, easy, large scale coverage solution hence their
selection between all other particle detectors [5].
The fluorescence detection is possible due to 24 fluorescence telescopes distributed between the 4
stations, each one with a field of view of 28.6° × 180°. Their design is based on a spherical mirror with
an aperture stop at the center of curvature that produces an image in a PMT spherical camera with the
same center. There is also a corrector plate in the aperture to rectify the aberrations of the telescope,
and a filter to select the significant UV wavelengths of the shower longitudinal profile.
The Pierre Auger observatory is the single greatest cosmic ray project that ever took place. This
observatory was designed for massive statistics of high energy cosmic rays. It’s the symbiosis of the
ground detection technique and the fluorescence detection technique that makes this observatory a
powerful instrument in the reconstruction of air showers. It is intended to obtain not only the energy of
the showers but also their direction and composition (still under research) in order to shine some light
on the most energetic particles known to man.
There have been multiple remarkable discoveries and results in this observatory [6]: the proton-air [7]
and proton-proton cross section, there have been measurements of a cutoff of the spectrum consistent
with the GZK-limit (Greisen–Zatsepin–Kuzmin limit [8] [9]), even though it is not confirmed that this cutoff
is caused by the GZK-limit, the definition of the limits of the fluxes of photons and neutrinos and the
evidence of anisotropy on cosmic rays with very high energies.
There are still many questions to be answered in modern days’ cosmic rays physics. In order to improve
the observatory capabilities there are mainly two big improvements: the HEAT (High Elevation Auger
Telescope) [10] project for enhancing the viewing range of the current telescope stations and the AMIGA
(Auger Muons and Infill for the Ground Arrays) [11] project for the upscale of the ground arrays and for
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improving the knowledge on muonic component. There are also various projects to upgrade the
observatory: the ASCII project for the installation of scintillators at the top of the ground detectors, the
LSD (Layered Surface Detector) project for segmentation in compartments of the current water tanks,
TOSCA and AMIGA-Grande that rely on buried scintillators under the tank and finally the MARTA (Muon
Auger RPC for the Tank Array) project in which this thesis will be developed. There is also an effort to
improve the data sampling rate, the dynamic range and the resolution of both time and space.

1.3 - MARTA project
The Pierre Auger Observatory has provided precious knowledge about UHECR. The current data
suggests that for high energies there could exist a composition change or a change in hadronic
interactions. It is now demanding to separate the muonic component from the electromagnetic one. As
such it is necessary to measure the muonic distribution and the muonic profile. In the end, it is desired
that the Pierre Auger Observatory is able to measure the mean number of muons and its RMS arriving
at the detectors as a function of the shower energy. The MARTA project is one of the currently
developing solutions to address the muonic component of the shower individually. More information
about muons in air showers can be found in [12].

Figure 1.2 - MARTA design proposal. The RPC’s (light grey colored in this figure) are inserted below
the water tank.
The strategy proposed by MARTA is to place RPC detectors below each water tank (Figure 1.2). As it
has been described above, these Cherenkov detectors are able to absorb most of the electromagnetic
component of the shower. The RPC detectors placed below them will mostly be hit by the shower’s
muons.
The MARTA detectors will be installed in a totally reversible way that doesn’t require any kind of change
to the current water Cherenkov tanks. It is estimated that if they cover one third of the ground array, it
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will be possible to reach energies of the order of 1019.5 eV. Other requirements involve (as can be found
on MARTA official reports):


the capability of measuring 500 muons per unit;



keep the electromagnetic contamination below 50% for distances of the shower’s cores of 500
m and zenith angles between 0° and 60°;



achieve resolutions better than 25% and 15 % for the measurement of the number of muons
between such angles and the measurements of the shower energy respectively;



increase the primary photon discriminating power by one order of magnitude.

1.4 - RPCs
Resistive Plate Chambers (RPCs) are gaseous resistive parallel plate avalanche detectors. Their
electrodes are submitted to high voltages (HV) and at least one of them is covered in high resistivity
material. The reason for this is that it prevents sparks and permanent discharges in the chamber, limiting
the current. They are a very reliable, fast and low cost solution for muon detection. They have assumed
a very important role not only in their particle counting capabilities (trigger RPCs) but also as timing
detectors (tRPCs) [13].
RPC technology has its roots in the year 1981, when the first RPC was constructed of copper electrodes
covered with a high resistivity phenolic resin. This design was constituted by a gap of 1.5 mm with gas
mixture Argon/iso-butane. The signal produced by the electron drifting inside the chamber was
measured with pick-up strips, insulated from the HV with PVC.
In an RPC chamber an arriving energetic muon will ionize the gas mixture molecules producing electrons
and ions in the process. Due to the massive electric field (of the order of 100 KV/cm) created by the HV
inside the chamber, electrons will be accelerated to the anode and the ions to the cathode, the later with
lower accelerations because they have greater masses. Meanwhile, electrons will gain such momentum
that they will collide with other gas molecules ionizing them too. The process repeats for secondary
electrons and eventually there is an avalanche of electrons in route the anode. This way it is possible to
induce a big enough charge on the readout electronics to be measured.
In this kind of detectors there are configurations that allow the chamber compartment to be divided in
multiple gaps instead of initial systems with a single gap. With multiple gap systems it was possible to
improve on the time resolution from the order of the milliseconds (in the first single gap systems) to the
nanoseconds.
There are two possible modes of operation of RPCs: streamer and avalanche. The first one can only
occur with high enough voltages. In this mode a very high electric field is applied such that the avalanche
is high enough to create a discharge. The amplification in gas is high enough to acquire the signal
without further amplification. The latter is the mode of operation in which occurs the standard avalanche
process that has been described above. This mode is characterized by its low charge that is a result of
the low amplification capabilities of the gas. Hence the obtained signal needs to be amplified to be
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correctly measured. This is indeed an issue not only because of the need of an amplifier but also
because this amplifier must have a high gain and be fast enough to reproduce signals in the scale of
the nanoseconds. Nevertheless this mode is less demanding for the RPC detector allowing a more
stable operation.
Along with the perception that a multigap avalanche system could give low cost reliable responses and
the evolution of fast electronics, all efforts were made towards building timing RPCs. The concept is to
achieve the best time resolution with a maximum efficiency for MIPs (Minimum Ionizing Particles) in the
maximum detector area possible. It has been possible already to develop an RPC system that can go
down to 60 ps with 95% of MIPs in an 1600 𝑐𝑚2 area.
Even though it seems theoretically possible that the size of an avalanche could grow indefinitely its
charge is upper bounded by the Raether limit. Although for lower voltages this expression can be
approximated to a linear relationship between the charge and the voltage, for higher voltages the growth
of the charge with the voltage is clearly exponential. Charge in an avalanche can be described with
expression as follows [14]:
𝑞̅ ∝ 𝑒 𝛼(𝑉)𝑔

(1)

being 𝑞̅ the charge of the avalanche, 𝛼(𝑉) the Townsend coefficient that is dependent on the electric
potential across the chamber and 𝑔 is the length of the gap. There is however a limit due to the spacecharge effect – the local electric field created by the new charges will increase until it balances the
electric field across the chamber. This limit is called Raether limit and states that in ideal conditions an
avalanche can reach the value of 𝛼(𝑉)𝑔 ≈ 20 which limits the multiplicity of the gap to 𝑚 ≈ 5 × 10^8
(the term 𝑒 𝛼(𝑉)𝑔 of the charge).
Nowadays the mixtures usually are based mostly on fluorocarbon molecules, a low percentage of
alkane molecules for prevention of secondary ionizations and a low percentage of 𝑆𝐹6 for preventing
streamers (if we are in avalanche mode). However, single gas mixtures can be used as it has been
proven by LIP-Coimbra’s RPCs that only use R134a gas. In the end it is important to keep the gas flow
from the bottle/container of gas to the RPC and out.
The efficiency of a RPC detector can roughly be described with the following equation [14]:
𝑔

𝜀 = 1 − 𝑒 −𝑛0 = 1 − 𝑒 −𝜆

(2)

where 𝜀 is the efficiency, 𝑛0 is the average number of clusters of ionization created, 𝑔 is the height of
the gap and 𝜆 is the mean free path. However, this expression assumes that all clusters are detected.
In real life the number of clusters must be substituted by an actual number of clusters detected.
Furthermore, this expression assumes that the electrons do not reattach with other atoms on their way
to the electrode and the noise level is not an issue. In fact some signals induced will have the same
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order of magnitude of the noise thus will not be detected. Ultimately, this expression represents an upper
limit to the efficiency of the detector.
With the efficiency come serious compromises to be made in order to develop a system that meets the
experiment requirements. Big efficiencies can be achieved with bigger gaps, but this will also increase
the streamer fraction. A high number of smaller gaps allows to have good efficiencies with a low fraction
of streamers. Another tradeoff that has to be considered is how high the voltage applied to the electrodes
should be. A higher voltage will contribute to a better efficiency but also increases the probability of
streamers.
Nowadays several experiments have been made using RPC technology due to its strong price-quality
ratio. They are mainly used in the nuclear and particle physics experiments. Between them we can
count:


HARP – located at CERN’s proton synchrotron. This timing RPC system was designed to detect
particles with a momentum of the order of MeVs and with a time resolution better than 200 ps
[15].



ALICE – located at the CERN’s LHC. It is a huge project which covers an area of 150 𝑚2 with
multigap RPCs that can achieve a global time resolution below 100 ps with efficiencies of the
order of 95% [16].



STAR – located at CERN and using some personnel from the ALICE experiment. Designed to
operate at the RHIC (Relativistic Heavy Ion Collider) it uses timing RPC’s to maintain a time
resolution below 100 ps in an area of 60 𝑚2 [17].



FOPI – located at GSI-SIS in Darmstadt (Germany). Works with multigap timing RPC’s and
although it achieves time resolutions and efficiencies comparable to the others in this list it
covers a smaller area (5 𝑚2 ) [18].



HADES – located at GSI-SIS in Darmstadt (Germany). It is an electron positron spectrometer
experiment and uses a standard timing RPCs wall to cover an area of 8 𝑚2 with roughly the
same efficiency and time resolutions of the above [14]

1.5 - Objective
This thesis is developed in the MARTA project context for the Pierre Auger Observatory and is
developed in LIP-Lisbon. Its main purpose is to provide a detailed study of the characteristics and
responses of an RPC unit detector prototype. There is also the objective to optimize and improve the
hardware based on this information.
The prototype in study was constructed in LIP-Coimbra. It is a doublegap timing RPC with the objective
of detecting muons and measuring their properties. Once it has been completely studied, test proofed
and integrated with the electronics, its design will be replicated for the rest of the RPCs needed in the
observatory.
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This thesis is also intrinsically linked with the work being developed at LIP on the Maroc ASIC to be
used for the acquisition of this RPC. The prototype response and behavior is in fact one of the most
important issues to take into consideration when adjusting this integrated circuit board’s data acquisition.
In the end the entire lab electronics used to test the RPC’s response should be substituted by a custom
integrated circuit Maroc board, with low power consumption.
Ultimately in this thesis tools will be developed to provide charge spectrums, fit regressions of the
responses, gamma distributions and all the tools needed to fully characterize this RPC unit.
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2. – Physics of RPCs
2.1 – RPC chambers
As particle detectors, RPCs can be included in a more general type of detectors: ionization chambers.
Ionization chambers are gas filled chambers where incoming charged particles ionize the gas releasing
electrons and forming ions. With an external electric field it is then possible to collect the charges in
electrodes. Also ion-pairs can emerge from secondary ionizations giving rise to small clusters. This
phenomenon can only occur if, in a collision between the particle and the neutral molecule, the energy
deposited is above 2 times the ionization potential, so that the ionized electron has enough energy to
ionize a secondary molecule. As muons have big enough energies they are more likely to ionize the gas
in small clusters rather than doing single ionizations as they cross the gas gap.
When an energetic charged particle passes through a gas it will eventually collide with its molecules.
These interactions will either lead to excited molecules or to molecule ionization. From this reasoning
we can conclude that the incoming particle will also lose energy exciting molecules that will not ionize.
The average energy loss per ion pair formed is defined as the W-value in the bibliography [19]. This
quantity is always greater than the ionization potential and it depends on the chamber gas and on the
incoming particle. RPC r134-a chambers have typically around 10 clusters/mm with an average 2.7 ionpairs/cluster for a single incoming muon [20]. This means that if muons at sea level (average energy of
4 GeV), assuming typical W-value of the order of tens of eV/ion pair, were to be fully stopped within the
RPC would produce over 40000 ion pairs. In reality a muon will never be fully stopped in this conditions
this is just hypothesis calculation. Since the W-value is constant for a certain gas-particle combination,
the value of the energy deposited will be proportional to the number of ion pairs created.
𝑑𝐸

The energy deposited ( ) by a high energy particle travelling through a medium can be calculated by
𝑑𝑥

the Bethe-Bloch formula [21]. This formula predicts that the energy deposited is independent of the
mass of the incoming particle and it is relatively independent of the medium. As we can see in Figure
2.1 this formula predicts a minimum of energy deposited for particles with a certain energy. These are
called minimum ionizing particles. The simulation in the figure was done for copper meaning that are
mediums that will have different values of energy but the shape of the curve is fairly standard.
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Figure 2.1 - Computation of the Bethe-Bloch formula with and without shell and density corrections for
copper.
Particles with the same energy can be then characterized by the average amount of ion pairs that they
introduce in the gas and this number’s fluctuations. As a first approximation this can be described by a
Poisson distribution. Therefore the fluctuations would be characterized by a standard deviation equal to
the square root of the number of ion pairs formed. However, this simplistic analysis would lead us to
fluctuations above what is observed in laboratory. In order to correct this the Fano factor was introduced
as a multiplicative constant for the fluctuation. This factor is related with the fraction of the incident
particle energy that is converted into information carriers within a specific RPC gas gap.
If no electric field is applied, the gas inside the chamber will behave like it is predicted in kinetic theory.
Neutral gases have a characteristic thermal motion, as do free electrons and ions in an ionized gas. For
this reason free electrons have a tendency to diffuse away from higher densities zones. As positive ions
are heavier than electrons their random movements in the gas can be neglected. The diffusion of a
collection of electrons within a gas can be characterized by a Gaussian distribution. Its parameters can
be derived from kinetic theory in gases but for more complex problems it may require more complex
models.
Because of the random thermal motion alone there can be various interactions between the various
species inside the gas. One type of interactions is called charge transfer collisions and happens when
positive ions collide neutral molecules. As this happens they invert roles by trading their charges. This
assumes an important role in detectors that have mixtures of gases, because there is loss of energy in
the process and so molecules with greater ionization potentials will tend to transfer their charges to
molecules with lower ionization potentials.
Electrons undergo in even more collisions and for some gases there may be a tendency to form negative
ions by electron attachment. These negative ions will be very alike with their positive counterparts only
with negative charges. As there are many positive and negative charges there is also a tendency to
occur recombination in the gas. What this means is that either electron-positive ion or negative ionpositive ion collisions will lead to neutral molecules, returning the gas to its initial state. This represents
a loss of information detector wise and as such it is countered by introducing a big electric field inside
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the chamber. Recombination favors negative-positive ion recombination by many orders of magnitude,
in gases where the negative species exists.
As it has been said before there is a need to introduce an electric field inside the chamber in order to
collect the charges created within the chamber. If this field is relatively low the charges will drift to the
electrodes, and the diffusion and recombination processes will be very prominent. However if there is a
high electric field the charges will be much more accelerated towards the electrodes and there will be
less tendency for those processes to occur.
Charges in their way to the electrodes are subject to many collisions with the gas molecules. As charges
are more accelerated they will achieve bigger kinetic energies between collisions, to the point where
this energy might exceed the ionization potential of the gas molecules. When this requirement is met
there is a possibility that the charges collide with other neutral molecules and secondary ionizations
might happen. Once again as the ions have greater masses they will achieve lower velocities in the
same time than the electrons not contributing as much to the charge multiplication phenomenon. From
the previous reasoning we may deduce that there will be a threshold for gases at which the electric field
is big enough to accelerate electrons between collisions to energies above the ionization potential of the
gas. This is related with the mean free path of the electrons in the gas but for most of the gases used in
this kind of applications this threshold rounds 10 KV/cm.
The products of secondary ionization will also be subject to the high electric field and for that reason
they will also have a chance of ionizing other neutral molecules. Consequently the charge multiplication
will take the shape of a cascade and will result in what is known as a Townsend avalanche. This process
is easily described using a differential equation [19]:
𝑑𝑛
= 𝛼𝑑𝑥
𝑛

(3)

where n represents the number of electrons, dn the increment on the number of electrons, α is the
Townsend coefficient and dx is the increment in length. For parallel detector structure α is a constant
and so the solution for the equation will be theoretically an exponential as follows [19]:
𝑛(𝑥) = 𝑛0 𝑒 𝛼𝑥

(4)

where 𝑛0 is the initial number of electrons and 𝑥 is the distance from the initial position. The Townsend
coefficient is then the physical constant that reflects how the charge multiplies inside the detector. This
constant has a typical curve for different gas mixtures and varies with the electric field applied. There is
an example on Figure 2.2 [22] of an experimentally measured curve (black dots) of the effective
Townsend coefficient as function of the electric field normalized by the number of particles in a 𝑐𝑚3 (for
R134a it is 6.67 × 1018 𝑐𝑚−3 at PTN). The normalized electric field is in Td (1 Td = 10−17 V. cm2 ).The
effective Townsend coefficient is defined by the difference between the Townsend (𝛼) and the
attachment coefficient (𝜂) that expresses the recombination rate inside the chamber.
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Figure 2.2- Normalized effective Townsend coefficient as a function of the normalized electric field in
Td for various R134-a mixtures [22].
In the early works on RPCs there was a discrepancy in the measured charges of an avalanche and the
theoretical predictions. The issue was that for the Townsend coefficient that we have on RPCs and the
high electric field applied it was expected that charges would be several orders of magnitude greater.
This big difference of magnitude can be corrected if we account with the influence of the space charge
effect. This effect is of the utmost importance on RPC electron avalanches. The space charge effect
can be described as the phenomenon that happens when the number of charges on the avalanche
reaches a point where it starts to create its own electric field that will be added to the applied electric
field.
As we can see in Figure 2.3 [23], it has been simulated the development of the electric field due to the
space charge effect with time. It is important to mention that the applied electric field was around 100
KV/cm. With the evolution of the avalanche there is a negative electric field that is increasing in absolute
value in the center of the avalanche. Even though there is also big positive electric field emerging in the
tip and tail of the avalanche, increasing locally the Townsend coefficient, this has little effect on the
overall avalanche because there are few electrons in these zones of the avalanche. Most of the
electrons will be in the center of the avalanche where the multiplication will be much slowed and there
is even recombination and electron attachment leading to negative ions. This is very much in line with
the Raether’s limit predictions for an electron avalanche.
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Figure 2.3 - Evolution of the absolute space charge field inside a 0.3mm gap RPC [23].
In Figure 2.4 [23] we can see the simulation of the changes with time of the density of charges as well
as the electric field inside an RPC chamber after a typical event. In the first picture we see the formation
of ion pairs clusters and the electric field constant throughout the whole length of the chamber (due to
high voltage electrodes alone). In the second picture we can see that the electrons in the cluster nearer
to the electrode already have left the chamber and the other clusters are starting to multiply their
charges; no changes in the electric field. In the third picture the multiplication continues with the positive
ions a little below the level of electrons and the electric field starts to show a small interference in the
zone of the bigger cluster. In the fourth picture the smaller cluster has already reached the electrode
and its electrons have left the chamber. In the fifth, the number of charges in the remaining avalanche
is now large enough to completely change the electric field inside the chamber. It is in this moment that
negative ions start to emerge due to attachment of electrons to neutral molecules in regions where the
electric field is very low. In the sixth picture the electrons have already started leaving the chamber and
negative ion formation continues. In the seventh picture all electrons have left the chamber leaving only
behind positive and negative ions and a distorted electric field. After this instant ions will slowly drift to
the opposite charged electrode. In the last picture it is shown the induced signal corresponding only to
these ~1.6𝑛𝑠, meaning, the signal only due to electrons. The total induced charge includes the ions
charges so it corresponds to an integration of the signal over a period of about ~1µ𝑠 and it is usually
~5 𝑡𝑜 10 times bigger than the induced charge from the avalanche.
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Figure 2.4 - Charges densities and electric field inside a 0.3mm gap RPC evolution with time for a
simulated typical avalanche. The last picture shows the induced signal on the readout electronics [23].

2.2 – Induced signals in pickup electrodes
The electrons in the avalanche are accelerated by the electric field imposed. As the charges move they
will induce a signal on the pickup electrodes (conductors) placed on top of the chamber. Because of the
lower drift velocity ions will induce lower current values on the pickup electrodes. As we can see in
Figure 2.5 from [13], the signal induction process on a pad is not straightforward. In fact, we must
consider that the avalanche is positioned where the weighting electric field lines are uniform in order to
get a clean signal. That is also the reason why pads must have much bigger areas than the thickness
of the RPC chamber. Another information that we can get from this figure is that pads can detect
avalanches from another neighbor pad even though the correspondent induction is distorted.

Figure 2.5 – Electric field inside the chamber and signal inductions. Active pad(pickup) is set to
potential 1V and all other to 0V [13].
We will now start to follow a simple model described in [24], to make a theoretical prediction of the signal
induced. In this model we will take in consideration only the resulting electron charge from the
avalanches inside the chamber, meaning we will not consider the ion impact on the signal. This can be
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considered a good approximation because this induced signal will take a few nanoseconds and the total
signal that includes charges related to the ions movement will take typically a microsecond.
The current induced on the electrode as it has been described in [24] has the following theoretical
expression:
𝐼(𝑡) =

𝐸𝑊
𝑒 𝜈𝑁(𝑡)
𝑉𝑤 0

(5)

where I(t) is the current induced in the instant t, 𝐸𝑊 , is the weighting field, is the electric field in the gas
gap if we put the pickup electrode to the potential 𝑉𝑤 and ground all others, 𝑒0 is the electron charge, 𝜈
is the electron drift velocity inside the gas, and 𝑁(𝑡) is the number of electrons in the avalanche at instant
t. To estimate the electron drift velocity inside the gas there is an experimental measurement of this
parameter for different gas mixtures in Figure 2.6 [22].

Figure 2.6 - Drift velocity as a function of the normalized Electric Fields for various R134-a mixtures
[22].
In experimental setups the ratio between 𝐸𝑊 and 𝑉𝑤 must be calculated from the geometry of the RPC
unit. For this we will assume an uniform 𝐸𝑊 as the transversal dimension of the system is much larger
than the width of the camera. In that case we can use the relations for a capacitor with n number of
layers of permittivity 𝜀𝑖 , thickness 𝑑𝑖 and infinite length:
𝑛

∑ 𝐸𝑖 𝑑𝑖 = 𝑉𝑤 ,

𝜀𝑖 𝐸𝑖 = 𝜀𝑗 𝐸𝑗

(6)

𝑖=0

where 𝐸𝑖 is the electric field in layer 𝑖, and the second condition is true for adjacent layers. Moreover,
we take a simplistic approach, assuming that the pickup electrode is placed directly after the glass
(ignoring the HV electrode, acrylic lid, and the FR4 of the PCB used to build the pickup electrodes). In
order to calculate the electric field inside the chamber we will have to know the geometry inside the
chamber which we can see in Figure 2.7.
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Pickup electrode

Pickup electrode

Figure 2.7- RPC unit schematic.
For this geometry we can deduce the expression for the ratio between weighting field and weighting
potential is as follows:
𝐸𝑊
𝜀𝑟
=
𝑉𝑤
3𝑔 + 2𝑑𝜀𝑟

(7)

where 𝜀𝑟 is the relative permittivity of glass, g is the thickness of the glass and d is the thickness of the
gas gap. With 𝜀𝑟 = 7.5 , this ratio can be calculated as

𝐸𝑊
𝑉𝑤

≈ 0.357 𝑚𝑚−1 .

The imposed electric field in each gas gap is not so straightforward. In fact instead of using the
expression of the weighting field we will have to consider that even though the glass is a dielectric it has
also a conductivity value. Therefore if we assume that the smallest value of charge can be conducted
across the glass, we can expect that, when enough time passes, then all the charge from the HV
electrodes will be positioned on the other extremities of each glass. In this reasoning the glass layer in
the middle will be floating with a potential of 0V. Concluding we will have +HV across each of gas gaps,
resulting in the following expression for the electric field:
𝐸=

𝑉
𝑑

(8)

where E is the imposed electric field, V is the voltage in one of the electrodes (the other one is set to the
symmetric value) and d is the thickness of the gas gap. With 𝑉 = 5.6 𝐾𝑉 and 𝑑 = 1 𝑚𝑚 we obtain an
actual electric field of ~56 𝐾𝑉/𝑐𝑚. From figures 2.2 and 2.6 (black dots on both figures) we can now
estimate the effective Townsend coefficient to be (𝛼 − 𝜂) ≈ 20. 48 𝑚𝑚−1 and the electron drift velocity
𝜈 ≈ 140 µ𝑚/𝑛𝑠.
To estimate the number of electrons at any given time the model starts by assuming a single electron
somewhere on the gas gap. As it has been stated before the avalanche grows like a smooth exponential
and so does the charge. The current that may be induced in a single instant will also grow exponentially
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from this reasoning. Also for that instant we can assume that the charge will be exponentially distributed
within the avalanche. Mathematically we can express those two statements in the following way (as it
can be seen on [24]):
𝑖(𝑡) = 𝐴𝑒 (𝛼−𝜂)𝜈𝑡 ,

𝑃(𝐴) =

1 −𝐴
𝑒 𝐴𝑎𝑣
𝐴𝑎𝑣

(9)

where 𝑖(𝑡) is the instant current that is possible to induce due to the charge present at that moment and
𝑃(𝐴) is the probability of finding the amplitude A in the avalanche at a given moment.
With the understanding of the physical processes this amplitude can be estimated. First of all the signal
will be produced by more than one clusters with probably more than one electron. To estimate the
number of clusters (𝑁0 ) we can just divide the chamber length by the mean free path for that gas. Typical
mean free path for the mainstream gases in RPCs is ~0.1𝑚𝑚 and in our case we have two 1𝑚𝑚
chambers. So we expect the number of clusters per incoming particle to be around 20 statistically
speaking. The typical average number of electrons (𝑛𝑎𝑣 ) per cluster is around 2.7 for similar setups. We
will assume that this clusters will be distributed evenly throughout the gas gaps.
Hence, if we had very big time resolution, it would be expected theoretically that the signal induced
would be a sum of arriving separate clusters’ avalanches, with small discontinuities. In fact it is observed
a smooth transition between clusters’ signals and for that reason it is more relevant to have an
enveloping function. This enveloping function has been described in the model used [24] as the following
expression:
𝑁𝑒𝑛𝑣 (𝑡) = 𝑁0 𝑛𝑎𝑣 (1 −

𝑡𝜈 (𝛼−𝜂)𝜈𝑡
𝑑
)𝑒
× 𝛩 ( − 𝑡)
𝑑
𝑣

(10)

where the notation has been kept from before and 𝑁𝑒𝑛𝑣 (𝑡) is the number of electrons in the avalanche
at instant t, and 𝛩(𝑥) is a step function with which the previous expression is multiplied. This function
serves as an indication of when electrons reach the glass at which point the avalanche will stop and the
𝑡𝜈

number of electrons quickly goes to 0. The term (1 − ) expresses the stage of the avalanche. This
𝑑

expression will be later used in the calculation of the current induced. This formula depends on the
average of various physical constants meaning that this will also result in an average typical signal.
Situations that may result in variations of signal between events are: more/less clusters than the average
expected, more/less electrons per cluster than the average, all clusters very close/far from the pickup
electrodes (as opposing to evenly distributed). Computing the parameters of our RPC chamber into this
equation we will get the following development of the number of electrons inside the avalanche shown
in Figure 2.8.
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Figure 2.8 – Number of electrons inside the avalanche development with time.
Note that in this model the time at which the signal will start to be noticeable will not correspond to reality
because in experimental setups all the front-end electronics have their own delays and so this wouldn’t
ever match what is measured in laboratory in terms of timing. Nevertheless this theoretical prediction
resembles the measured raw signals in experimental setups (as seen in 3.2.1) in terms of charge. In the
calculations it was also added the effect of the double-gap system to this model for single-gap systems.
Double-gap systems will start to develop Townsend avalanches on both their gas gaps. As we are
assuming an average signal there is no reason to assume that the developing of an avalanche in one
gap is any different from the developing avalanche process on the other. This led us to assume that the
induction effect on the readout electrodes would have exactly the same shape (as single-gap system)
but with twice the amplitude, resulting from the sum of both contributions. Finally computing all the
values for our particular RPC unit in the expressions given we will have the signal shown in Figure 2.9.

Figure 2.9 – Theoretical estimation of the induced signal from one of the gas chambers.
The signal predicted develops in a short time and does not take into account the readout system. The
systems used to acquire these signals have a bandwidth that makes it impossible to output perfectly the
signal. Moreover, the system capacitances introduce a relaxation time on the signal. So a fast rise is
expected, corresponding to the calculated signal followed by a tail corresponding to the relaxation of the
system. Nevertheless, there are some approximations in this model such as not considering the space
charge effect which will lead us to an overestimation of the amplitude. If we integrate this signal over
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~8 𝑛𝑠 we will get the charge induced of ~5.768 𝑝𝐶 which is of the same order of magnitude of what is
measured in laboratory (seen in 2.3.2).
Signals will tend to vary between the various RPC structures that exist, meaning that there is not only
one universal signal for all different RPC units. The number of gas gaps, the configuration of the high
voltage electrodes and the pickup electrodes, the length of gas gaps, are just a few of the examples of
impacting characteristics on the shape and amplitude of the signal. Nevertheless they will always tend
to have the same shape.
In addition to the induced signal by the avalanche electrons there is a possibility of streamers occurring
given that the electric field is high enough. For typical electric fields of RPCs in avalanche mode there
is always a small percentage of streamers occurring. The more we increase the electric field, the bigger
the percentage of streamers will be. If the electric field reaches a certain value where the number of
streamers predominates over avalanches we have reached the streamer mode of operation.
Streamers are complex phenomenon not fully understood. It all starts the same way as an avalanche
but at a later stage if for some reason the space charge effect inside the chamber starts to be
increasingly more important the electric field inside the chamber will become very inhomogeneous. This
leads to certain regions inside the chamber to reach electric fields so high that there is a possibility of
new self-sustaining avalanches arising. Because of these new avalanches the charge that reaches the
electrodes will be much larger resulting in larger induced current pulses. Although their charges might
be bigger, streamer events tend to have a smaller range of possible induced charges in a given RPC
setup, compared to standard avalanches.
Even though ions’ behavior has been neglected in terms of induced signal they also have contribution.
Both positive and negative ions might contribute to the charge if there is pickup electrodes or ground on
both sides of the RPC. Nevertheless, the contribution to the signal will be lower but for a longer time
compared to electrons. This leads to an extension to the signal in Figure 2.9 that provides a smoother
falling edge to the pulse never truly reaching 0 for a few microseconds. The ions’ contribution is still
neglected in almost every scientific paper on RPCs because generally the electron avalanche signal is
enough either to trigger or to timing RPCs and provides the possibility to measure a higher rate of events.
In experimental setups, signals have very small amplitudes for most of measurement instruments like
oscilloscopes. Therefore it is needed an amplification stage in the readout electronics. In Figure 2.10
we can see typical measured signals from another work [25] with an amplification of 200. In the second
picture there are reflections of the signal inside the cable that connect the electronics to the RPC that
lead to secondary peaks. This is a common experimental problem that can be avoided if the cable is
properly terminated and all the impedances perfectly match.
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Figure 2.10 – Typical measured signals with amplification of 200.

2.3 –Efficiency
The efficiency of a RPC chamber is intrinsically related to its capability to induce the charge created in
the gas gap on the pickup electrodes. What this means is that not all the charge created inside the
chamber will be detected on the electronics. Hence, to have an efficient event one cluster must produce
an avalanche that is not reattached/recombined and stays above the charge threshold that is intrinsic
to the experimental setup. It is also possible that one avalanche from one cluster has not enough charge
to stay above threshold but the sum of all the avalanches from all the clusters reaches the threshold.
This is not usually the case, because most of the times there is at least one avalanche that reaches the
threshold (provided that this is not unrealistically high), and so in the model below this situation will not
be taken in account. Overall we can conclude that the efficiency of a RPC will be the ratio of efficient
events as described above over the total number of events.
In order to make some predictions of the efficiency of our particular setup it was followed a model that
is fully described in [24]. For this thesis we will just use the final result deduced in the paper for the
expression of the efficiency, that is as follows:
𝜂

𝜀 = 1 − 𝑒 −(1−𝛼)𝑑/𝜆 [1 +

1/𝛼𝜆
𝑉𝑊 𝛼 − 𝜂
𝑄𝑡 ]
𝐸𝑤 𝑒0

(11)

where 𝑄𝑡 is the charge threshold, 𝜀 is the efficiency and the rest of the notation has been kept from the
previous chapter. The efficiency will then actively depend not only on 𝛼 − 𝜂 but also on 𝛼 and 𝜂 explicitly.
Also it will depend heavily on the charge threshold imposed.
An approximation has been used in this expression for our particular scenario that is the attachment
coefficient 𝜂 being 0. As it can be seen in the measurements of [22], the gas R134a in its pure form
(meaning if it is not within a mixture) is not as electronegative as it was expected to be and it will have
an attachment coefficient orders of magnitudes inferior to its Townsend coefficient. For this reason for
our case it is a good approximation to set 𝜂 as 0.
In Figure 2.11 we can see two computations of the efficiency for one of the gas gaps in the RPC used
in this work. On the left we have a typical efficiency plot as function of the Townsend coefficient (note
that in our case the Townsend coefficient is the same as the effective Townsend coefficient because
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the attachment coefficient is set to 0). This plot shows us that increasing the Townsend coefficient, by
increasing the high voltage applied, will result in an exponential growth of the efficiency. In this plot it
was set a typical value for the threshold at 250 𝑓𝐶. It stands out that the region we expect to use,
around ~20 𝑚𝑚−1 , is where the efficiency starts to be reasonable at ~0.6. Nevertheless it is still very
dependent on the threshold value chosen as it is not so straightforward what value to use. For this
reason, on the right it has been plotted the variation of efficiency with the threshold value for a Townsend
coefficient of 20 𝑚𝑚−1 . It stands out that an increase on threshold will greatly impact negatively the
efficiency as predicted.

Figure 2.11 - Efficiency as function of the Townsend coefficient (left) and as a function of the charge
threshold (right) for one of the gas gaps.
Multi-gap systems have an improved performance over single-gap systems in terms of efficiency for the
same gas gap width and Townsend coefficient. This effect has been studied to behave as follows [24]:
𝜀𝑛 = 1 − (1 − 𝜀𝑠 )𝑛

(12)

where 𝜀𝑛 is the efficiency of a RPC with 𝑛 gaps and 𝜀𝑠 is the efficiency of a single gap system in the
same conditions. For our double-gap system the efficiency can then be recalculated (Figure 2.12). As it
was predicted the efficiency was greatly improved for the same parameters used before. Setting the
values of the threshold to 250 𝑓𝐶 and the Townsend coefficient to 20,48 𝑚𝑚−1 this model predicts an
efficiency of ~0.88.

Figure 2.12 - The efficiency prediction for our double-gap system as a function of the Townsend
coefficient (left) and as a function of the charge threshold (right).
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3. – RPC experimental tests
3.1 – RPC technical description
The RPC unit used in this work is constituted by two 1 𝑚𝑚 gas gaps between 2 𝑚𝑚 soda-lime glass
layers that are separated by fishing lines. This group of layers is then placed inside an acrylic box with
the dimension of ~120 × 160 × 1 𝑐𝑚3 . The high voltage is applied through a resistive acrylic paint on
the outer part of the outer glass layers. This acrylic box has four feedthroughs, two for the HV (positive
and negative) and two for the chamber gas (in and out). On the top of the acrylic box there is a plane
with pickup electrodes (pads) and the overall stack is enclosed in a shielding aluminum box. The signal
from each electrode is collected using a coaxial cable that has its central conductor connected to the
electrode and the other conductor connected to the aluminum case. All joints in this design are sealed
with silicon glue to insulate the chamber from room air. Further details of this RPC unit internal structure
can be found in Figure 3.1.This model has been proof tested against extreme humidity and it can be
operated with a flow of ~0.4 𝑐𝑐/𝑚𝑖𝑛 of R134a gas (Tetrafluorethane), which corresponds to about
1 𝑘𝑔/𝑦𝑒𝑎𝑟. It was chosen to operate this mainstream gas (for RPC gas chambers) in its pure form
because it guarantees a good efficiency, a lower cost and a simpler system in comparison to more
elaborate mixtures.

Figure 3.1 - RPC inside layers schematic.
The use of these RPCs in Auger implies that the front-end and readout electronics must be operated
with low power and minimum maintenance. The electronics must be able to acquire simultaneously the
electrical signals induced in the pickup electrodes (104 in this case, 64 in the final MARTA-design). For
the specific requirement of Auger it is only necessary to signal if a muon has crossed the RPC in the
area of each pad. Due to the low flux of particles it is then possible to treat the signals as “digital” thus
the DAQ system must amplify each signal and perform a simple threshold. The final design will have a
high level of integration through the use of an ASIC, the MAROC3, that will perform such tasks for 64
channels. This thesis focus on the measurement of several parameters of the RPC signals to
characterize them. Most of the measurements where made with setups specifically developed for the
purpose that will be described hereafter.
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3.2 – Experimental tests and analysis of the RPC chamber
In the following subchapters it will be shown an overview of the experimental setups and tests that
have been done, as well as their results and discussion.

3.2.1 – Oscilloscope and amplifier stage tests
The oscilloscope is one of the most used tools in signal acquisitions and measurements. Digital
oscilloscopes are able to acquire from multiple channels at high rates of samples. As their primary
function they use these samples to trace and plot the evolution of a signal voltage with time. The
oscilloscope used in this subchapter was a Tektronix TDS3032B with two channels with 2.5
Gsamples/second, 300 MHz bandwidth and 9 bit of vertical resolution.
A RPC chamber, as it has been stated before, is electrically equivalent to a current source and a
capacitor in parallel. However the pulse of current generated by the RPC is too low to be detected in the
oscilloscope with a precision as low as this one. For this reason, it was implemented an amplifier stage
between the RPC and oscilloscope. This amplifier was Mini Circuits MAR-8ASM+ that works in a nonlinear way, inverting the signal and using a power source of 12V. Its gain was around 13 but as it is a
non-linear amplifier this gain varies with the frequency and its output must be considered as a relative
value rather than an absolute value without further calibration. The schematic of the whole setup is
shown in Figure 3.2.

Figure 3.2 - Schematic of the experimental setup used.
In this section, we will only use the signal from a single pad. In order to eliminate the possibility of random
electric pulses non-particle related and spurious events in the RPC mostly from thermionic emission, it
was implemented a coincidence trigger. This was accomplished by introducing two scintillators right
above and below the pad in use. Scintillators are mainstream particle detectors that normally use
photomultiplier tubes which convert light into a readable electrical signal. The signals from the two
scintillators are acquired by a DAQ system based on the LIP-PAD board that will define thresholds for
both scintillators and output a single trigger when they both exceed the threshold. This way it is possible
to expect with high probability that a particle has crossed the pad, if there is a coincidence trigger. This
output will be used in another channel of the oscilloscope in order to trigger the signal from the RPC, as
it can be seen in Figure 3.2.
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The oscilloscope was connected through an Ethernet cable to the LIP’s network in order to allow the
acquisition and processing of the signals displayed on it. It was implemented a program in C language
that established the Ethernet protocol with the oscilloscope and sent all the commands necessary to
properly acquire the set of points presented in every event registered. This raw information was then
stored in a ROOT file. ROOT is a framework for data processing developed at CERN that is widely used
in particle physics for data storage and analysis.
In Figure 3.3 it is shown a sample acquisition with this setup. The voltage recorded by the oscilloscope
(after amplification) is plotted against the time in nanoseconds. It can be seen that the signal is detected
~150 𝑛𝑠 earlier than the trigger meaning that there is a bigger delay on the trigger in this setup in
comparison with the signal. The pulse is approximately ~10 𝑛𝑠 wide and has an amplitude of ~120 mV.
This signal shows a fast rise that is correspondent to the avalanche development and corresponds to
the pulse calculated in chapter 2 (Figure 2.9). However it has a large tail that corresponds to the
relaxation of the signal through the discharge of the capacitances involved in this setup. Note that in this
particular acquisition there are noticeable reflections in the signal cables providing two extra peaks in
our signal. These reflections are mainly due to the impedance mismatch of the amplifier. Although the
line has a characteristic impedance of 50𝛺 and it is terminated with a 50𝛺 resistor on the oscilloscope
and that the amplifier is rated to 50𝛺 impedance, its impedance varies with the frequency of the signal.

Voltage(V)

Sample RPC signal

Time(ns)

Figure 3.3 - Acquired typical signal with this setup.
For the purposes of this study it is now important to take a statistical look at the events of the RPC. For
this reason it is required to have many events in the same set of conditions so that we can describe
more accurately the behavior of the RPC unit. In Figure 3.4, it is shown the waveforms of an acquisition
of 8339 events, correspondent to around 3 days with the used thresholds for the triggers of the
scintillators. These acquisitions were done with 𝛥𝑉 = 11200𝑉. All the events are overlapped so we can
see the tendency of the signal. We can see that the big majority of events are pulses around 𝑡 =
−130 𝑛𝑠 and there are very prominent reflections of the signals at 𝑡 = −100 𝑛𝑠 and 𝑡 = −80 𝑛𝑠.
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Figure 3.4 - Superposition of 8335 RPC events.
There are some “strange” events that were caused by erroneous triggers due to either electromagnetic
interference inside room where the RPC was operated or simply because of two triggers with very small
time interval between them. Also we can see many signals saturating the oscilloscope scale causing a
horizontal line on the top. Since the oscilloscope is limited in the vertical resolution preference was given
to the observation of small amplitude signals, saturating some of the signals, mainly streamers. As we
are operating the RPC in avalanche mode, streamers are undesirable. Streamer probability is however
closely related to the RPC working parameters and “health” and as such an estimation of the fraction of
streamers is interesting. Most of the rising and falling edges outside the higher density part of this
superposition will be caused by these streamers events which are demanding for the RPC and their
signals tend to be more inconsistent regarding their shapes.
Up to this point we were only focused on the raw signals but for further analysis of the event poll as a
whole, further processing of the data was required. For this purpose, it was developed a C++ program
to analyse these events and obtain charge and amplitude spectra. Charge spectra are the most common
way to understand the operation of a particular RPC unit. They are a histogram representation of the
number of events that reached a certain value of charge. As we are working with arbitrary units for now,
these charges shall also be interpreted as having such units. On the other hand the amplitude spectrum
shows the distribution of the maximum voltage of the pulses. However if it is assumed that the pulses
from the RPC have always the same shape, differing mainly on a scaling factor, then the amplitude
spectra is closely related to the charge spectra.
The charge spectra is built up by histogramming the charge of each events estimated as the integral of
the pulse. A C++ function was developed that sums all the amplitudes of the oscilloscope’s points within
an event. This is a rough way to do a non-normalized integral of the signals. This was also implemented
with the option of computing the integral over different intervals, for example only the first half of the
oscilloscope window.
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The resulting charge spectrum from the 8335 events acquisition can be observed in Figure 3.5. This
plot is presented with a logarithmic vertical scale for easier visualization of the spectrum and bins with
a lower number of entries. This is a typical measured charge spectrum for our setup. We can see
primarily a peak at very small charge, representing inefficient events. For such events there was a
coincidence trigger from the scintillators but the RPC response had no charge. However pronounced,
only ~10% of the events are represented in this region. After the non-efficient peak, the spectra shows
a hump and then decreases almost exponentially. This peak is associated with the most probable value
for the charge and is very useful for the characterization of the RPC working condition. The position of
this peak will vary with the HV, temperature and gas conditions inside the chamber. Also there is a slight
deviation from the exponential fall around 15 of charge that corresponds to streamers. This deviation
usually corresponds to a more prominent peak than what we observe on this case. The streamer peak
can be used to compare between two acquisitions if they were likely done in the same conditions. In
fact if we consider that the streamer mean charge peak is always located in the same place it could be
used to rescale the spectra. Moreover, if two RPCs are working in the same conditions then this peak
can be used to cross-calibrate the two spectra.
The streamer fraction is also one of the important parameters to estimate the operating condition of the
RPC. For instance, higher voltages or gas degradation induce a larger fraction of streamers. The fraction
of streamers can be estimated, on a first analysis, as the number of events above a certain charge
threshold over the total number of events. In reality some “regular” events will present a high charge,
just because there was a fluctuation in the avalanche development, without forming a streamer. Such
cases can be accounted for by extrapolating the “regular” spectra tendency curve to the streamer
charges zone and discount this contribution from the number of events on those bins.
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Figure 3.5 - Charge spectrum of the 8335 events acquisition integrated over the full window of the
oscilloscope.
The charge spectra should follow a gamma distribution [26] that can be written as:
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𝑥 − 𝜇 𝛾−1 𝜇−𝑥
(
) 𝑒 𝛽
𝛽
𝑓(𝑥, 𝜇, 𝛽, 𝛾) =
𝛽𝛤(𝛾)

(13)

where 𝛾 is a shape parameter, 𝜇 is a location parameter and 𝛽 is a scale parameter. In the fit 𝛾, 𝜇 and
𝛽 are free parameters. The fitted gamma distribution in Figure 3.5 uses 𝛾 = 2.439 and 𝜇 = 0.888 and
𝛽 = 1.456 yielding the following expression:
𝑓(𝑥) = 455.171𝑒 −0.6869𝑥 (−0.8884 + 𝑥)1.43891

(14)

Voltage spectra was obtained by calculating the maximum and minimum of voltage in one event and
calculating the difference to obtain the value of the amplitude. All amplitudes were also binned and
plotted to obtain the number of events with the same amplitudes.
The resulting voltage spectrum from the 8335 events acquisition can be observed in Figure 3.6. Once
again it was used a logarithmic vertical scale for easier analysis of the spectrum. This spectrum has it
has been stated before is about the amplitude of the events and even though it might look similar it is
distinct from the charge spectra. The first peak, the noise peak, shows that there is a big percentage of
events with lower than ~10 𝑚𝑉 on the oscilloscope units. Then it is possible to see that most events will
be between ~50 𝑚𝑉 and ~150 𝑚𝑉. Then it starts to reduce exponentially until ~400 𝑚𝑉 where there is
a very big peak. This peak shows us the events that saturated the oscilloscope and are most probably
streamer events.
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Figure 3.6 -Voltage spectrum of the 8335 events acquisition integrated over the full window of the
oscilloscope.
The amplitude spectrum as we can observe in the previous figure is more sensible to the noise of our
system. As we are measuring the difference between the maximum and minimum voltage in every event
every noise fluctuation in our signal will cause also a deviation from the real value. For this reason when
all the events with the same amplitudes are binned together it will result in a less smooth spectrum.
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3.2.2 – Calibration tests
The previous acquired spectrum results from the integration of a non-calibrated waveform and, as such,
is presented with arbitrary units. However it is interesting to get the spectra in charge units. For this we
proceeded to the calibration of the system through the injection of pulses with known charges. These
pulses should present characteristics similar to the RPC pulses so that the system response is the same
for both cases. Such was achieved with a small capacitor coupled to a square wave signal generator
(Figure 3.7).

Figure 3.7 - Calibration circuit.
As it can be seen in the figure above it was chosen to use a voltage square pulse followed by a capacitor
of 10 𝑝𝐹. The rest of the circuit was kept exactly in the same conditions. The square pulse source and
the capacitor generate a pulse similar to a RPC pulse. When there is a rising edge the capacitor is
charged and when there is a falling edge it discharges. However capacitors are reluctant to fast changes
of voltage across them and so as soon as there is a rising edge the capacitor will start to charge and
the voltage across its terminals will rise. The current drawn by the capacitor will be maximum on the
transient and decay exponentially until the capacitor is fully charged. The voltage at the amplifier input
will be a pulse with an exponential form. Conversely when there is a falling edge the capacitor discharges
and negative pulse appears. The top graph in Figure 3.8 represents the input, the middle, the voltage
at amplifier and the bottom, the voltage across the capacitor (difference between input and output).

t

Figure 3.8 - Time diagram of input (top), voltage at amplifier (middle) and input-output (bottom) of the
capacitor.
Using the time constant in our advantage we will use the pulse corresponding to the rising edge of the
input in the most similar way possible to the RPC pulse. The falling edge is disregarded completely. The
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square wave is generated with a large period to allow for a full charge and full discharge in between
edges. It can be seen that it is still an approximation (in terms of shape) but if we know exactly what
charge our calibration pulse holds it should be possible to extrapolate that information to use in the RPC
pulse. The charge in a capacitor is expressed by:
𝑄 = 𝐶𝑉

(15)

where Q is the charge, C the capacitance and V the voltage applied across the capacitor when fully
charged, meaning the high level of the square wave.
For the purpose of studying this electronic setup it was measured the charge of several events
generated with this scheme and with the same acquisition process as the last subchapter. This means
that for every event the program computed the charge and it will do a charge histogram/spectra with
those values. This will lead us to anticipate a Gaussian distribution with a width related to the fluctuations
of the system. In Figure 3.9 there are two different acquisitions, the left one with an input square wave

Counts

Counts

of 1 𝐻𝑧 and 1 𝑉 and the right one with 1 𝐻𝑧 and 0.5 𝑉.

Charge(u.a)
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Figure 3.9 - On the left a 6569 acquisition of a square wave of 1 Hz and 1 V. On the right a 251846
acquisition of a square wave of 1 Hz and 0.5 V.
Theoretically it was expected that the signals that were computed on the left had 10 𝑝𝐶 of charge and
the ones that were computed on the right had 5 𝑝𝐶 of charge. Now looking at this Gaussians’ averages
we have 1.381(left) and 0.5952 (right) with a deviation of 0.1488 (left) and 0.1251(right) of charge in our
arbitrary units. This will lead us to obtain a multiplying constant for our arbitrary units of about ~7.821 𝑝𝐶.
The importance of this value is that now we are able to transform the charges of our arbitrary units
charge spectra in pC.
The issue that rose at this point was that even if we used this multiplying constant in the charge spectra
of Figure 3.5 per say, we would get charges around ~30 𝑝𝐶 for the main non-noise peak. This is around
one order of magnitude higher than it would be expected based on the bibliography. The roots of this
issue are related to integrating interval. On other experiments there are always two values for the
charge: one for the fast electron avalanche charge and one for the slow ion avalanche charge. With this
scheme we are basically integrating around ~350 𝑛𝑠 which is somewhere in between the fast electron
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avalanche charge ~ 6 𝑛𝑠 and the slow ion avalanche charge around ~ 1 µ𝑠. What was needed at this
point was to choose one of those two time intervals to stick with. As result there were changes made to
the C++ program in order to focus only on the 6 𝑛𝑠 of electron avalanche pulse. This value was
recommended by the builders of the RPC unit [27]. The signal observed in laboratory is a superposition
of the ionic relatively flat signal with the avalanche signal integrated by the system’s response. In reality
by choosing this integration interval we are giving up a part of the avalanche signal but decreasing the
importance of the system’s response and ionic signal. However this is always a tradeoff and for that
reason arguments can be made towards other time intervals.
Using the newly acquired constant of calibration and reintegrating only the first 6 ns of each event’s
pulse it was obtained the charge spectrum in pC in Figure 3.10. As it can be observed the new charge
spectrum peak is around ~8 𝑝𝐶. This result is of the same order of magnitude as the predicted in the
last chapter. There is still a very big peak for the noise associated with this acquisition around ~0 𝑝𝐶.
Above 35 𝑝𝐶 there is a rise over the exponentially decreasing number of events tendency due to
streamer events but overall this acquisition does not appear to have a high percentage of streamers.
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Figure 3.10 – Calibrated charge spectrum (only the first 6ns of each event were integrated) for the
8335 event acquisition.
To make the analysis simpler and systematize the results it was applied a logarithmic vertical scale and
fitted a gamma distribution to the spectrum. This is shown in Figure 3.11 and the gamma distribution
uses 𝛾 = 3.148 and 𝜇 = −1.528 and 𝛽 = 3.769 and has the following expression:
𝑓(𝑥) = 16.577𝑒 −0.26535 𝑥 (1.52819 + 𝑥)2.14821

(16)
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Figure 3.11 - The charge spectrum in pC of the first 6 ns of each signal for the 8335 event acquisition
with logarithmic scale and a gamma distribution fit.
With the logarithmic scale we can now see clearly the streamer peak at around ~ 38 𝑝𝐶. As it has been
stated before it is usual for acquisitions to have one peak for the noise one broader peak for the
avalanche signal and one peak for the streamer signal. In Figure 3.11 it is now very clear those three
peaks as well as their charges in pC for our RPC unit. By summing all the events in bins above ~ 35 𝑝𝐶
we obtain that there are a percentage of high energy of events of about ~2.4%. If we take in account
the gamma distribution prediction of high charge events we can see that possibly not all those events
are streamers. In fact assuming this gamma distribution only half of those will be actually streamers and
for that reason we come up ~1.2% percentage of streamers.

3.2.3 –MARTA-PREC acquisitions
MARTA Prototype Readout Electronics Classic version (MARTA-PREC) is a DAQ and readout
electronics system developed at LIP based on discrete electronics to acquire all pads of the RPCs used
in MARTA project. In Figure 3.13 we can see a scheme of this PREC acquisition setup. The system is
composed by several front-end boards, one motherboard and one acquisition computer (a Raspberry
Pi).
The front end seen on this scheme is a custom made embedded system board designed by Luis
Mendes. The front-end boards are responsible for the amplification and digitalization of the signals from
the RPC. Each board comprises 8 channels. Each channel has an input for the MMCX connector of the
RPC cable. The signal is then amplified by an integrated system with the same characteristics as the
amplifier stage from the previous subchapters (13 gain, non-linear and inverter). After the signal is
digitized using a simple threshold value programmed with the Raspberry Pi the outputted result can only
have the logic level of 1 or 0. This binary results from the 8 channels are then sent to the motherboard
by LVDS links.
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The Motherboard is composed by several FPGAS and it was designed by Miguel Ferreira. This board
has 14 FPGAs mounted: one grandmother which is an Altera Cyclone III FPGA and 13 mothers which
are Altera Cyclone II FPGAs. A FPGA (Field-programmable gate array) is an integrated circuit chip
designed to be programmable by hardware description languages. They are an alternative to standard
microprocessors that have a static hardware build and can be programmable only at software level.
FPGAs are best applied to real-time acquisitions and processing setups. Each of the 13 mothers in this
particular case were programmed to receive data from one front-end board. They would store that data
in a buffer, receive an external trigger and wait to be read. The grandmother function was to send triggers
to the mothers and to ask for the collected data. Once all data was collected it was grouped and sent to
the Raspberry Pi unit. All the FPGAs needed to be programmed by JTAG with a computer running
Altera’s Quartus programming software tool.
The acquisition PC is a raspberry PI, a single board computer based on the ARM processor. The
Raspberry Pi is a small single-board computer with a microprocessor and several I/O ports. This
particular Raspberry Pi was running Linux and had stored all the software necessary to do the
acquisitions. There was one simple program to define the thresholds on the front end and there was
also a program to do the acquisitions and store the output on .txt file. This Raspberry Pi was connected
to the internal network of LIP and so it could be accessed along with its programs and output files with
any other computer in the network.

I2C bus for threshold programming

Figure 3.12 - Scheme of the PREC acquisition setup.
The first acquisitions done with this setup were background tests on the pads. For these acquisitions it
was changed the software on the Raspberry Pi to iterate the thresholds on the front end board in steps
of 10 𝑚𝑉. The FPGAs were also programmed to count in a standardized time interval what the number
of events detected above the threshold were – this was called background rate. In Figure 3.13 it can be
seen the result of such an acquisition for the b1 pad with the background rate as a function of the
threshold voltage. As this is an acquisition by thresholds the results are going to be a complementary
cumulative version of the voltage spectrum and for that reason not directly comparable with the spectra
obtained with the oscilloscope method (3.2.1). The complementary cumulative spectrum reflects the
integral of the spectrum, which has an exponential nature (in fact a Gamma distribution was used to
describe the spectra). To guide the eye an exponential was fitted to the data.

35

Figure 3.13 - Cumulative background spectra of pad b1.

3.2.3.1 – Background spectra
As this acquisition takes the form of a complementary cumulative distribution (or survival function), then
by statistical definition, in order to obtain the original spectrum we need to obtain the signal symmetric
of the derivative of this plot. Hence, if we are able to differentiate this set of points we will be able to
compare this new results with the oscilloscope results. This was accomplished by calculating the slope
of the line that connects any two consecutive points in these data (this is an approximation of a
derivative) with the following expression:
𝑚𝑛 =

𝐵𝑛 − 𝐵𝑛+1
𝑉𝑛+1 − 𝑉𝑛

(17)

where 𝑚𝑛 is the value that will be used as the derivative for point n, 𝐵𝑛 is the background rate for point
n and 𝑉𝑛 is the voltage threshold for the point n. The results can be seen in Figure 3.14 side by side with
a background acquisition on the same pad. It can be seen that because of the 10 mV steps the PREC
acquisition results do not have as much resolution as the oscilloscope results. Nevertheless it can be
seen a straightforward equivalency between the two voltage/amplitude spectra.
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Figure 3.14 – Background spectra acquisitions done by the PREC setup (left) and by the 3.2.1 setup
(right).
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3.2.3.2 – Background spectra in different conditions
As it was mentioned before the conditions of gas may have an impact on the spectra that we are
measuring. In fact, all pads within the same RPC can have different spectra associated with them. Pads
in the same region of the RPC tend to have similar spectra, whereas pads from two different corners of
the RPC may have very different spectra. This issue is related to the proper flow of gas inside the RPC.
For example, regions near the entry of gas tend to have healthy spectra with low streamers peaks and
small background rates. Also since we used small bottles of R134-a, the flow of gas when it was full or
almost depleted would be different, resulting in different spectra. The necessity of a coherent gas flow
it is not fully understood yet by the scientific community and neither are its impacts on the spectra.
Furthermore it is very difficult to assess what are exactly the conditions of the gas inside the gap other
than doing pad background tests. However the gas conditions inside the chamber have proven to be
one of the most impacting parameters on the spectra shape and thus the normal operation of the RPC.
As an evidence of the importance of the proper flow of air we can see on Figure 3.15 a test that was
done when we had issues with the conditions of the gas inside the chamber. The values shown are the
background rates on each pad. These values clearly show that the gas was not properly flowing through
the entire RPC and only pads near the entry of air on the bottom right corner appear to be in healthy
conditions. This issue was solved by changing the entry of air with the exit and putting the RPC in an
upright position in such a way that the new entry of air would sit on the ground.

Figure 3.15 - Background rates of the various pads of the RPC.
In the Figure 3.16 we can see the impact of having a healthy gas in the RPC chamber. It is shown the
amplitude spectrum of one pad near the gas entry (blue) and the amplitude spectrum of one pad near
the gas exit (red). Note that this spectra are not normalized but we are only interested in their shape.
We can see that the pad near the entry is probably getting a good flux of gas but the same cannot be
said of the pad near the exit. The reason for these observation is based on the fact that the blue spectrum
is a typical spectrum with a peak for the most common amplitude and the number of events in higher
bins decreases greatly. Whereas the red spectrum shows a small peak for the usual typical charge and
then there is a large and wide peak for higher amplitudes, suggesting that this pad is having a big
percentage of streamers. After we realized that the gas was not in healthy nor homogeneous conditions
inside the chamber, we solved the problem by pumping a bigger flux of gas with the RPC in an upright
position. Few days later we were able to acquire similar spectra on every pad from the RPC.
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Figure 3.16 – Amplitude spectra of a pad above gas in healthy conditions (blue) and in bad conditions
(red).

3.2.3.3 – Charge spectra using muons triggering
To study the spectra using the PREC, two scintillators were installed (one above one below) the pad b1.
A coincidence trigger was set with the same method as in chapter 3.2.1. To assure that almost all
particles activating the coincidence trigger will pass on the zone of the pad a rather small scintillator
(5x5 cm^2) was used, limiting the statistics. For this reason it was necessary to acquire long periods of
data with the same threshold
In order to acquire multiple channels we have selected the 8 nearest pads to the input of gas (being b1
the center pad) to make sure we have healthier spectra possible. Then we chose the first threshold
value for the acquisition of 35 𝑚V. We let the electronics acquire for 1 day and then we had to choose
a higher threshold and wait for another day. The graph obtained in Figure 3.17 took several days to
make because each point would correspond to 1 day of acquisition. Because of this big acquisition time
it was impossible to insure that every acquisition would have the same number of points. For this reason
it was decided to use in the vertical scale the ratio between the number of detections and the total
number of coincidence triggers, which is basically a normalization of the number of detections. This was
the only way to make each point comparable with all the others but might lead to statistical variation
errors due to the fact that there are acquisitions with more events than others. Also as one of the
scintillators used is a narrow object it could only insure the passage of a charged particle through one
of the pads. Hence, it was considered a detection when there was a trigger and the b1 pad signal was
above the threshold. Nevertheless all the statistic from the other pads can be later used to verify the
cross-talk.
The output spectra will be a complementary cumulative spectrum due to the fact that each point in blue
represents all the events within that day that surpassed the threshold. It is also shown a discretized
curve for the same voltage points of the spectrum measured with the oscilloscope on the same pad with
the color orange. This was achieved by counting, for each threshold data, the number of events that
had an amplitude higher than the threshold on the oscilloscope acquisition file.

38

Figure 3.17 - Complementary cumulative voltage spectrum obtained with the PREC setup (blue) and
the oscilloscope (orange).
This complementary cumulative voltage spectrum comparison between the two setups appears to show
that both set of points follow a negative exponential-like slope. However the oscilloscope data appear
to follow a trend of negative exponential with a higher slope than the PREC acquisitions. The methods
of obtaining each set of points are very distinct and this fact alone can explain the difference. The PREC
acquisitions are more subject to fluctuations because each point corresponds to a whole day where
there are temperature and other RPC conditions changes. Nevertheless they are the only one of the
two solutions that can acquire all the pads at the same time.
These ratios between detections/triggers can also be interpreted as a measurement of the efficiency of
the RPC. As it was predicted in chapter 2 the efficiency will depend on the charge threshold that, in this
case, takes the form of a voltage threshold. Once again this is a reasonable assumption in a relative
analysis of the spectrum because the two variables are assumed to be correlated. We see that for
~35 𝑚𝑉 of threshold, which is a value safely above the noise, the RPC reaches an efficiency of 83.5%
for the oscilloscope measurements and 61.8% for the PREC measurements. This is in line with the
prediction of 88% even though it was for a 250 𝑓𝐶 charge threshold and we cannot compare directly this
value with the voltage threshold used.
The PREC acquisition, in blue, has also error bars that express the uncertainty in their measurement.
The oscilloscope points (orange), as they express theoretically the same quantity measured with a
different setup, their uncertainty will follow the same expression. The error bars were calculated with the
following expression:
√𝑘(1 − 𝑘 )
𝑁
𝜎=
𝑁

(18)

where 𝜎 is the uncertainty in the measurement of the ratio, 𝑘 the number of detections and 𝑁 the number
of events in that acquisition. This result was obtained by using binomial errors [28] to measure the
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uncertainty of variable k and N and its propagation to the value of efficiency. Binomial errors are a viable
way to evaluate the uncertainty in this case because our experiment consists on detections of particles
which result in either a successful or failure event. In addition we should take into account that the
number of detections in this particular case is never truly near 0 nor near N which is a requirement of
this kind of errors.
Once again it will be of great interest to take these complementary cumulative spectra and transform it
regular voltage spectra. The method is the same as described before only with ratio of detections instead
of background rates. The uncertainty for the new differentiated points was calculated using error
propagation theory and the result was:

𝜎′𝑛 =

√𝜎𝑛 2 + 𝜎𝑛+1 2
𝑉𝑛+1 − 𝑉𝑛

(19)

where 𝜎′𝑛 is the uncertainty of the differentiated ratio for point n, 𝑉𝑛 is the threshold value for the point
n, 𝜎𝑛 is the uncertainty of the detection ratio of point n and the uncertainty in the threshold voltage value
was neglected.
The differential spectra with error bars are shown in Figure 3.18. The new error bars calculated
according to the previous formulae have a big amplitude especially for lower voltage values which might
reflect small statistics for this measurement. Both set of points appear to follow the same tendency with
the second blue point a little out of that trend pointing out to a possible bad measurement. Nevertheless
if we account with the error bars all blue and orange points are within each other uncertainties. Overall
the differential spectrum with this high voltage interval between points reveals itself very difficult to
actually read. But many more days of acquisitions would be required to fully reconstruct a voltage
spectrum with a threshold acquisition. However it is definitely possible as the background experiments,
which are less time demanding, have revealed.

Figure 3.18 - Differentiated spectrum of the one shown in Figure 3.17.
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As a final approach to this data we can also take a look at the 8 pad information rather than focusing
only on the central one. In Figure 3.19 we can see a comparison between the acquisitions with an output
of 1 in pad b1 (blue) and acquisitions with an output of 1 on any pad of the 8 set (red). As it was
predictable the second group includes the first and for that reason its number of detections will always
be superior. What is interesting to notice is that on average there is only a small percentage of particles
(around 5%) that do not actually trigger the pad b1 when there is a coincidence trigger even though they
have are detected in a neighbor pad. This gives a better insight on the triggering mechanism and also
provides and extra degree of validity to previous results. There is also another set of points (grey) that
represent the situations when the pad b1 triggers but there are one or more of the other pads that also
trigger. Of the total number of detections on the b1 pad (blue) on average there is a ~26% of them that
also trigger other pads. This can be due to one of two reasons: either there was cross-talk or the PREC
system logic levels sometimes erroneously change.

Figure 3.19 - Complementary cumulative voltage spectrum comparison between acquisitions
triggering pad b1 (blue) and triggering at least one pad of 8 chosen (red). With the color grey there are
the points that trigger b1 but also trigger other pads.
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4. Conclusions
The MARTA project was able to successfully demonstrate the possibility to use low gas flow RPCs and
operate them in harsh environment. Currently six detectors are installed in the Pierre Auger site:
-

2 RPCs are being used in a telescope setup for the calibration of an Auger tank (Gianni
Navarra).

-

2 RPCs are installed below a water tank, inside a concrete structure, in the field (Argentine
pampa). They are located on top of each other in order to make efficiency tests. Monitoring
results are showing a smooth operation at low gas flow.

-

2 RPCs are being tested indoors with the MAROC prototype electronics solution.

Until now, all the RPCs being tested have shown good performances. Nevertheless as the acquisition
electronics are in a prototype phase, they can still be unstable. It is expected however to stabilize its
operation in the near future and to upgrade the DAQ to the MAROC solution.
RPCs have proven to work efficiently as trigger detectors. They are one cheap and reliable solution that
can be applied to most particle counting experiments. With the in-depth study of the characteristics of
the RPCs it was possible to develop and optimize electronics that would suit its readout and acquisition.
This thesis provided an overview over the theoretical predictions of signals, charges and efficiencies, as
well as test measurements results of the same signals, spectra, charge, efficiency, background tests for
the RPCs developed specifically for Auger. The experimental data appears to be in line with the
theoretical predictions even though there are some approximations and approaches on both sides.
Theoretically it was adopted a model for the behavior of electrons inside the RPC’s avalanches that has
been described in [24]. In order to do some simulations and theoretical predictions for our specific RPC
unit it was introduced its parameters in this model. The main simulation results can be observed in
Figures 2.9 and 2.12. It was predicted a current pulse for the readout signal with an amplitude of around
~6.2 𝑚𝐴 and a width of around ~4 𝑛𝑠. It was also concluded that the Townsend coefficient (and therefore
the voltage of the electrodes implicitly) affected the efficiency of the RPC chamber positively whereas
the charge threshold had a negative influence on the efficiency. It was calculated the efficiency for the
operating HV used with a charge threshold of 250 𝑓𝐶 of about ~88 %. Nevertheless there have been
some measured efficiencies for similar RPC units that go as high as 99% of efficiency. This can be
achieved by fine tuning all the parameters of the RPC towards a better efficiency.
On the experimental tests various acquisitions of RPCs events were made. Most signals follow the trend
theoretically expected but there are several “strange” events that difficult the analysis. For this reason a
statistical approach is more suitable to a big pool of events. Spectra analysis has revealed very useful
to suit this kind of acquisitions. It has been shown that in this kind of histogram representations, for a
normal RPC, there are 3 important and usually very distinct peaks: one for very low charges/amplitudes
that corresponds to the noise peak, one for the majority of non-noise events that represents the typical
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response of the RPC used and the last one is the streamers peak for high charges/amplitudes. Even
though our RPC unit is operated in avalanche mode for the HV used it is impossible to avoid a small
percentage of streamers. In the main acquisition shown, the fraction of streamers was estimated as
~ 1.2 %. Charge and amplitude spectra are theoretically related by a multiplying constant if we assume
that all the events have the same shape.
It was also done a calibration of the RPC to use absolute units and to be comparable with other
experiments. It was chosen a ~6 𝑛𝑠 integration of avalanche signal to have results in line with other
works. A calibration circuit was needed to determine a conversion factor from the arbitrary units to
charge units. The resulting calibrated charge spectra can be seen in Figure 3.13. This spectra shows
the noise peak very close to ~0 𝑝𝐶, the avalanche charge peak at around ~8 𝑝𝐶 and the streamer peak
around ~38 𝑝𝐶.
Finally it was done several thresholds acquisitions with the MARTA PREC electronics. There were
various background tests done on multiple pads to assess their healthy operation. It was concluded that
threshold acquisitions would lead to a complementary cumulative amplitude spectra and that in order to
obtain the standard amplitude spectra it was needed to differentiate the first one.
For the time consuming, externally triggered PREC acquisitions using scintillators in coincidence, there
was a need to normalize the number of detections with the number of events for each threshold to make
all data points comparable. This revealed itself to be an efficiency measurement by voltage threshold of
our RPC response for the two main experimental setups used. For the minimal threshold used, of 35 𝑚𝑉,
it was achieved an efficiency of 83.5% with the oscilloscope and the amplifier, and an efficiency of

61.8% with the MARTA PREC electronics. There was also an overestimation measurement of the
cross-talk with the value of ~26%.
The correct operation of the RPC can be assessed through the charge spectra for single crossing
particles. It was shown that this spectrum can be obtained, although with larger uncertainties, using the
PREC system. This was done by making several acquisitions with the system externally triggered, while
the threshold was being swept. This seems unpractical to be done while taking data when in operation.
However, it was also shown that such method can also be used to assess the charge spectra of
background events. It was also shown that this spectra change with the health of the RPC and could be
even used to detect areas inside the RPC with larger fraction of streamers.
In conclusion many tests have been realized to characterize the RPC unit. However it is important to
continue to study of the efficiency, cross-talk and other parameters in order to consolidate the
information here presented. It is demanding to have the best knowledge possible of the specific RPCs
used in order to obtain the best performance out of them.
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