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Abstract

Future high energy physics experiments will require detectors with higher rate capa-
bilities as well as better timing precision, with this in mind, we analyzed data from
three Multi Gap Resistive Plate Chambers (MRPCs). The performance studies were
done using a cosmic telescope, composed of 2 MRPCs built at CERN and two PMTs,
that were installed in BUAP, as well as a MRPC already built at BUAP, to compare
results between the performance of the two MRPCs built at CERN and the one from
ALICE-BUAP.

The MRPCs from CERN have six gaps made with glass plates and the acquisition
geometry is through 24 strips and a honeycomb, while the MRPC from ALICE-BUAP,
also made of glass, has two gaps and six pads that help us acquire data. MRPCs (devel-
oped in 1996) are gaseous detectors with resistive electrodes and multiple gaps as their
name says, a positively charged anode and a negatively charged cathode, in this case,
made of glass, separated by a gas volume. MRPCs are known to have a better timing
compared to RPCs (developed in 1981) of just one gap.

When a particle enters the gas gap, it interacts with the gas atoms, creating ionized
positive ions and electrons, the ions move towards the cathode and the electrons towards
the anode, faster than the ions, inducing signals that can be read by the lecture pads or
strips. This acquired data then will help us to measure the rate capability, e�ciency, the
total charge in avalanche mode, the ratio from fast to total signal of the three MRPCs.

The main research in this thesis is related to the characterization of Multigap Resis-
tive Plate Chambers to set up a cosmic telescope with these two MRPCs from CERN
and �nally start a laboratory of gaseous detectors available to students of BUAP to use
and learn how these detectors work.
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Chapter 1

Introduction

Humanity has always found the way to observe what we can not see, just like Caroline
Herschel designed and constructed the best telescopes of her time, Rosalind Franklin
photographed the DNA structure, and Jocelyn Bell detected the signals of a pulsar for
the �rst time ever, particle physicists have developed through the last century a signif-
icant number of gaseous detectors to understand the smallest portions of existence |
elemental particles.

Here we are, in the 21st century, improving the gaseous detectors by increasing the
number of gaps for a better time resolution, using gaseous mixtures to reduce greenhouse
gases production, and incorporating resistive materials to improve electrical conduction.
But to understand how we come to this point, we need to revisit the history and the
construction and development of RPCs and MRPCs.

1.1 Historical Insights of the Gaseous Detectors

Figure 1.1: E�ciency and time distribution of Santonico and Cardarelli's RPC,
where we can observe that its time resolution is of 1.2 ns. (Santonicoet al., 1981.)

15



16 CHAPTER 1. INTRODUCTION

Particle detectors were created and used for the �rst time at the beginnings of the
20th century. However, between 1897 and 1901 J.S. Townsend observed and studied the
avalanche multiplication of electrons in gases. While detectors with cylindrical geometry
were conceived a year earlier, it was not until 1908 that Geiger-Rutherford counters, the
�rst gaseous detectors capable of detecting photons and elementary particles, were used.

In the 1940s a lot of improvements were made, like the development of the �rst pla-
nar detectors, there was an attempt to register radiation using a Parallel Plates Counter
(PPC) by Keu�el who published the �rst results obtained with PPCs. Two years after
this publication, Madansky and Pidd published their own PPC model and its results.

Figure 1.2: E�ciency (left) against Applied Voltage with numerous rate capacities
and its Dark current (right) against the Applied Voltage from C. Williams' group �rst
MRPC. (Williams et al., 1996.)

During the 1950s, Geiger counters were among the few electronic detectors of elementary
particles, and Wilson cameras were used for visualization. In fact, it was in 1955 when
the �rst two cosmic rays photographs were taken with a Flash camera and a year af-
ter this event, the �rst prototype of Planar Scintillator Counters (PSCs) were proposed.
Twelve years later, in 1968, G. Charpak invented the Multi-Wire Proportional Chamber
(MWPC) [6].

While Geiger Counters were popular in the two decades before, in the 1970s Scintilla-
tor Counters gained popularity , however this was about to change when the Novosibirsk
group began designing the �rst planar detectors with resistive plates. Although they
initiated this development, they were not the ones to complete the creation of RPCs,
we had to wait ten years to �nally use them. Just when wired detectors with resistive
cathodes were very popular, Rinaldo Santonico and Roberto Cardarelli constructed the
�rst prototype of the actual Resistive Plate Chamber (RPC) with phenolic laminates
compressed at high temperatures in Rome [1] Fig. (1.1) shows us the e�ciency and time
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distribution of the �rst RPCs.

A year after this, the Conversi group developed 
ash cameras and Pestov developed
a special glass used as anodes. Subsequently, scientists began using Iarocci's tube as a
cathode in particle detectors and thin gaps were employed in MWPCs in ATLAS ex-
periment. Between 1986 and 1991, the SLAC-Novosibirsk collaboration utilized PSCs
in physical experiments.

Within the new decade, the usage of RPCs in cosmic ray experiments became so
popular that researchers began investigating and developing an optimum con�guration
in the gap width and separation thickness between them, and explored the use of a
pure avalanche mode and double gap RPCs in High Energy Physics (HEP). However, it
wasn't until 1996 that the group led by M. C. S. Williams created and tested a Multi-
gap Resistive Plate Chamber with three gaps separated by 3 mm each and compared its
results to a RPC of one gap of 9 mm, the multi-gap RPC showed better e�ciency than
the single-gap RPC [10]. In Fig. (1.2) we can observe the e�ciency and dark current of
the �rst MRPC.

The �rst years of the new century brought about the normalization of RPCs usage
in signi�cant experiments as ATLAS (A Toroidal LHC ApparatuS), TOF (Time Of
fLIGHT) from ALICE (A Large Ion Collider Experiment), and CMS (Compact Muon
Solenoid) at the LHC (Large Hadron Collider), the MONOLITH (Massive Observatory
for Neutrino Oscillations or limits on their existence) project and the EEE (Extreme
Energy Event) experiment. As we can see in the map of Fig. (1.3), in the EEE experi-
ment high school students actively participate in the construction and data taking of six
gap glass MRPCs which are arranged in cosmic telescopes consisting of three MRPCs
each; of the 52 stations worldwide, 46 are in high schools [2].

Figure 1.3: Site map of the EEE net at the end of 2016. The red points are the
High Schools who have MRPCs, while the blue points are High Schools that partic-
ipate in the project but do not have a detector within its installations. (Abbrescia,
2018.)
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1.2 Women in the history of the development of par-
ticle detectors

This thesis began with an analogy to women in other scienti�c �elds who revolutionized
their respective domains, but what about this one? There is limited information avail-
able about them, the names that could be retrieved from some readings include Anna
Peisert, Elena Aprile, and Archana Sharma [5].

In 1983, Anna Peisert (Fig. (1.4) shows us a photograph of her in Fermilab) studied
the time resolution of Parallel Plates Avalanche Chambers (PPAC), another precursor
to the RPCs and MRPCs, PPACs were known for their superior rate capability com-
pared to MWPCs. The following year she conducted a study on the drift and di�usion
of electrons in gaseous detectors.

Between 1991 and 2008, Elena Aprile's research focused on the use of xenon in scin-
tillator detectors, ionization chambers, projection chambers for gamma rays, and xenon
chambers as well as the application of various gases including xenon, argon and krypton
in photocathodes.

Archana Sharma worked with Micro-pattern Gaseous Detectors in 1999, she studied
the �rst Townsend coe�cient in argon mixtures, and muon tracking in gaseous detectors,
she also worked with tracking detectors in the FINUDA experiment. She has been
working with MRPCs since 2009.

Figure 1.4: Photo of physicist Anna Peisert with a photon detector at Fermi-
lab.(Sauli, 2014.)

These are just three of the many women who curretly work in the �eld of particle
physics and speci�cally with particle detectors. It is important to acknowledge their
contributions since a signi�cant portion of the literature in this �eld is authored by
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men, making it di�cult to �nd the valuable contributions of women that undeniably
exist [19].

1.3 RPCs Advantages

The reasons why we are using RPCs and why they are very popular and used in multiple
projects and experiments are listed below:

ˆ Continuous operation.

ˆ Capable of various events detection, even simultaneously.

ˆ A good spatial resolution, and this one is even better for MRPCs, where we can
get micrometer resolution.

ˆ Easy and inexpensive to build, so they can be used to cover vast areas. That is
why RPCs are used in large experiments such as ATLAS, CMS and ALICE (A
Large Ion Collider Experiment), where they cover an area of 15000m2, and as
mentioned before, they can be constructed by high school students.

ˆ Superior time resolution, because of its planar geometry, which we will explain
further in this thesis (see Section 2.1.1). And if we have a smaller width between
the electrodes (gap thickness), it gets better. Simultaed time resolution is not
bigger than experimental time resolution (Fig.(1.5)).

Some of the projects where MRPCs have been used are PyramidScan, Project MU-
RAVES and DIAPHANE, that studies the insides of pyramids and volcans. MRPCs
are also used in Positron Emission Tomography (PET), Thermal Neutron Detection,
Homeland Security, X-Ray Imaging and Muon Tomography [4].

Figure 1.5: Time distribution simulations (left) and experimental time distribution
results (right), for three di�erent values of rate capacities. When the rate increases
the resolution gets worse since the E�ective Voltage decreases.(Abbrescia, 2018.)
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Chapter 2

Physical processes and RPCs'
Design

2.1 General Design

As shown in Fig (2.1), RPCs consist of two highly resistive parallel plates, a positively
charged anode and a negatively charged cathode, made of Bakelite or glass. Both elec-
trodes are connected to a High Voltage (HV) source and to ground, so that the current
can circulate 
uently [1].

This two plates are separated by a gas mixture volume, normally Freon (R134a) or a
mixture of C2F4H2 and SF6, but before �lling the RPC with the chosen gas, the MRPCs
should be cleaned by �lling them with Argon or Nitrogen gas to remove impurities that
can cause chemical reactions which can speed up any aging e�ect as well as increase the
number of noise pulses and dark current. Noise pulses and dark current, also known as
background counting rate, can make it di�cult to analyze the data we obtain from the
detector.

Figure 2.1: Scheme of Santonico and Cardarelli's RPC. (1) Bakelite electrodes, (2)
gas gap, (3) HV connection, (4) Mylar insulator, (5) lecture strips, (6) resistor, (7)
electronics used to read the signals. (Santonicoet al., 1981.)

In the case of MRPCs, we got separations between the plates, we call them gas gaps,
and we can have any number of gaps we can physically build, this is the major di�erence
between MRPCs and RPCs.
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2.1.1 Geometry and materials

The reason behind the geometry of the RPCs is that a planar geometry give us a better
time resolution, since, theoretically, its electric �eld is even and intense enough in all
its surface, thus a primary electron can originate an avalanche instantly after being
generated anywhere in the surface of the detector. Time resolution is given by

� t =
1

� � � d
log

�
I thr

I s

�
; (2.1)

where � � is the Townsend coe�cient that gives us the probability of a free electron
giving us an additional pair of ion-electron per length unit, � d is the drift velocity, I thr

is the current threshold from the time where the signal crosses andI s is the ignal current
amplitude. When we consider the case for a single primary electron, with no probability
of a second one, we have the following equation:

� t =
1:28

� � � d
; (2.2)

where the constant 1.28 is obtained when the limit of the number of initiated avalanchges
is zero [6]. For the MRPCs, we use

� t =
1

p
Ng �g

U
� � � d

; (2.3)

where Ng is the number of gaps,� is the number of clusters per unit of length, g is
the thickness of the gap and U is a factor of order 1 used for the statistical nature
of the avalanche, representing the variation of the primary ionization developing into
aalanches[6]. This equation give us a hint of how to improve the time resolution, it
improves when we reduce the distance between the electrodes, meaning the thickness of
the gas gap gets smaller.

Another important consideration towards the electrodes, goes to the materials that
they are made of. When they are made of Bakelite, we apply a polymerized linseed oil
layer to prevent the formation of droplets that can interact with the water vapor of the
chamber and create hydro
uoric acid, which can damage the detector, and to make the
surface softer (to avoid discharges and to have an uniform electric �eld). The electrodes
are also coated with a conductive paint with graphite (for a better high voltage connec-
tion).

When the electrodes are made of glass, which has a smoother surface than Bakelite,
the treatment with linseed oil for the inner surface is not necessary. The spacers (to
form the gap) do not need glue to get attached to the electrodes and the high voltage
contacts do not need welding. The MRPC normally uses �shing lines as spacers (being
hold by plastic screws) and an envelope (it could be an aluminium box) to contain the
gas, instead of a frame glued to the electrodes, thus reducing any possibility of gas leak.

2.1.2 The Development of Multiple Gaps

Multiple gaps are used precisely because they give us a better time resolution than when
we only have one gap, an important factor in this thesis, than RPCs of just one gap. In
this case, just the exterior plates are painted with conductive graphite paint so we can
connect them to a HV source.



2.1. GENERAL DESIGN 23

Figure 2.2: Diagram and operational principle of the �rst MRPC compared to a
conventional RPC of 9 mm gap. (Williams et al., 1996.)

We make the separations between gaps with �shing lines and screws or separators
made of a non-conductive material, such as plastic or �laments used to print 3D sepa-
rators to have a more accurate construction.

Characteristic Narrow gap RPC Wide gap RPC First MRPC
Number of gaps 1 1 3
Size of gaps 2mm 8 mm 3 mm
Gas mixture 60% argon and

40% isobutane
60% argon and
40% isobutane

86% argon, 8:5%
CO2, 0:5% C4F10

and 5% DME.
Resistivity 1010 � 1011
cm 1010 � 1011
cm 1011 � 1013
cm
E�ciency 100% at 19.2 kV 100% at 16.9 kV 100% from 16 to

16.5 kV
Time resolution 4 ns 7.5 ns 4 ns
Charge 9.1 pC 1.8 pC 2 pC

Table 2.1: Comparison between a narrow gap RPC, a wide gap RPC and the �rst
MRPC ever built, the three were made of melamine phenolic foils with a detection
area of 24� 24cm2

Fig. 2.2 shows the comparison between the 3 gap MRPC of 3 mm each created by
Williams group and a conventional RPC of 9 mm gap, and how in the �rst one the
primary ionization occurred in the 0.5 mm closer to the cathode compared to the last
one where it occurred in the 1.5 mm closer to the cathode.[10] Table 2.1 shows the re-



24 CHAPTER 2. PHYSICAL PROCESSES AND RPCS' DESIGN

sults between this �rst MRPC, a narrow gap RPC and a wide gp RPC built in 1996 by
Williams group, Although the narrow gap RPC had an equal time resolution than the
MRPC, the charge was higher, and even when the charge was smaller for the wide gap
RPC, the time resolution was worse than the ones from the MRPC and narrow RPC,
the e�ciency plateau remined at 100% for various applied voltages, while for the narrow
and wide RPC it was at 100% at just one applied voltage. [16]

2.2 Physical Processes of the RPCs

2.2.1 Avalanche Formation

When a charged particle enters the gas gap, it ionizes the gas molecules creating pairs
of electron-ion due to its interaction as shown in Fig. (2.3). Since there is an applied
electrical �eld between the electrodes, the ions move towards the cathode and the elec-
trons towards the anode, inducing signals in both electrodes [6].

The electrons continue to move and if the electrical �eld is intense enough, they
can create avalanches that end up amplifying the signals, so we can get data about the
performance of our detector such as the time resolution and the rate capability. The
electric �eld is computed by:

E =
V
g

; (2.4)

where V is the applied voltage and g is the distance between two gaps. Typically, the
electric �eld in an MRPC is on the order of a few kV/cm [15], it varies from experiment
to experiment, it just needs to be strong enough to initiate and sustain the avalanche
process, which has two temporal parts:

ˆ The time when the electron avalanche reaches the anode (known as the fast signal).

ˆ The time when the positive ions reach the cathode (known as the slow signal).

Both end up forming one signal, we will explain this in detail later on this thesis (see
Section 2.3.4).

Although, positrons can also produce electron-ion pairs, they are not typically created
in the avalanche process since they are not abundant in our everyday environment, nor
in experimental setups, since there is more matter than anti-matter and electrons are
more common and the anti-particles of positrons. When positrons appear, they do not
last long since they encounter an electron, collide, and produce gamma ray positrons,
that process is called positron annihilation.

2.2.2 Operational modes: Avalanche and Streamer

RPCs can operate in avalanche and streamer mode. An avalanche is the process where
ionizing particles pass through a gas-�lled gap, causing a chain reaction of electron multi-
plication. Avalanche mode is characterized by the controlled multiplication of electrons,
by applying an operational voltage in the e�ciency plateau of the MRPC, as they drift
towards the anode, leading to a signi�cant increase in the signal we retrieve.

The transition from avalanche to streamer occurs when the size of the avalanche gets
closer or exceeds the Raether limit. Streamer mode means that the ion avalanche that
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Figure 2.3: Representation of an avalanche generated by the moving electrons inside
the RPC and how it creates an a�ected area by a local discharge in the anode. (Ab-
brescia, 2018.)

reaches the resistive cathode does not auto-quench, on the contrary, it causes a low cur-
rent discharge, the signals we obtain from this mode are from the order of nanocoulombs,
which are larger than the signals from avalanche mode, which are from the order of pic-
ocoulombs [6].

The avalanche mode was chosen in the LHC experiments and in the research for this
thesis as it reduces the charge that travels through the detector thus increasing the rate
capability and reducing aging e�ects. The development of avalanches depends on the
size of the detectors, when it is small enough, we assume that the electric �eld depends
on an external one.

2.3 Measurements and their meanings

2.3.1 E�ciency

E�ciency is a measurement of the probability of detecting a signal. We couple coinci-
dences with the PMTs from Ecocampus BUAP, as triggers, to get the MRPCs' e�ciency,
meaning

Ef f =
Nc

NP MT s
; (2.5)

where NP MT s is the number of signals measured between just the PMTs, andNc is the
number of coincidences between the three detectors, including the MRPC [11].

2.3.2 Rate Capability

Rate capability is the ability of the detector to stay e�cient (up to 95%) even when
exposed to a high 
ux of incident particles. This can be improved by reducing the
thickness of the gas gap or the resistivity of the electrodes. Currently CMS and ATLAS
RPCs have a rate capability of 2 kHz=cm2, but since 1995, there is experimental evi-
dence of MRPCs having a rate capability around 1kHz=cm2 [6]. MRPCs are known
to have a stable rate capability for several years even in harsh environments such as the
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ones at GIF (Gamma Irradiation Facilitiy) at CERN.

Normally, and if we had a variable source of impinging particles, we would estimate
the rate capability of the detector by operating it at the voltage, that we would keep
constant, where the e�ciency is in the plateau, wich means a constant maximum e�-
ciency, we would increase the 
ux of particles until the e�ciency decreases and is lower
than 90% [9]. But as we do not have such technology, we use cosmic rays and a counter,
we increase the applied voltage and save the number of impinged particles every two
minutes in each strip.

2.3.3 Fast Signals to Total Signals Ratio

A fast signal is related to the electron avalanche mentioned in Section 2.1.1, and usually
it is registered with an appropriate current ampli�er. This fast signal is only 5 to 20%
of the total charge signal. The slow one is induced by the positive ion avalanche towards
the cathode, to measure it we use Photo-Multiplier Tubes (PMTs) as triggers, then we
will couple coincidences with an oscilloscope and a digitizer.

The total signal is the analogue sum of the fast and the slow partof the signal. Just
like in Fig. (2.4), what we see in a digitizer or an oscilloscope is the fast signal, we only
use it since the slow one is hundreds of times slower than the fast one [9].

Figure 2.4: Voltage (mV/div) vs. Time (ns/div) showing an avalanche signal, the
�rst part is due the movement of electrons, the fast ramp is due the movement of neg-
ative ions and the slow ramp is due the drift of positive ions. (Cerron Zeballoset al.,
1997)
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2.3.4 Total Charge in Avalanche Mode

The electric charge depends on the position where the avlanche is formed

q(x) =
n clX

j =1

qenj
0M j e� � (x � x j

0 ) ; (2.6)

wherenj
0 is the the number of the primary electrons contained in the j-th cluster, group

of particles prouced by an avalanche,qe is the charge of the electron,M j is used to take
into consideration the stochastic 
uctuationof the avalanches, � � = � � � is the �rst
e�ective coe�cient of Townsend, which depends on the Townsend coe�cient and the
attachment coe�cient

dne = ( � � � )nedx; (2.7)

and it also depends on the time

q(t) =
n clX

j =1

qenj
0M j e� � � d t = qee� � � d t

n clX

j =1

nj
0M j ; (2.8)

where we use the fact that the length covered by the electrons aftert = 0 is proportional
to the module of the drift velocity of the electrons, x = � d � t , with a time range between

0 < t � g� x
n cl
0

� d
[6].

2.3.5 Time resolution

Time resolution is the time interval measured between two particles crossing the detec-
tor. It can be expressed in terms of its full width at half maximum (FWHM), or in
terms of the standard deviation:

� t =

r
� 2

P uM + � 2
P dM � � 2

P T Ms

2
; (2.9)

where � 2
P uM is the standard deviation between the PMT up and the MRPC, � 2

P dM is
the one between the PMT down and the MRPC and� 2

P T Ms is the standard deviation
between both PMTs [12]. This is the equation we will be using in the data analysis
because of the experimental setup, which is a type of arrangement made to obtain co-
incidences between the detectors.

Errors are calculated by

ERR =

p
err 2

2 + err 2
3 � err 2

1

2
(2.10)

where err 1 is the error associated to the time resolution between the triggers, PMT UP
and PMT DOWN, err 2 is the error associated between the MRPC and the PMT UP,
and err 3 is the error associated between the MRPC and the PMT DOWN. The type
of error we are talking about is a parameter error, it is a measure of the uncertainty
associated with the estimation of a parameter, in this case for time resolution, in a
mathematical model or data analysis. These parameters are stimated from the data the
program in c++, made by a master student from FCFM-BUAP, is working with.
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Chapter 3

Experimental Setup

3.1 Aluminium Box Construction

We constructed two aluminium boxes (0:4m � 0:272m � 0:05m), shown in Fig (3.1), to
contain the MRPCs and the gas that would 
ow through them. We used the milling
machine CNC-3040Z-DQ with an end mill of 2mm from Ecocampus BUAP and the
program Aspire 9.5 to design and generate a code for the machine to work. To put all
the pieces together we used several screws and white silicone, and to prevent sparks a
layer of Kapton tape was attached in the upper and bottom lids of the box.

Figure 3.1: Aluminium box with a layer of kapton tape, Each one has a volume of
5:44� 10� 3m2.

The disadvantage of this type of boxes is that they consumes an unnecessary amount
of gas, since it should �ll all the box as shown in Fig (3.2a). Another option, which is
used at Ecocampus, is the making of acrylic boxes that inject the gas directly in the
detector area, they are similar to Fig (3.2b) and we can see one of those acrylic boxes
in Fig. (3.20).
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To avoid gas leaks on the aluminium box we used heat on the plastic tubes as well
as white silicone, to seal it properly. For the HV connectors we made an extra parts, a 5
cm aluminium square, so the protected wiires are not in contact with the PCB (Printed
Circuit Boards) and the aluminium box could have more physical stability.

One of the MRPCs has an acrylic lid so students can see the insides of the chamber.
To make sure there was no gas leak, we let air 
ow through the closed boxes, not freon
or argon since they are expensive, while we closed momentarily the plastic tubes, and
used a lighter to see if the 
ame moved, and if that was the case we sealed that part
with more white silicone.

Figure 3.2: Diagram of both types of boxes. (Liu et al., 2019.)

3.2 CERN MRPC features

Figure 3.3: CERN MRPCs' geometry.

As shown in Fig. (3.3), the two MRPCs built at CERN have six gas gaps (0.25 mm gap
width) and a 0.28 mm glass thickness. The area of the two outer glass is slightly larger
than the inner glass (22� 22cm2 vs 18� 18cm2). The MRPC have 24 lecture strips and
was supposed to use a gas mixture ofC2F4H2 (98%) and SF6 (2%), but we ended using
just Freon since we do not have yet a gas mixer. For electric continuity to acquire the
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signals we had to weld the pins between the Top and Bottom PCBs.

From Fig. (3.4), we can observe that the MRPCs have two cables, the upper was
the one we connected to positive voltage while the one below was for the negative one,
so the electric �eld could exist.

Figure 3.4: Upper view of CERN MRPC.

From side to side we could appreciate the six gaps and seven glasses (Fig. (3.5), where
the �rst and last one are larger than the middle ones.

Figure 3.5: Lateral side of the MRPC.

In Fig. (3.6) the MRPC inside the aluminium boxes we built. We can see not just where
we connected the cables but the tubes to �ll the chamber with Freon gas.
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