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Introduction

The Standard Model (SM) successfully and clearly accommodates elementary
particles and their interactions in a theoretical framework. Severely submitted
to several experimental evidence, up to now it has shown a good agreement
with previsions.
However, it has some points not yet fully exploited: in the SM description all
the particles are massless in evident contradiction with the presence of short
range interactions, i.e. the weak and strong forces. In order to solve this
critical problem a proper mechanism, called Higgs mechanism, has been in-
troduced since 1964. However this mechanism is not free of consequence: it
predicts the existence of a new boson called the Higgs particle. The search of
the Higgs boson is one of the main objectives of the experiment at the Large
Hadron Collider (LHC) started in September 2008 at CERN. Moreover, the
SM needs a huge number of free parameters (at least 19), while other theories,
called supersymmetric (SUSY) give the same results but relying on only a few
free parameters. These theories predict a new generation of particles: the su-
persymmetric particles; each known particle is coupled with a supersymmetric
partner of opposite spin.
First confirmations for Supersymmetry could come even from the beginning of
LHC running, showing the existence of the supersymmetric Higgs boson.
Many important processes foreseen at the LHC will present muons in their
final state. Moreover, muons represent a very clean signature in presence of
a huge background as it is expected during the LHC operation. All the four
experiment that will operate at the LHC (ALICE, ATLAS, CMS, LHCb) will
use Resistive Plate Chambers as muons detectors especially for their very good
time resolution. This scenario is described in Chapter 1 and 2. Chapter 3 is
devoted to the RPCs test procedure and the Compact Muon Solenoid (CMS)
experiment commissioning at CERN is treated in detail.
During their running at the LHC neutral radiation will represent a background
to be avoided and the detectors are expected to be as much as possible un-
affected by neutrons and gammas. On the contrary, the idea to use RPCs as
neutral radiation detectors is very attractive and challenging. In the past our
group investigated this issue by studying and measuring the RPC gamma and
neutron sensitivity in an energy range above 1 MeV.

RPCs field has enjoyed very active progress in recent years, including the in-
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0. Introduction

troduction of a new (avalanche) mode of operation, extension of the counting
rate capabilities to levels around 1kHz/cm2 and improvement of the time res-
olution for MIPs to 50 ps. These new developments have expanded the range
of HEP applications and promise new applications in medical imaging [1].
In the present work the possible employ of RPCs in a different field than high
energy physics is studied and tested.
In the last years RPCs have been proposed in time of flight Positron Emission
Tomography systems due to their excellent time resolution. The status of the
art in PET and the current limits are presented in Chapter 4.
An important item is represented by the study of suitable materials to be used
as electrodes in, for example, Multigap RPCs (MRPC) [2][3]. In Chapter 5 pre-
liminary simulations of new materials substituting glass in order to enhance
photo conversion are presented together with the first results about MRPC
prototypes. The last chapter is dedicated to the coating materials study in
order to supply high voltage: different dissipative coating and semiconductive
varnish are analyzed and tested, different techniques are studied and experi-
mented in order to fulfil the electrodes features (smoothness, homogeneity and
reproducibility).
The main results obtained up to now are presented and discussed.
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Chapter 1
Theoretical introduction:
physics at LHC and the CMS
detector

1.1 The Standard Model and the Higgs mech-

anism

Although the Standard Model (SM) of particle physics has so far been tested
to exquisite precision [4], it is considered to be an effective theory up to some
scale Λ ≈ TeV. The prime motivation of the Large Hadron Collider (LHC) is
to elucidate the nature of electroweak symmetry breaking for which the Higgs
mechanism is presumed to be responsible. The experimental study of the Higgs
mechanism also can shed light on the mathematical consistency of the SM at
energy scales above about 1 TeV. However, there are alternatives that invoke
more symmetry such as supersymmetry or invoke new forces or constituents
such as strongly-broken electroweak symmetry, technicolour, etc. An as yet
unknown mechanism is also possible.
Furthermore there are high hopes for discoveries that could pave the way to-
ward a unified theory. These discoveries could take the form of supersymmetry
or extra dimensions, the latter often requiring modification of gravity at the
TeV scale. Hence there are many compelling reasons to investigate the TeV en-
ergy scale. Hadron colliders are well suited to the task of exploring new energy
domains, and the region of 1 TeV constituent centre-of-mass energy can be
explored if the proton energy and the luminosity are high enough. The beam
energy (7 TeV) and the design luminosity (L = 1034 cm−2 s−1) of the LHC
have been chosen in order to study physics at the TeV energy scale. Hence
a wide range of physics is potentially possible with the seven-fold increase in
energy and a hundred-fold increase in integrated luminosity over the current
hadron collider experiments (ALICE, ATLAS, CMS, LHCb). These conditions
also require a very careful design of the detectors.
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1. Theoretical introduction: physics at LHC and the CMS detector

Figure 1.1: LHC with the four experiments located at the interaction points.

The availability of high energy heavy-ion beams at energies more than 30
times higher that of the present day accelerators will allow us to further extend
the range of the heavy-ion physics programme to include studies of hot nuclear
matter.
Four different fundamental interactions are known: electromagnetic, weak,
strong and gravitational.
Electromagnetic interaction is connected to the global U(1) gauge invariance
and is described by the Quantum Electro-Dynamics (QED) theory. All charged
particles feel the effect of this kind of interaction mediated by a massless boson
called photon (γ).
According to the SM theory the interactions among leptons and quarks (weak
interactions) are due to gauge bosons and they show a SU(3)x SU(2)x U(1)
symmetry. In particular, the electroweak force is described by means of a
gauge symmetry such as SU(2)x U(1), spontaneously broken.
The strong interaction, described by the Quantum Chromo-Dynamic (QCD)
and based on the SU(3) gauge group, is responsible of the quarks confinement
inside the hadrons and is mediated by gluons. At the present time the gravi-
tational interaction is far from a satisfactory integration in this picture.
Besides the experimental results have so far confirmed the SM to an excep-
tional level of precision (of the order of 0.1 %) there are two critical points
that affect the theory: first, it relies on at least 19 free parameters; seconds, in
this pure symmetric gauge theory both fermions and bosons are massless. In
order to solve the second problem a mechanism called Higgs mechanism has
been introduced in the SM framework.
The presence of a short range interaction, like the weak interaction, in the SM
is clearly incompatible with the fact that all bosons are massless.
The Higgs mechanism, introduced in 1964, is an elegant way to generate the
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1.2. Higgs Boson at LHC

masses of bosons and fermions, but at the same time it predicts the existence
of a new particle: the Higgs boson. Although this mechanism was used to
introduce mass into the SM 40 years ago, experimental sensitivity to a SM
Higgs boson remains extremely limited and now all the attention is addressed
to the LHC project already started at CERN laboratory.
A range of values for the Higgs boson mass has been defined with an upper
value from 200 GeV/c2 up to 1 TeV/c2[5]. The lower values have been set by
the experiments at Large Electron Positron (LEP) collider at CERN labora-
tory. LHC will allow to explore the full range of values possible for the Higgs
boson mass, i.e. from 80 to 1000 GeV/c2[6].
As pointed out, the Higgs boson mass measure, free parameter of the model,
is one of the goals that the experiments at LHC would like to achieve for a
complete understanding of the Standard Model. Actually, the SM has some
limits: one of these concerns the difference in the characteristic energies for
the different interactions. Another problem is connected to the possibility of
unifying the fundamental interactions.

1.2 Higgs Boson at LHC

In the design phase of CMS and ATLAS in the early 1990s, the detection of
the SM Higgs boson was used as a benchmark to test the performance of the
proposed designs. It is a particularly appropriate benchmark since there is a
wide range of decay modes depending on the mass of the Higgs boson.
The current lower limit on the mass of the Higgs boson from LEP is 114.4
GeV/c2. In the vicinity of this limit, the branching fractions of the Higgs bo-
son are dominated by Hadronic decays, which are difficult to use to discover
the Higgs boson at the LHC due to the large QCD backgrounds and the rel-
atively poor mass resolution that is obtainable with jets. Hence, the search
is preferentially conducted using final states that contain isolated leptons and
photons, despite the smaller branching ratios.
The natural width of the Higgs boson in the intermediate-mass region (114
GeV/c2 < mH < 2mZ) is only a few MeV, and the observed width of a poten-
tial signal will be dominated by the instrumental mass resolution. In the mass
interval 114-130 GeV/c2, the two-photon decay is one of the principal channels
likely to yield a significant signal. Central exclusive production of the Higgs
might offer the only way to access the bb̄ decay mode. The Higgs boson should
be detectable via its decay into 2 Z bosons if its mass is larger than about 130
GeV/c2 (one of the Z’s is virtual when mH is below the ZZ threshold). For
2mZ < mH < 600 GeV/c2 the ZZ decay, with its four-lepton final states, is the
mode of choice.
In the region 600 < mH < 1000 GeV/c2, the cross section decreases so that
higher branching fraction modes involving jets or Emiss

T from W or Z decays
have to be used. The jets from W and Z decays will be boosted and may be
close to each other in η - ϕ space [7].
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1. Theoretical introduction: physics at LHC and the CMS detector

The dominant Higgs-boson production mechanism, for masses up to about
700 GeV/c2, is gluon-gluon fusion via a t-quark loop. The WW or ZZ fusion
mechanism becomes important for the production of higher-mass Higgs bosons.
Here, the quarks that emit the Ws or Zs have transverse momenta of the order
of W and Z masses. The detection of the resulting high-energy jets in the
forward regions (2 < |η| < 5) can be used to tag the reaction, improving the
signal-to-noise ratio and extending the range of masses over which the Higgs
can be discovered. These jets are highly boosted and their transverse size is
similar to that of a high-energy hadron shower.
More recently, the fusion mechanism has also been found to be useful for de-
tecting an intermediate mass Higgs boson through channels such as qq→ qqH,
followed by H → ττ .

1.3 The CMS detector at LHC

The Compact Muon Solenoid is a general purpose proton-proton detector built
in one of the four interaction points at the LHC at the CERN laboratories and
ready to work both in the phase of low and high luminosity.
The detector requirements for CMS to meet the goals of the LHC physics pro-
gramme can be summarized as follows:

• Good muon identification and momentum resolution over a wide range
of momenta in the region |η| < 2.5, good dimuon mass resolution (≈ 1%
at 100 GeV/c2), and the ability to determine unambiguously the charge
of muons with p < 1 TeV/c.

• Good charged particle momentum resolution and reconstruction effi-
ciency in the inner tracker. Efficient triggering and offline tagging of
τ ’s and b-jets, requiring pixel detectors close to the interaction region.

• Good electromagnetic energy resolution, good diphoton and dielectron
mass resolution (≈ 1% at 100 GeV/c2), wide geometric coverage (|η| <
2.5), measurement of the direction of photons and/or correct localization
of the primary interaction vertex, π0 rejection and efficient photon and
lepton isolation at high luminosities.

• Good Emiss
T and dijet mass resolution, requiring hadron calorimeters with

a large hermetic geometric coverage (|η| < 5) and with fine lateral seg-
mentation (∆η ×∆ϕ < 0.1× 0.1).

The design of CMS, detailed in the following sections, meets these require-
ments. The main distinguishing features of CMS are a high-field solenoid, a
full silicon-based inner tracking system, and a fully active scintillating crystals-
based electromagnetic calorimeter.
The CMS detector has been assembled in the surface assembly hall, SX5, at
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1.3. The CMS detector at LHC

Figure 1.2: Schematic view of the CMS detector in 3D.

Point 5 in Cessy.
For ease of assembly, installation and maintenance, CMS has been designed
along the following lines:

• all the subdetectors should be maintainable by opening CMS in large
sections,

• the movements of these sections should be possible without un-cabling
the attached subdetectors and without breaking the chain of services
(cooling, LV, etc.) allowing fast re-commissioning after closing,

• access must be possible to the Tracker flange for at least 1 day during a
10-day shut-down.

The main design consequences are as follows:

• The Barrel yoke is sectioned into 5 ring-sections and each Endcap yoke
into 3 disk sections (4 with YE4) to allow maintenance of the Muon
stations.

• The Hadron Forward (HF) calorimeters have been pushed outside of the
yoke to allow easy sliding of the Endcaps along the beam-pipe.

• This allows the beam-pipe to flare out, which reduces the background
from secondary interactions, and improves pumping without having to
put a vacuum pump too near the interaction point.

An important aspect driving the detector design and layout is the choice of the
magnetic field configuration for the measurement of the momentum of muons.
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1. Theoretical introduction: physics at LHC and the CMS detector

Large bending power is needed to measure precisely the momentum of charged
particles.
At the heart of CMS sits a 13-m-long, 5.9 m inner diameter, 4 T superconduct-
ing solenoid. In order to achieve good momentum resolution within a compact
spectrometer without making stringent demands on muon-chamber resolution
and alignment, a high magnetic field was chosen.
The best value of the ratio between the length and the radius for the solenoid
will allow degradation in the momentum resolution in the forward direction.
The solenoid magnetic field will bend the particles tracks in the plane perpen-
dicular to the one of the beam direction, exploiting in this way the limited
transverse beam dimension (20 µm).
The bore of the magnet coil is also large enough to accommodate the inner
tracker and the calorimetry inside. The tracking volume is given by a cylinder
of length 5.8 m and diameter 2.6 m.

Two different sections can be distinguished in the CMS detector: the cen-
tral, cylindrical part, called barrel, made of five wheels, and the two endcaps,
disk sections closing the apparatus. The subdetectors are arranged in a differ-
ent geometry in the barrel and in the endcaps: parallel to the beam direction
in the barrel, perpendicular to the beam direction at the endcaps. The central
tracking system occupies the inner most part of the detector.
In the barrel iron yoke the RPC chambers form six coaxial sensitive cylinders
(all around the beam axis) approximated with concentric dodecagon arrays
arranged into four stations.
In the first and second muon stations there are two RPC chambers located in-
ternally and externally with respect to the Drift Tube (DT) chamber. RB1in
and RB2in are at smaller radius, while RB1out and RB2out are at larger ra-
dius. In the third and fourth stations there are again two RPC chambers, both
located on the inner side of the DT (named RB3+ and RB3-, RB4+ and RB4-).
Special case is RB4 in sector 4 which consists of 4 chambers: RB4++, RB4+,
RB4-, RB4-. Finally, in sectors 9 and 11 there is only one RB4 chamber. In
total there are 480 rectangular chambers, each one 2455 mm long in the beam
direction. Only chambers in sector 3 of wheel -1 and sector 4 of wheel +1 are
2055 mm long to allow the passage of the magnet cooling chimney.
Physic requirements demand strips running always along the beam direction
and divided into two parts for chambers RB1, RB3 and RB4. Chambers RB2,
which is a special case for the trigger algorithm, have strips divided into two
parts (RB2in in wheel +2 and wheel -2 and RB2out in wheels +1, 0 and -1)
and into three parts (RB2out in wheels +2 and -2 and RB2in in wheels +1,
0 and -1). Each chamber consists therefore of two or three double-gaps mod-
ules mounted sequentially in the beam direction to cover the active area. For
each double-gap module (up to 96 strips/double-gaps), the front-end electron-
ics boards are located at the strip end which minimize the signal arrival time
with respect to the interaction point.

8



1.3. The CMS detector at LHC

The main goal of the CMS central tracking system is to reconstruct high pT
tracks with high precision in the central pseudo-rapidity region (|η| < 5). This
will be done by measuring with precision the track impact parameter which is
crucial for heavy quark physics and b-tagging at high luminosity. The design
goal is to achieve an impact parameter resolution at high pT of the order of 20
µm in the transverse plane and 65 µm in the longitudinal one.
In order to deal with high track multiplicities, CMS employs 10 layers of silicon
microstrip detectors, which provide the required granularity and precision. In
addition, 3 layers of silicon pixel detectors are placed close to the interaction re-
gion to improve the measurement of the impact parameter of charged-particle
tracks, as well as the position of secondary vertices. The EM calorimeter
(ECAL) uses lead tungstate (PbWO4) crystals with coverage in pseudorapid-
ity up to |η| < 3.0. The scintillation light is detected by silicon avalanche
photodiodes (APDs) in the barrel region and vacuum phototriodes (VPTs)
in the endcap region. A preshower system is installed in front of the endcap
ECAL for π0 rejection. The ECAL is surrounded by a brass/scintillator sam-
pling hadron calorimeter with coverage up to |η| < 3.0. The scintillation light
is converted by wavelength-shifting (WLS) fibres embedded in the scintillator
tiles and channelled to photodetectors via clear fibres. This light is detected
by novel photodetectors (hybrid photodiodes, or HPDs) that can provide gain
and operate in high axial magnetic fields. This central calorimetry is comple-
mented by a ”tail-catcher” in the barrel region, ensuring that hadronic showers
are sampled with nearly 11 hadronic interaction lengths. Coverage up to a
pseudorapidity of 5.0 is provided by an iron/quartz-fibre calorimeter. The
Cerenkov light emitted in the quartz fibres is detected by photomultipliers.
The forward calorimeters ensure full geometric coverage for the measurement
of the transverse energy in the event.
The overall dimensions of the CMS detector are a length of 21.6 m, a diameter
of 14.6 m and a total weight of 12 500 tons. The thickness of the detector
in radiation lengths (Fig. 1.3) is greater than 25X0 for the ECAL, and the
thickness in interaction lengths (Fig. 1.4) varies from 7 to 11λI for HCAL
depending on η.

9



1. Theoretical introduction: physics at LHC and the CMS detector

Figure 1.3: Material thickness in radiation lengths after the ECAL, HCAL,
and at the depth of each muon station as a function of pseudorapidity. The
thickness of the forward calorimeter (HF) remains approximately constant over
the range 3 < | η | < 5 (not shown).

Figure 1.4: Material thickness in interaction lengths after the ECAL, HCAL,
and at the depth of each muon station as a function of pseudorapidity. The
thickness of the forward calorimeter (HF) remains approximately constant over
the range 3 < | η | < 5 (not shown).

10



1.3. The CMS detector at LHC

Figure 1.5: Schematic view of the CMS Electromagnetic CALorimeter
(ECAL).

1.3.1 CMS calorimeters

Electrons, photons and hadrons are stopped in the electromagnetic (ECAL)
and hadron (HCAL) calorimeters, respectively, and their energies are mea-
sured.
Undetected particles, such as neutrinos, are as well inferred to pass through
since the missing energy is measured relative to the studied collision.

1.3.1.1 Electromagnetic calorimeter

A scintillating crystal calorimeter offers excellent performance for energy reso-
lution since almost all the energy of electrons and photons is deposited within
the crystal volume.
The Electromagnetic Calorimeter (ECAL) (Fig. 1.5) is a hermetic, homoge-
neous calorimeter comprising 61 200 lead tungstate (PbWO4) crystals mounted
in the central barrel part, closed by 7324 crystals in each of the 2 endcaps [7].
CMS has chosen lead tungstate scintillating crystals for its ECAL. These crys-
tals have short radiation (X0 = 0.89 cm) and Moliere (2.2 cm) lengths, are
fast (80% of the light is emitted within 25 ns) and radiation hard (up to 10
Mrad). However, the relatively low light yield (30 γ/MeV) requires use of
photodetectors with intrinsic gain that can operate in a magnetic field. Silicon
avalanche photodiodes (APDs) are used as photodetectors in the barrel and
vacuum phototriodes (VPTs) in the endcaps. In addition, the sensitivity of
both the crystals and the APD response to temperature changes requires a
temperature stability (the goal is 0.1◦C). The use of PbWO4 crystals has thus
allowed the design of a compact calorimeter inside the solenoid that is fast,
has fine granularity, and is radiation resistant.
Also the short decay time matches well the short time interval between two
consecutive bunches crossing (25 ns).
The crystals have a cross section of 22 x 22 mm2 and length of 23 cm (corre-
sponding to 25 radiation lengths X0). PbWO4 is intrinsically radiation-hard,
but no optimized crystals do suffer from radiation damage. The R&D pro-
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1. Theoretical introduction: physics at LHC and the CMS detector

Figure 1.6: The Hadron CALorimeter (HCAL) of the CMS detector.

gram has lead to a better understanding of the damage mechanism. The main
conclusion is that radiation affects neither the scintillation mechanism nor the
uniformity of the light yield along the crystal. It only affects the transparency
of the crystals and the transport of light is changed by self-absorption of the
crystals. This light loss can be monitored by a light-injection system.
CMS will utilize a preshower (SF) detector in the end-cap region (pseudo-
rapidity range 1.65 < |η| < 2.6). Its main function is to provide γ - π0 sepa-
ration. The preshower detector contains two thin lead converters (2 X0 and 1
X0 respectively) followed by silicon strip detector planes placed in front of the
ECAL. At high luminosity, a second preshower (SB) might be added in the
barrel region covering the |η| < 1.1 region in order to allow the measurement
of the photon angle to an accuracy of about 45 mrad/

√
E in the η direction.

The performance of a supermodule was measured in a test beam. The energy
resolution, measured by fitting a Gaussian function to the reconstructed energy
distributions, has been parameterized as a function of energy:

( σ
E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2 (1.1)

where S is the stochastic term, N the noise and C the constant term.

1.3.1.2 Hadron calorimeter

The design of the hadron calorimeter (HCAL) (Fig. 1.6) is strongly influenced
by the choice of magnet parameters since most of the CMS calorimetry is
located inside the magnet coil and surrounds the ECAL system. An impor-
tant requirement of HCAL is to minimize the non-Gaussian tails in the energy
resolution and to provide good containment and hermeticity for the E missT
measurement. Hence, the HCAL design maximizes material inside the magnet
coil in terms of interaction lengths.
The hadronic calorimeter (HCAL) plays an essential role in the identification
of quarks, gluons, and neutrinos by measuring the energy and direction of the
jets and of the missing transverse energy flow in events.

12



1.3. The CMS detector at LHC

The hadron calorimeters in conjuction with the ECAL subdetectors form a
complete calorimetry system for the measurement of jets and missing trans-
verse energy. The central barrel and endcap HCAL subdetectors completely
surround the ECAL and are fully immersed within the high magnetic field of
the solenoid. The barrel (HB) and endcap (HE) are joined hermetically with
the barrel extending out to |η| = 1.4 and the endcap covering the overlapping
range 1.3 < |η| < 3.0. The forward calorimeters are located 11.2 m from the
interaction point and extend the pseudorapidity coverage overalapping with
the endcap from |η| = 2.9 down to |η| = 5. The forward calorimeters (HF) are
specifically designed to measure energetic forward jets optimized to discrimi-
nate the narrow lateral shower profile and to increase the hermeticity of the
missing transverse energy measurement. Central shower containment in the
region |η| < 1.26 is improved with an array of scintillators located outside the
magnet in the outer barrel hadronic calorimeter (HO).
The hadron barrel (HB) and the hadron endcap (HE) calorimeters are sampling
calorimeters with 50 mm thick copper absorber plates which are interleaved
with 4 mm thick scintillator sheets. Copper has been selected as the absorber
material because of its density. The HB is constructed of two half-barrels each
of 4.3 m length [7].
The HF detectors are situated in a hard radiation field and cannot be con-
structed of conventional scintillator and wavelength shifter materials. Instead,
the HF is built of steel absorber plates since steel suffers less activation under
irradiation than copper. Hadronic showers are sampled at various depths by
radiation-resistant quartz fibres, of selected length, which are inserted into the
absorber plates. The energy of the jets is measured from the Cerenkov light
signals produced by charged particles passing through the quartz fibres. These
signals result principally from the electromagnetic component of the showers,
which result in excellent directional information for the jet reconstruction.
For gauging the performance of the HCAL, it is usual to look at the jet energy
resolution and the missing transverse energy resolution. The granularity of the
sampling in the 3 parts of the HCAL has been chosen such that the jet energy
resolution, as a function of ET , is similar in all 3 parts. The resolution of the
missing transverse energy (Emiss

T ) in QCD dijet events with pile-up is given by
σ(Emiss

T ) ≈ 1.0
√

ΣET if energy clustering corrections are not made, while the
average is given by σ(Emiss

T ) ≈ 1.25
√

ΣET .

1.3.2 Muon detectors

Muons are expected to provide clean signatures for a wide range of physics
processes. The task of the muon system is to identify muons and provide, in
association with the tracker, a precise measurement of their momentum. In
addition, the system provides fast information for triggering purposes, a chal-
lenging problem at the LHC.
Centrally produced muons are measured three times: in the inner tracker, after
the coil, and in the return flux. Measurement of the momentum of muons using
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1. Theoretical introduction: physics at LHC and the CMS detector

only the muon system is essentially determined by the muon bending angle at
the exit of the 4 T coil, taking the interaction point (which will be known to
≈ 20 µm) as the origin of the muon. The resolution of this measurement is
dominated by multiple scattering in the material before the first muon station
up to pT values of 200 GeV/c, when the chamber spatial resolution starts to
dominate. For low-momentum muons, the best momentum resolution (by an
order of magnitude) is given by the resolution obtained in the silicon tracker.
However, the muon trajectory beyond the return yoke extrapolates back to the
beam-line due to the compensation of the bend before and after the coil when
multiple scattering and energy loss can be neglected. This fact can be used to
improve the muon momentum resolution at high momentum when combining
the inner tracker and muon detector measurements.
Three types of gaseous detectors are used to identify and measure muons. The
choice of the detector technologies has been driven by the very large surface to
be covered and by the different radiation environments. In the barrel region
(|η| < 1.2), where the neutron induced background is small, the muon rate is
low and the residual magnetic field in the chambers is low, drift tube (DT)
chambers are used. In the two endcaps, where the muon rate as well as the
neutron induced background rate is high, and the magnetic field is also high,
cathode strip chambers (CSC) are deployed and cover the region up to |η| <
2.4. In addition to this, resistive plate chambers (RPC) are used in both the
barrel and the endcap regions. These RPCs are operated in avalanche mode
to ensure good operation at high rates (up to 1 kHz/cm2) and have double
gaps with a gas gap of 2 mm. The DTs or CSCs and the RPCs operate within
the first level trigger system, providing two independent and complementary
sources of information. The complete system results in a robust, precise and
flexible trigger device.
The Muon system, hosted in the magnet return yokes of CMS, is divided into a
central part (Barrel Detector, |η| < 1.2) and forward parts (Endcap Detector,
|η| < 2.4). Each Endcap Detector consists of 4 disks that enclose both ends
of the barrel cylinder. The Barrel Detector consists of 4 concentric ”stations”
of 240 chambers inside the magnet return yoke of CMS, which is in turn di-
vided into 5 wheels. Each wheel is divided into 12 sectors, each covering a 30◦

azimuthal angle. Wheels are labeled consecutively from YB-2 for the furthest
wheel in -z to YB+2 for the furthest is +z, while sectors are labeled in order
of increasing ϕ beginning with the sector centered at ϕ = 0. Sectors 3 and
4 in wheels YB-1 and YB+1, respectively, host the chimneys for the magnet
cryogenic lines: all the chambers in these sectors are shorter by 40 cm along
the beam direction than the chambers in the other sectors.
The 2 innermost stations, named MB1 and MB2, consist of ”sandwiches” made
of a DT chamber placed between 2 RPCs. The 2 outermost stations, MB3 and
MB4, consist of packages of a DT chamber coupled to a layer made of 1, 2, or
4 RPCs, depending on the sector and station, placed on the innermost side of
the station.
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The DT and CSC detectors are used to obtain a precise measurement of the po-
sition and thus the momentum of the muons, whereas the RPCs are dedicated
to provide fast information for the Level-1 trigger.

Drift Tubes (DT)

The choice of a drift chamber as the tracking detector for the barrel muon
system was possible due to the low expected particle rate and the relatively
low intensity of the local magnetic field.
When an ionizing particle passes through the tube, it liberates electrons that
move along the field line to the wire which is at positive potential. The coor-
dinate on the plane perpendicular to the wire is obtained with high precision
from the time taken by the ionizing electrons to migrate to the wire. This time
(measured with a precision of 1 ns), multiplied by the electron drift velocity
in the gas, translates to the distance from the wire.
The mechanical precision of the construction of the chamber is dictated by the
aim to achieve a global resolution in (r, ϕ) of 100 µm.
Each DT chamber in the three innermost stations, MB1-MB3, consists of 12
layers of drift tubes divided into three groups of four consecutive layers, here-
after called SuperLayers (SL). The tubes inside each SL are staggered by half
a tube. Two SLs measure the r-ϕ coordinate in the bending plane (they have
wires parallel to the beam line), and the third SL measures the z-coordinate
running parallel to the beam. A honeycomb structure separates an r-ϕ SL
from the other 2 SLs. This gives a lever arm length of about 28 cm for the
measurement of the track direction inside each chamber in the bending plane.
In the outermost station, MB4, each DT chamber has only the 2 SLs that
measure the r-ϕ coordinate.
A high-pT muon thus crosses up to 6 RPCs and 4 DT chambers, producing
up to forty-four measured points in the DT system from which a muon-track
candidate can be built. In the DT subdetector, an important modification of
the basic element of detection, the drift tube cell, led to a slightly wider drift
cell and a new design of the cathode I-beams that separate the drift cells, re-
sulting in a mechanically more robust chamber. In addition, the wire pitch and
hence the cell size was increased from 4.0 to 4.2 cm to optimize the electronic
segmentation and acceptance, leading to a reduction in the total number of
channels from 192 000 to 172 000 [7].

Cathode Strips Chambers (CSC)

The endcap chambers have to operate in a more intense magnetic field where
any drift chamber performance would significantly deteriorate. Moreover, the
relatively long drift time of the DT is unacceptable in the endcap, where the
hit rate is expected to be much higher than in the barrel.
Cathode Strip Chambers (CSCs) are used in the endcap regions where the
magnetic field is very intense (up to several Tesla) and very inhomogeneous.
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1. Theoretical introduction: physics at LHC and the CMS detector

Figure 1.7: The layout of a DT chamber inside a muon barrel station.

CSCs are multiwire proportional chambers in which one cathode plane is seg-
mented into strips running across the wires. An avalanche developed on a wire
induces a charge on several strips of the cathode plane (Fig. 1.8b). In a CSC
two coordinates per plane are made available by the simultaneous and inde-
pendent detection of the signal induced by the same track on the wires and on
the strips. The wires give the radial coordinate whereas the strips measure ϕ.
Each CSC is trapezoidal in shape and consists of six gas gaps (Fig. 1.8a), each
gap having a plane of radial cathode strips and a plane of anode wires running
almost perpendicularly to the strips. All CSCs except those in the third ring
of the first endcap disk (ME1/3) are overlapped in phi to avoid gaps in the
muon acceptance. There are 36 chambers in each ring of a muon station. The
gas ionization and subsequent electron avalanche caused by a charged particle
traversing each plane of a chamber produces a charge on the anode wire and an
image charge on a group of cathode strips. The signal on the wires is fast and is
used in the Level-1 Trigger. However, it leads to a coarser position resolution.
A precise position measurement is made by determining the centre-of-gravity
of the charge distribution induced on the cathode strips. Each CSC measures
up to six space coordinates (r, ϕ, z). The spatial resolution provided by each
chamber from the strips is typically about 200 µm (100 µm for ME1/1). The
angular resolution in ϕ is of order 10 mrad.
The Muon Endcap (ME) system comprises 468 CSCs in the 2 endcaps.

1.3.2.3 Resistive Plate Chambers (RPC)

Resistive Plate Chambers are fast gaseous detectors combining a good spatial
resolution with a time resolution of 1 ns, comparable to that of scintillators.
The RPC is a parallel plate counter with two electrodes made of very high
resistivity plastic material. They can be built and conceived as very large and
thin detectors that can operate at very high rate and with a high gas gain
without developing streamers or catastrophic sparks.
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1.3. The CMS detector at LHC

Figure 1.8: a) Schematic view of a CSC chamber. b) A sketch of the mechanism
of signal detection in a CSC chamber.

RPCs detectors will be discussed more in detail in the next chapter.
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Chapter 2
Resistive Plate Chambers at
CMS

2.1 Gaseous detectors

Almost one century ago the method of particle detection with gaseous detec-
tors was invented. Since then they have been exploited successfully in many
experiments using a wide variety of different applications. The development is
still going on today. The underlying working principles are today well under-
stood and with the help of modern simulation techniques, new configurations
can be easily examined and optimized before a first experimental test. Tradi-
tional wire chamber ensembles demonstrate that they are still up to date and
are well prepared to meet also the challenges of LHC.
The most of gaseous detectors exploit the electric field produced by a positively
charged wire. The field strong dependence on the distance r from the wire (E
α 1/r) leads to these characteristics in the detector working:

• The multiplying region and the radial discharge dimension as well are
limited to a distance of the diameter wire order

• The detector is very stable since the field intensity is very low on the
cathode faces

• The time resolution is relatively low because of the drift motion of the
electrons up to the multiplication region next to the wire.

A better time resolution can be achieved with planar detectors which exploit
the uniform electric field across the planar parallel electrodes.
The first so designed and conceived detector is the Keuffel Parallel Plate
Counter (PPC) and it dates back to the 40s. This prototype had copper
electrodes with a gas gap 2.5 mm wide filled with a gas mixture based on
Argon and Xylene at about 500 mbar. The applied electric field was about
from 1 to 3 kV/2.5 mm. The passage of a charged particle started the charge
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2. Resistive Plate Chambers at CMS

Figure 2.1: a) Charge development in a wire chamber. b) Effect of the planar
geometry for a parallel plate chamber.

multiplication process which continued up to a formation of a streamer and
even to a spark. The action of an external switching-off circuit was necessary
in order to stop the spark. Therefore the PPC had a quite long dead time
(between 0.1 and 1 s) that limited its use due to a low maximum detection
rate. At the end of ’70s a very important change was introduced in the de-
velopment of parallel plate detectors: resistive electrodes substituted one or
both the metal electrodes. The main advantage in this case is that the high
voltage switching-off circuit is no longer necessary and consequently higher
detection rate can be achieved. In fact, as it will be shown further on, elec-
trodes get recharged with a time constant that is proportional to the resistivity
of the electrodes and usually it is much longer than the typical time scale of
the avalanche development (∼ 10 ns). In this situation the charge multiplica-
tion is self-extinguishing when resistive electrodes are used. The first detector
mounting resistive electrodes made of glass was built by Pestov and was named
Planar Spark Chamber (PSC). The used gas mixture was based on Argon or
Neon plus an organic gas for UV photon absorption and the gas pressure was
around 10 atm.
At the beginning of ’80s the development of new technologies make available
for the first time phenolic resin material, i.e. plastic laminates (commonly
also indicated as bakelite), good candidate for replacing the glass used in PSC.
The new detector made with this material was named Resistive Plate Chamber
(RPC) and was tested for the first time by R. Santonico [8].
A schematic view of a nowadays RPC is showed in Fig. 2.2. The detector is
made of two bakelite electrodes 2 mm thick with a bulk resistivity between 1010

and 1012 Ωcm and the gas gap is 2 mm wide. A grid made of polycarbonate
spacers (cylinders 2 mm high and with a diameter of 10 mm, 100 in 1 m2)
ensure the rigidity of the detector and the thickness of the gap. The external
electrodes surfaces are painted with a conductive paint (based on graphite)
with a surface resistivity of about 200 - 300 kΩ / square. The signal readout is
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Figure 2.2: Schematic view of a typical RPC detector.

done using copper strips about 2 cm wide glued on the detector. At the begin-
ning, RPCs were single gap counters, working in the streamer mode. Soon the
double gap design was introduced, in order to improve the detection efficiency,
and the avalanche working mode, which extends the detector capacity of sus-
taining high particles rates, an order of magnitude bigger than in the streamer
mode. This is important especially for the muon physics at hadron colliders,
such as LHC, where detectors work up to hundreds of Hz/cm2.
In modern RPCs operated in avalanche mode Tetrafluorethane (C2H2F4) mix-
tures are used with the addition of 2-6% of Isobuthane (iso-C4H10) and an
amount varying from 0.3 and 10% of Sulphur Exafluorur (SF6). SF6 addition
extends the streamer free region and reduces its charge.
For RPC detectors working in streamer mode the total developed charge inside
the detector is of the order of 100 pC. The high electrodes resistivity and the
used gas mixture limit the area involved in the discharge to about 0.1 cm2

around the position of the primary ionization. In this case, RPCs can work
with a good efficiency (∼ 99 %), good time resolution (1 - 2 ns) and spatial
resolution of 1 cm if the rate of the charged particles does not exceed a value
of about 100 Hz/cm2.

The avalanche growth in a RPC has a substantial difference with respect to
the case of the wire detectors that are more familiar. In a wire detector the
primary cluster produced by a ionizing particle drift under the action of the
radial field and reach the multiplication region near the wire in sequence.
On the contrary in a RPC the clusters are all subject to the same field which is
strong enough to produce multiplication, so that the corresponding avalanches
grow at the same time up to a maximum size depending on the distance of the
corresponding primary cluster from the anode plate. The signal is the sum of
the simultaneous contribution of all the avalanches.
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2.2 RPCs features and performances

2.2.1 Charge multiplication in high electric field

The operation of any radiation detector basically depends on the manner in
which the radiation to be detected interacts with the material of the detector
itself. In the case of a gaseous medium, the ways of interactions for a fast
charged particle are several and different, but the electromagnetic interaction
is the most probable. When a ionizing particle passes through the gas in a
gaseous detector, it ionizes gas molecules, so creating electron-ion pairs (pri-
mary ionization). The electrons ejected can have enough energy (larger than
the ionizing potential of the medium) to further ionize, producing secondary
ion pairs; the total ionization is the sum of the primary and secondary ioniza-
tion contributions.
Because of the electromagnetic interaction with the medium, the particle along
its track losses energy and the Bethe and Bloch formula gives the average spe-
cific energy loss:

−dE
dx

=
4πe4z2

m0ν2
NB (2.1)

where

B = Z

[
ln

(
2m0ν

2

I

)
− ln

(
1− ν2

c2

)
− ν2

c2

]
(2.2)

In these expressions v and ze are the velocity and charge of the primary parti-
cle, N and Z are the number density and atomic number of the absorber atoms,
m0 is the electron rest mass and e is the electronic charge. The parameter I
represents the average excitation and ionization potential of the absorber and
is normally treated as experimentally determined parameter for each element.
For non relativistic particles only the first term in B is significant.
The signal development in a RPC, like in all the gaseous detectors, is based on
the gas ionization process and on the electrons avalanche multiplication [9].
The passage of a charged particle in a gas volume causes ionization in the gas.
If a high electric field (above few kV/cm) is applied more and more electrons
can have enough energy between two collisions to produce inelastic phenom-
ena. Gas multiplication is a consequence of increasing the electric field within
the gas to a sufficiently high value. At low values of the field, the electrons and
ions created by the incident radiation simply drift to their respective collecting
electrodes. During the migration of these charges, many collisions normally
occur with neutral gas molecules. Because of their low mobility, positive or
negative ions achieve very little average energy between collisions. Free elec-
trons, on the other hand, are easily accelerated by the applied field and may
have significant kinetic energy when undergoing such a collision. If this energy
is greater than the ionization energy of the neutral gas molecule, it is possible
for an additional ion pair to be created in the collision. Because the average
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energy of the electron between collisions increases with increasing electric field,
there is a threshold value of the field above which this secondary ionization
will occur. In typical gases, at atmospheric pressure, the threshold field is of
the order of 106 V/m [10].
The electron liberated by this secondary ionization process will also be accel-
erated by the electric field. During its subsequent drift, it undergoes collisions
with other neutral gas molecules and thus can create additional ionization.
The gas multiplication process therefore takes the form of a cascade, known
as Townsend avalanche, in which each free electron created in such a collision
can potentially create more free electrons by the same process. The fractional
increase in the number of the electrons per unit path length is governed by the
Townsend equation:

dn

n
= αdx (2.3)

Here α is called the first Townsend coefficient for the gas and corresponds to
the inverse of the electron mean free path for ionization. Its value is zero for
electric field values below the threshold and generally increases with increasing
field strength above this minimum. For a spatially constant field (as in parallel
plate geometry), α is a constant in the Townsend equation. Its solution then
predicts that the density of electrons grows exponentially with distance as the
avalanche progresses:

n (x) = n (0) eαx (2.4)

If the single-electron response is known, the amplitude properties of pulses
produced by many original ion pairs can be deduced. Provided that the space
charge effects are not large enough to distort the electric field, each avalanche
is independent and the total charge Q generated by n0 original ion pairs is:

Q = n0eM (2.5)

where M is the average gas multiplication factor that characterizes the counter
operation.
Analyses have been carried out that attempt to derive a general expression for
the expected factor M in terms of the tube parameters and applied voltage.
Physical assumptions that are usually made for simplification are that the only
multiplication process is through electron collision, that no electrons are lost to
negative ion formation and the space charge effects are negligible. The solution
to the Townsend equation in cylindrical geometry must take into account the
radial dependence of the Townsend coefficient α caused by the radial variation
of the electric field strength. In general, the mean gas amplification factor M
can be written

lnM =

∫ rc

a

α(r)dr (2.6)

where r represents the radius from the center of the anode wire [11]. The
integration is carried out over the entire range of radii over which gas multipli-
cation is possible, or from the anode radius a to the critical radius rc beyond
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Figure 2.3: Typical drop-like distribution in an avalanche, showing the fast
electrons on the bottom.

which the field is too low to support further gas multiplication. The coefficient
α is a function of the gas type and the magnitude of the electric field. By
considering the big difference in the drift velocity of ions and electrons (about
a factor 103) and the diffusion of migrating charges in the gas, the avalanche
multiplication can be visualized as follows: at a given instant, all electrons are
located in the front of a drop-like charge distribution (Fig. 2.3), with a tail
of positive ions, decreasing in number and lateral extension; half of the total
ions is contained in the front part, since they have just been produced in the
last mean free path. However the multiplication factor cannot be increased at
will with increasing the path x. Other processes, like photon emission inducing
the generation of avalanche spread over the gas volume, and deformation of
the electric field due to space-charge eventually results in a spark breakdown.
A phenomenological limit for the multiplication before breakdown is given by
the Raether condition

αr ∼ 20 or equivalently M ∼ 108 (2.7)

The statistical distribution of electrons energy, and therefore of M, in general
does not allow one to operate at average gain above 106 if one wants to avoid
breakdown.
In many cases in order to avoid that M exceeds the value fixed by the Raether
condition, gas mixtures containing electronegative gases are used. These gases
have a very high ionization potential and so they tend more easily to capture
free electrons (attachment) rather than to let ionize. Therefore they cause the
production of negative ions that, as positive ions, have a lower drift velocity if
compared to that of electrons. Even the presence of a small quantity of elec-
tronegative gas in a gaseous detector produces a visible effect. The presence of
an electronegative gas in the mixture reduces the pulse height because of the
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electron capture.
So far the avalanche development inside a gas volume has been treated; in the
case of a RPC the used signal is the one induced on the pick up strips and due
to the fast charge (electrons), not to the ions.
RPCs read-out electrodes can be shaped like strips or pads. Strips show the
advantage of behaving like signal transmission lines with defined impedence
which transfer signals at big distances with a minimal loss in amplitude and
timing information.
The main advantage of square-shaped pads is the bidimensional localization of
the particle trajectory. The disadvantages are represented by a huge number
of front end electronics channels and by a more complex way in connecting
pads to front end discriminators. When a small spatial resolution is requested,
big pads can be employed so that the front end channels number can be re-
duced. The current produced by the discharge in the gas volume induces a
signal on the read-out electrode. The so induced charge is concentrated in a
read-out area of the order of 1 cm2[12][13]. The circuit equivalent to the read-
out electrode can be represented like a current generator charging a capacitor
C in parallel with a resistor R, where C is the electrode capacity and R is the
resistance connecting the electrode to the ground.
A long read-out strip can be approximately considered as a signal transmission
line. In this case the capacity C is independent of the strips length and, for
an ideal transmission line, with amplitude grater than 1 cm, it is proportional
simply to the read-out area. If Z is the line characteristic impedence, R =
Z/2, when the signal is propagating in both directions along the strip and, for
a 50Ω line, the time constant RC is of the order of 25 ps, i.e. shorter than the
signal rise time. In this case the current along the strip is always proportional
to the discharge current and the amplitude is V0 = RImax. A square shaped
pad, on the other hand, can be considered, at a good approximation, like a
capacitor with C = Cpad. In this case, R is the input impedence of the front
end discriminator connected to the pad and the time constant RC for big size
pads could be longer than the signal duration. In this case, the output signal
will be hugely integrated with an amplitude V0 = Q/C, decreasing with the
pad capacity and with a long lasting exponential fall time [14].

The multiplication factor in a RPC gas volume can be made simpler if the
ionization electrons number is considered as a continuous variable, uniformly
distributed in the gas volume. In this way, average values and not fluctuations
can be evaluated. The primary ionization can be written as follows:

I = eng (2.8)

where e is the electron charge, n is the ionizations number per unit length and
g is the gas gap. Under the action of the electric field each primary cluster goes
to the anode creating an avalanche. At the time t, after the gas ionization,
the clusters displacement to the anode is ∆x = vt, where v is the electron
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drift velocity; therefore, all the avalanches generated at x > vt show the same
gain eα∆x, where α is the first Townsend coefficient, since the others have been
absorbed by the anode plate [15].
The electrons total number is:

N(t) = n(g − vt)eαvt. (2.9)

The current induced on the read-out electrodes is:

i(t) = eN(t)
v

g
= evn

(
1− vt

g

)
eαvt (2.10)

which reaches the maximum value for vt = g - 1/α

imax = i

(
vt = g − 1

α

)
=
evn

αg
e(αg−1) (2.11)

The previous relation is true assuming that only the electrons motion gives a
contribute to the signal read on the electrodes. The positive ions contribution,
because of their low drift velocity, can be neglected. In order to explain this
assumption, let’s consider a ionization process which creates a free electron and
a positive ion moving in opposite directions. Their drifts at the time t are,
respectively, ∆xe = vt e ∆xI = V t, where V < v is the ion drift velocity. The
charge q induced on the read-out electrodes, without considering the resistive
plates thickness, is the sum of the contributions due to the electron and the
ion drift. According to simple relations.

q =
−e∆xe + e∆xI

g
(2.12)

After a long enough time, the electron reaches the anode plate and the ion
the cathode one. In this case -∆xe + ∆xI = g so that q = e. But the signal
usually lasts shorter than the time request by the ion to reach the cathode
plate, therefore in the previous relation only the term concerning the electron
is relevant. The current induced by the single pair ion-electron is:

dq

dt
=
e(v + V )

g
≈ ev

g
(2.13)

The signal charge q is the time integral of the current i(t) extended to the drift
time tmax = g/v and, in terms of the primary ionization I, it becomes:

q =

∫ g/v

0

i(t)dt ≈ I

(αg)2
eαg (2.14)

This should be compared with the total charge Q :

Q = en

∫ g

0

eαxdx ≈ I

αg
eαg (2.15)
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The depicted model can be verified measuring the ratio between the available
charge and the total charge, which, according to the previous relation, is:

q

Q
=

1

αg
(2.16)

The maximum value for αg is 20 and stays for the limit condition for the tran-
sition from the avalanche to the streamer mode. In proximity of this value,
the available charge in an avalanche should be only the 5% of the total charge.
This can be explained as follows: in the avalanche exponential growth the most
of the electrons is created next to the anode and can move through a small
fraction of the gas gap. For an RPC working in avalanche mode, the αg value
should be lower than 20, since, for a very small value, the discharge would
be to small to be detected. So q/Q should be around 5 - 10%. This value is
further decreased for the following reasons.
In a large area detector the signal is usually picked up by strips that let it
to propagate in two opposite directions. The strips are like transmission lines
having an end terminated by the front end electronic and the other by means
of a proper resistor. The charge induced on the strip divides in two equal parts
and only a half of the total charge is available for the front end electronic, while
the second half is absorbed by the resistor.
A further decreasing of the available charge is due to the not negligible thick-
ness of the resistive plates, which causes an increase of the distance of the
read-out electrodes from the middle of the gas gap.
A simple model regarding the gas gap and the two resistive electrodes as three
capacitor connected in series estimates a reduction factor for the available
charge: (

1 +
2d

εrg

)−1

(2.17)

where d is the resistive electrode thickness and εr is the dielectric constant
for the material. For g = d = 2mm and assuming εr ≈ 5, a 30% loss can be
valuated in the available charge because of the plates thickness.

2.2.2 Single gap and multigap design

The gap width affects both the time performance and the pulse charge distribu-
tion of the detector. Concerning the time resolution, the performance becomes
poorer at wider gaps, due to the larger fluctuations during the avalanche de-
velopment; however the gap width has also an opposite effect on the pulse
charge. The goal of R&D on RPC is to produce a low cost detector that has
good timing, space resolution sufficient for trigger purposes (readout strips of
several cm width) and can withstand a flux of several kHz/cm2 (i.e. a de-
vice for the muon trigger at LHC). Two types of RPCs can be considered as
candidates. The more conventional RPC with a 2 mm gas gap was initially
developed to operate in streamer mode at very low flux. However it has been
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2. Resistive Plate Chambers at CMS

shown that one can operate it with a high fraction of freon in avalanche mode.
Another approach is to have a wide gap RPC and operate it in avalanche mode
with more conventional freon-free gas mixtures [16]. One finds a smaller dy-
namic range of gain for the wide gap, thus one can operate it with a lower
average avalanche charge for a given threshold. This leads to a higher rate
capability and lower power dissipation in the gas volume; however it is easier
to get good timing with narrow gap RPC: the multigap RPC (MRPC). The
first multigap resistive plate chamber was built in 1996 [2]. Essentially, it is
a stack of resistive plates defining a series of equal-sized gas gaps. A voltage
is applied to a resistive coating applied to the two outer surfaces of the stack;
all internal plates are left to electrically floating. Pickup electrodes are placed
outside (and insulated from) the voltage electrodes. Since the resistive plates
act as dielectrics, induced signals are generated on these pickup electrodes by
the movement of charge in any of the gas gaps. The voltage of the internal
floating resistive plates is given first by electrostatics, but kept at the correct
voltage due to the flow of electrons and ions generated in the gas avalanches
and streamers.
There is currently great interest in building detectors capable of very precise
timing using the multigap resistive plate chamber (MRPC) and significant
progress has been made in the performance of this device [17, 18]. An excep-
tional time resolution of better than 50 ps is achieved with an MRPC consisting
of 10 gas gaps, each with a width of 250 µm [19].

2.3 RPCs as muon detectors in CMS

2.3.1 Double gap design

CMS RPCs have been conceived in the double gap setup (shown in Fig. 2.4),
2mm thick. The reason for this choice is that in the double gap version the
ratio between the induced charge qind and the total fast charge qtot is maximum.
Furthermore, in multi-gaps RPC the charge spectrum is the convolution of two
or more single gap spectra and this has the obvious effect of detaching more and
more, as the number of gaps increases, the spectrum from the origin, increasing
in this way the efficiency of the detector and also making less dramatic the
choice of an electronic threshold for the signal-noise discrimination without
loss of efficiency.

2.3.2 CMS RPCs gas mixture

The choice of the gas mixture for a RPC is determined by some factors: not
too high working voltage, a big gain, a good proportionality and the capacity
of sustaining a huge particles rate.
An important parameter for understanding the main features of an RPC de-
tector working is the cluster density λ. In principle, λ should be as large as
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Figure 2.4: Schematic view of the DG version of RPC employed in CMS de-
tector. The common read-out strips plane is shown between the two gaps.

possible to maximize the signal and to have high efficiency.
Another advantage of having gas mixture with high λ is related to the fact
that a lower streamer probability can be achieved.
In conclusion, high λ gas mixtures have a higher efficiency, at the same gas
gain value, and a lower streamer probability.

2.3.3 Bakelite production and quality control

HPL (High Pressure Laminates) foils used as resistive electrodes in RPC de-
tectors are made of several compressed layers of ordinary paper that are passed
into a resin bath, then heated and finally cut to the proper size [20, 21]. The
bath is made of a mixture of a phenolic and melamine resins in different per-
centage according to the desired bulk resistivity. Top and bottom layer of the
final product are substituted with a more refined paper layer that has been
processed with either a melamine or a phenolic bath only. The outer layers
play an important role concerning the surface resistivity and on the bulk re-
sistivity. In general a phenolic bath is used in order to obtain lower values.
The RPC HPL electrodes are produced by the PanPla factory (Pavia).
A fundamental parameter to maintain under control during the production is
the volume resistivity of the electrodes. A too high resistivity value increases
the recovery time of the detector and reduces the detection efficiency in high
rate environments, and a low volume resistivity makes the detector less sta-
ble increasing dark currents and noise rate. Every produced bakelite plate is
controlled measuring the volume resistivity in nine different points. Several
studies have been carried out in order to find the best way to measure the
volume resistivity.
The CMS-RPC group in Pavia has developed a quality control station able to
measure many parameters, such as the bulk resistivity, the surface resistivity,
the uniformity of the resistivity over the foil surface and finally the roughness
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2. Resistive Plate Chambers at CMS

Figure 2.5: Bakelite volume resistivity of a sample (2300) of the produced
plates. Bakelite sheets are accepted if their volume resistivity is between 1 and
6 × 1010Ω × cm.

[22]. All these parameters are measured in well controlled environment condi-
tions, as it is well known that the measured resistivity is strongly dependent
on temperature and humidity conditions [21].
The adopted solution uses 5 cm diameter electrodes pushed around the plate
with a piston strength of 70 kg. A voltage of 500 Volts is applied and by means
of the voltage drop on a known resistance we measure the current. Figure 3.5
shows the distribution of the average volume resistivity of a sample of the pro-
duced plates. The plates with a resistivity in the range 1 × 1010 ÷ 6 × 1010Ω
× cm are selected for the RPC construction. For every plate the standard
deviation of the nine measurements is also evaluated.
The distribution of the standard deviation shows an average small variation of
about 20 % on the volume resistivity inside the same bakelite plate.
The resistivity values are corrected at the temperature of 20 ◦C according to
the following formula:

ρ

ρ20

= e(20−T )/7.8 (2.18)

where T is measured in celsius degrees and 7.8 is a constant in the same units
fitted by data taken in dedicated tests. Another crucial aspect for bakelite
plates is the surface quality, in order to reduce spontaneous discharge [23].
The bakelite surface roughness is determined by the surface roughness of the
steel plates used in the final pressing process of the laminate foils. A parameter
that can be used for monitor the surface quality is the average roughness Ra

defined as the absolute value of the vertical deviation of the surface from its
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average profile. More precisely Ra is defined by the following relation:

Ra =
1

ls

∫ ls

0

|y|dx (2.19)

where ls is the sampling length used during the measurement (in general few
mm) and y is the vertical displacement of the surface from its average value.
Ra is measured by means of a so called roughness-meter able to appreciate
deviation lower than a fraction of µm.
It’s possible to reduce the chamber noise, due to spontaneous discharge, re-
ducing the surface roughness.
Traditionally the RPC electrodes are usually treated with linseed oil in order
to obtain a better quality of the internal surface and to prevent in this way
micro-discharge. Many tests have been performed in order to compare the
performance of RPC detector with electrodes made of new bakelite or oiled
bakelite and the results were in favour of the oiled surface particularly for
what concern the noise rate and the dark current (both noise and current are
a factor 10 lower for RPC having oiled electrodes).
The treatment of the electrodes internal surface is done by filling the entire
gas volume of a fully assembled RPC with a mixture of linseed oil and pen-
tane that is slowly taken away. A dry air flow blown for several hours or days
through the emptied gas volume, at room temperature, ensures the polymer-
ization of the oil. The resulting effect is the deposition of a thin layer (recently
less than 10 µm) of polymerized oil on both the bakelite surfaces facing the gas
volume. Test beam results indicate that the surface homogeneity reached with
the oil deposition is not enough to explain all the difference in the performance
between an oiled and a non-oiled RPC, although it clearly contributes to the
effect. Another mechanism that should be considered is the possibility that the
linseed oil layer acts as a quencher for the UV photons created by electron-ion
recombination during the avalanche development, especially when the condi-
tions are such that the detector works in an intermediate regime between pure
avalanche and streamer.

2.4 RPCs neutral radiation sensitivity

In the past the background radiation on the RPCs has been analyzed with
particular attention to the neutrons and gammas [24], [25]. The effects of
background radiation on a detector can be caused by two different mechanisms:
the instantaneous particle rate will affect only the detector occupancy, whereas
possible effects of detector damage are probably cumulative and therefore re-
lated to the particle fluence. The detector occupancy is clearly related to the
detector efficiency to the background particle. RPCs are detectors for charged
particles and in this case the efficiency is close to one. On the contrary for
the neutral background the situation is very different. Neutral particles may
give a signal only if they indirectly produce a charged particle that reaches the
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detector active volume.

For RPC working in double gap mode the measured sensitivity to neutrons of
about 2 MeV has been measured to be (0.63 ± 0.02) x 10−3 while for gamma
rays of average energy 1.5 MeV (1.40 ± 0.02) x 10−2. In both cases the dou-
ble gap sensitivity is double with respect to the single gap sensitivity [26] and
neutron sensitivity is at least a factor ten lower than gamma sensitivity.

2.4.1 Gamma sensitivity

Gamma sensitivity of a RPC detector is a function of many factors: the gamma
energy, the detector material composition and, finally, the thickness of the
material. Gamma sensitivity has been evaluated by counting the number of
gamma rays that are able to produce a charged particle into the gas gap vol-
ume. Simulation techniques allow studying the gamma sensitivity in several
situations: as a function of the gamma energy, of the gamma emission (isotropic
or not) and of the detector geometry.
As an example a GEANT3 code was used in order to study the detector sen-
sitivity in the gamma energy range foreseen at the LHC collider, with a par-
ticular attention to the case of the RPCs in the barrel muon stations of the
CMS detector. The effect of the mechanical supports material has been also
taken into account. Travelling through the various materials and interacting
with them, a photon is able to produce secondary electrons and positrons by
photoelectric effect, Compton effect and pair production according with the
photon energy.
The contribution from different processes to the gamma sensitivity has been
distinguished and the result reported in Figure 3.6 for the double gap. As
expected the dominant contribution is due to the Compton effect up to ener-
gies of few MeV, while at higher energies (greater than 20 MeV) the dominant
process is the pair production. Photoelectric contribution is relevant only at
very low energies. Simulation results for RPC gamma sensitivity in case of an
isotropic gamma source are presented in Fig. 2.7.

As a conclusion:

1. the dominant contribution to gamma sensitivity is due to the Compton
effect up to energies of few MeV, while at higher energies (larger than
20 MeV) the dominant process is the pairs production. Photo-electric
contribution is negligible until very low energies (Fig. 2.6);

2. at energies up to 1 MeV, the sensitivity is quite independent from the
detector area;

3. for a double gap standard RPC a gamma sensitivity of 1.7% is foreseen
(Fig. 2.7).
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Figure 2.6: Different processes contribution to the double gap gamma sensi-
tivity [26].

Figure 2.7: Simulated gamma sensitivity for an isotropic gamma source as a
function of the gamma energy for gap I, gap II, double gap and the AND of
the two gaps [26].
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At gamma energies used in biomedical applications (500-600 KeV), like in
Positron Emission Tomography (see Chapter 4), we expect a gamma efficiency
of the order of 10−3 for a bakelite RPC (see Fig. 2.7). In order to enhance RPC
gamma sensitivity two possibilities exist: electrodes fully made of a suitable
compound (instead of common bakelite or glass) or standard electrodes coated
by a proper high Z material acting as photon-electron converter.
Beside the use of high Z materials, the γ efficiency of RPCs can be improved
by means of a multigap configuration (MRPC) that allows to reach higher
efficiencies and, with narrow gas gaps, a better time resolution, keys features
for a PET-RPC.
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Chapter 3
RPCs test procedures: from
single gaps production to
commissioning at CERN

The total number of RPC chambers in the whole barrel is 480 divided in four
different types according to the station position (RB1, RB2, RB3 and RB4).
The RPC chambers are made of two double gaps RPCs with copper strips
running between the two gaps. The total number of RPC gas volumes for the
barrel is 2040. The construction of a complete chamber follows several steps:

• production of bakelite electrodes;

• single gap RPC production;

• double gap production with two single gaps, one on top of the other;

• chamber assembly with two or three double gaps joined together;

• final cosmic rays tests.

In this chapter the various steps will be described in detail, since in view of
the extremely large scale production, revised assembly protocols have been
established by the RPC Barrel community (Bari, Pavia, Naples and Sofia) to
improve the manufacture process reliability and the chambers test.

3.1 Single Gap and Double Gap production

Single gap RPC is a single gas volume between bakelite electrodes maintained
at a distance of 2 mm by polycarbonate buttons. A double gap RPC is made
of two single gaps with copper strips running between them and closed in a
shielded cage of copper foils.
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Each CMS barrel chamber consists of two or three double gap (DGs) RPCs
operated in avalanche mode. DGs are built with two overlapped single gaps
(SGs), having a common strip read-out plane in the middle. This configuration
ensures an enhancement of the avalanche charge signal on the read-out line and
a consequent improvement of the efficiency capability for operation at given
threshold and voltage.
Single and double gaps have been produced by General Tecnica (Frosinone,
Italy). In total 956 DGs have been assembled and tested from 2002 to 2006
with a rejection rate of the 4.1% [27].
Bakelite plates tested and certified by the CMS RPC Pavia group at the PanPla
factory have been divided in two groups, according to the volume resistivity
values: group A from 1 to 3 x 1010 Ωcm, group B with resistivity from 3 to 6
x 1010 Ωcm. Anode and cathode of the same gap have been coupled choosing
electrodes of the same group.
Every single gap has been tested for gas and spacers tightness and for high
voltage. About 2400 gas gaps have been built from 2002 to 2006 (40 months)
with a rejection rate of the 16% [27].

3.1.1 Gas tightness

The RPC gas gaps have been subjected to an overpressure of 20 mbar in order
to check the spacers tightness. The gap was accepted if it could sustain such
conditions for at least 15 min. During this test a check that all spacers were
correctly glued to the bakelite foils was also performed. No faulty spacers were
allowed; about 4.5% of all gaps are rejected at this stage [28].
The gas tightness was controlled by measuring the stability of an applied over-
pressure of 20 mbar in a fixed time; leaky gaps were rejected, eventually remade
and tested again.

3.1.2 Monitor of the current

SGs were fluxed with a 96% C2H2F4 and 4% iso-C4H10 gas mixture and tested
up to a voltage of 9.5 kV. After a preliminary slow voltage ramping up (1
kV/30 min), the current drawn by each gap was registered along a 12 hours
period, one value every minute being recorded, at a fixed high voltage (9.5
kV). All values have been normalized at 20◦C and 1010 hPa pressure [29]. The
gap was rejected if one of the following conditions was met at the end of the
monitor:

• value of the current I9.5kV higher than 3 µA;

• spikes of current.

At the end of the monitoring test, a further HV ramp up was performed in
order to check the behaviour of the ohmic component (in the range 0 - 6 kV)
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of the current. Only gaps having I6kV < 0.7 µA have been accepted.
Two accepted SGs were then overlapped to assembly a DG. The strip read-out
plane was positioned in the middle and a copper shielding foil, wrapped all
around, constitutes the signal ground. DGs have been subjected to quality
control protocols similar to the one discussed for SGs and the high voltage
test, in particular, has been found to be critical. During DG production the
soldering of termination resistors between strips and ground has been found
to be a critical issue. In some cases this operation has damaged the insulating
mylar foil, that protects the HV graphite layer, generating discharges between
HV and ground shield. Moreover, when the SGs were joined together in the
DG, draught of currents flew through the RPC edge when the mylar protection
was not perfectly sealed. A”C” shaped PET foil has been used as a further
protection along the frame to solve these problems.

3.1.3 Chambers assembly

A CMS RPC chamber is composed by two DGs (three for RB2-3 types) as-
sembled together in the same mechanical framework. During the assembly, the
chamber is dressed with front end cards, cables, gas circuit tubes and cooling
pipes. Chambers have been produced in several places: RB1 at HiTec (Napoli),
RB2 and RB4 at General Tecnica and RB3 in Bari and Sofia laboratories.
In every assembly site a set of controls has been defined in order to check the
quality of the chamber. The gas tightness has been tested again at 5 mbar and
the chamber was accepted if the pressure was stable for at least 15 minutes.
The strip connectivity was, finally, tested: the resistance between the Front
End Board (FEB) and the ground was measured: no dead strip was allowed.
At the end of the assembly, the chamber was fluxed with about 10 volumes of
96% C2H2F4 and 4% iso-C4H10 gas mixture, the dark current was monitored
as a function of the applied voltage. Chambers were accepted if all the four
SGs satisfied the criteria previously discussed in section 3.1.2.

3.2 Cosmic rays test in Pavia

In the Pavia INFN & DFNT laboratory more than 120 RB1 have been tested
from August 2003 to February 2006 and 117 have been approved.
The gas mixture was controlled with flow meters made by Bronkhorst Hi-Tec
and it was so composed 96.7% C2H2F4, 3% iso-C4H10, 0.3% SF6.
The high voltage, necessary for generating the electric field inside the gas gap,
was supplied by a CAEN SY1527 module, connected with a net Ethernet in-
terface to a PC.
The low voltage modules, supplying the front end electronics, were appositely
made by the electronic service of the Pavia Department and INFN Section.
During all the tests, atmospheric and environmental conditions were contin-
uously monitored by a weather station WMR918 of the Oregon Scientific,
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Figure 3.1: The metallic tower for RPCs test in the Pavia laboratory. The four
chambers under test are all connected to gas, LV and HV distribution, signal
cables are connected also.

connected to a PC with a serial port.
The test stand (Fig. 3.1) can be described as two big scintillators planes (10
scintillators in the lower and other 10 in the upper part, 200 x 25 cm2 in size)
used for trigger and located perpendicularly to the strips direction. The two
ends of each scintillator were coupled to photomultipliers supplied by a CAEN
HV module. Signals coming from the scintillators were amplified, sent to NIM
modules, discriminated and handled in such a way to have different types of
trigger. The usual configurations consisted of all the upper scintillators signals
in coincidence with all the lower ones, in an ”AND” logic port in order to gen-
erate towers of coincidence. The scintillators were virtually grouped into two
groups: the first five created a region in correspondence of the forward part
of the RPC detector, while the other five were in correspondence of the back-
ward region. This allowed to analyze separately the two different regions of
the RPC, selecting one of the two groups of scintillators. The signal produced
by the coincidence of two or more scintillators was sent to a Time-to-Digital
Converter (TDC), configured in common stop modality, where it was used as
stop for the acquisition. The TDCs have been appositely produced by the
Bari INFN laboratory, with features specific for the CMS RPCs. They stored
signals in memory banks and then sent them, by VME bus, to a PC dedicated
to acquisition.
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3.2.1 Conditioning test

When the RB1 arrived at the Pavia laboratory they were put in the cosmic
rays test facility and flushed with the final gas mixture (96.2% C2H2F4, 3.5%
iso-C4H10 and 0.3% SF6) for about four days, in order to have ten times the
gas volume recycle in the chamber. During this period the gas tightness was
tested, by applying an overpressure of 4 mbar to the chambers (with closed
output) and monitoring any gas leakage with a U shaped pipe filled with wa-
ter for 10 minutes. If gas leakages were detected the detector was immediately
rejected and sent back to General Tecnica.
The chambers were then connected to the low voltage and high voltage distri-
bution systems and the conditioning test begun. This operation consisted in
increasing high voltage from 1 kV up to 10 kV in 15 minutes steps. Between
9 to 10 kV the voltage was increased in 200 V steps. During the conditioning
test the current of the five RPCs under test was registered and plotted (see
Fig. 3.2). At the end of this first test if the current was higher than 10 µA
the corresponding chamber was rejected without going on with further test
procedures.
At the end of the detector performances test a new conditioning test was re-
peated and the current behaviour after a long working period analyzed.

3.2.2 Noise, cluster size and efficiency studies

The first test runs were performed at the working voltage (9.6 kV) in order
to check the detector performances. The runs were analyzed and the strip
connectivity was checked. If some dead strips were found, the chamber was
opened, the value of the resistance terminating the corresponding strip was
measured and if the value was not correct or the connectivity was missing, it
was assured soldering the interrupted strip. In the worst case, if noisy strips
or group of noisy strips were detected, the corresponding FEB was changed.
At the end of the repairing procedure a new test run was made. In Fig. 3.3 a
”good” strip profile together with noise and cluster size is presented.
The noise level was usually evaluated at a discriminating threshold equal to
200 mV, corresponding to about a charge of 100 fC for the signal; in case of
high noise level the chamber was rejected. Cosmic ray runs were then taken
at different HV values in three different configurations: upper gaps ON and
down gaps OFF, upper gaps OFF and down gaps ON, both gaps ON. For each
configuration and for each high voltage step the efficiency, the dark current,
the noise rate and the cluster size were measured. Different runs were taken
at different trigger configurations in order to test the forward and backward
part of the chamber.
This procedure is called automatic run and lasted about 20 hours: first only
the gap up was supplied at a starting voltage of 8 kV, then at 9 kV and
finally from 9 kV to 10 kV in 200 V steps. The same was for gap down only
and in the last run both were supplied and ON. Each acquisition cycle was
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Figure 3.2: Example of a conditioning plot: the current behaviour for the two
gaps is shown.

Figure 3.3: From the top left: a) strip profile at the working voltage (9.6 kV);
b) noise distribution versus the strips number; c) the RPC time distribution;
d) and the cluster size distribution.
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Figure 3.4: The four windows represent, respectively: the current behaviour
for the gap UP (black dots) and DW (blue squares); the efficiency plateau;
the cluster size (blue dots) and the noise rate (red triangles); the weather
parameters during the test, the efficiency at the plateau and different values
of typical voltages.

completed and registered when a fixed number of events has been recorded
(usually 10000). At the end of this procedure 21 memory stores containing all
the recorded events existed; the off line analysis started and plots with the dark
current, the efficiency, noise and cluster size versus high voltage were ready (see
Fig. 3.4). The efficiency was evaluated with the coincidence method, i.e. the
detector was considered efficient when, in correspondence of the trigger signal,
a strip inside the RPC provided a signal above the discrimination threshold
(200 mV). This strip is said ”fired”. The efficiency plots versus high voltage
have been fitted by means of a sigmoid function and the different efficiency
values were so interpolated:

ε =
εmax

1 + eS(HVeff−HV50%)
(3.1)
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where εmax, S and HV50% are the interpolation parameters, while HVeff is
the high voltage corrected for temperature and pressure value according to the
following:

HVeff = HVapp
P0

P

T

T0

(3.2)

where HVapp is the nominal voltage, P0 = 1010 mbar and T0 = 293 K are
the reference pressure and temperature values, P and T the corresponding
environmental values during the test.

3.2.3 Monitoring test

Once the automatic runs were finished, the chambers were set to a fixed high
voltage (usually 8.5 kV and 9.6 kV) for a quite long time (2-5 days) in order
to check the current behaviour. This test has been crucial for spikes and
strange current increasing. Every 5 minutes the values of the current, of the
temperature, pressure and humidity were recorded and plotted versus time.
In Fig. 3.5 a typical example of ”good” monitoring test is showed. While in
Fig. 3.6 a problematic chamber with a strange current increase is presented.
Separating the HV supply we found that the gap drawing high current was the
gap up.

3.3 From the cosmic test at ISR to chambers

installation

From the test sites the approved chambers have been shipped to CERN at In-
tersection Storage Ring (ISR) where they were completed with the installation
of the front end cooling, the HV connections and the temperature sensors and
where they underwent a further longer test in order to fully characterize the
chambers and eventually find some unusual behaviour over a long time.

3.3.1 ISR cosmic rays and long monitoring test

The procedures followed for the chambers test at ISR are almost the same
described before. Once the approved chambers arrived at ISR they were sub-
jected to two kinds of check: quality control for the chambers construction and
long current monitor test.
Concerning the good quality of the construction, the following steps were per-
formed:

• gas leakage test. As pointed out before, this test has been already done
both at General Tecnica and at the cosmic rays test facilities; to check
if some mechanical stresses have compromised and damaged the cham-
bers after the shipping to CERN, chambers were subjected to 6 mbar
overpressure for 10 minutes;
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Figure 3.5: After a monitoring test the following plots are obtained: tempera-
ture vs time; humidity trend vs time, HV vs time (9.4 kV in this case); current
behaviour vs time.
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Figure 3.6: This monitoring test at 9.6 kV is relative to a rejected chamber
(RB1 400 out) because of the strange current increase.
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Figure 3.7: At the ISR the conditioning tests are repeated for the same chamber
in different days in order to test the current behaviour over a long period.

• connectivity test: the proper working of the FEB threshold was checked.

After these first mechanical and electronic checks, the chambers were flushed
for three days at 10 l/h (gas flux corresponding to one recycle every two hours)
and finally high voltage was applied. A long conditioning test started, every
step lasting one hour up to 7 kV, between 7 and 9.6 kV high voltage was
increased of 200 V for 2 hours steps A short conditioning test was repeated
afterwards. During the conditioning tests the current values were registered
and the characteristic current/high voltage curves were plotted. (A typical
plot of current versus high voltage for the same chamber repeated in different
days is shown in Fig. 3.7). Chamber with current higher than 10 µA in any
of the two gaps (two up/down gaps were connected together), at 9.4 kV, were
rejected.
The next test was a monitoring of the current lasting 15 days at 9.2 kV,
during which the current value was recorded every minute. Chambers with
current increase of the order of some µA or with spikes were rejected. As
an example Fig. 3.8 shows this bad behaviour for a chamber that has been
rejected. At the end of this certification procedure for each chamber, the typical
RPCs parameters were checked: hits for every strip, cluster size, noise rate and
efficiency (only in particular cases, if the noise rate is strangely low). If some
groups of strips were noisy, the corresponding chip threshold was increased;
in case of dead strips, the chamber was accepted if they were consecutive
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Figure 3.8: Monitoring plots for the chambers under test at the ISR. The plot
concerns all the gaps up. Two gaps show a current increase and have been
rejected.

but less than four. Instead, if more than four adjacent strips were dead, the
chamber was opened and the kapton foil connection and integrity was checked
and repaired.

3.3.2 Chambers coupling to Drift Tube

Once the tests were completed, the coupling of RPCs with DT chambers was
performed at ISR. The coupling is different according to the location of the
chambers into the wheels and into the various stations. In the two inner
stations (MB1 and MB2), RPCs and DTs are ”sandwich-like” coupled with a
DT between two RPCs, while in the two outer stations (MB3 and MB4) there
is a simple coupling, RPC and DT, the last outwards located.
The mechanical support for RPCs is guaranteed by means of an aluminium
frame and pre-tensioned bars on both faces, preventing the chamber bending
once is hung. The bars number and their weight is different according to the
relative DT position.
At the end of the coupling phase, some tests were repeated in order to check
the chambers proper working (gas leakage, high voltage connections, threshold
setting and reading, strips noise rate for every strips). Finally the cooling
circuit for RPC and DT was tested with an overpressure of 20 bar.
The so built and tested stations were sent to the experimental area SX5 at
Cessy (where CMS experiment is installed and located). There all the detectors
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Figure 3.9: At SX5, on the surface, the RPC-DT module (coming from ISR)
is located into the proper station of the proper wheel following a very careful
procedure.

have been installed on the surface and only afterwards lowered in the cavern,
wheel by wheel.
During this last shipping the chambers integrity could be compromised and this
is the reason why the same test made after the coupling have been immediately
repeated at SX5. Only after these checks the stations were slowly and carefully
inserted in the structure housing the muon detectors.

3.4 Commissioning at SX5

The accepted muon chambers were sent to the CMS installation area placed
on the surface of the CMS pit (SX5); 90% of the chambers have been installed
(the crucial phase of the RPC-DT module installation is presented in Fig. 3.9)
in surface while the last 10% were installed in horizontal sectors down in the
pit. The installation of the 480 muon chambers finished at the end of 2007
(in Fig. 3.10 the five wheels fully installed are shown). In the meanwhile the
commissioning of the muon system and of CMS has been going on since 2006.
The same test (conditioning, connectivity and monitoring test) were repeated
when chambers were finally placed in the iron yoke.
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Figure 3.10: At SX5 the five wheels completed and installed, ready for the
lowering.

3.5 Commissioning in the cavern

Every movement, every operation on the barrel could damage in some parts
the single detectors, this is the reason why the usual test have been repeated
also in the cavern after the wheels lowering. Connectivity of the signal cables,
low voltage and high voltage connections have been checked and meanwhile
the final low voltage and high voltage system have been tested, so to start to
run in the final conditions of the CMS experiment.

3.5.1 Final high voltage system and chain

The LHC power system will operate in a hostile environment due to high mag-
netic field and high radiation flux. A large part of the power system will be
near the detector on the balconies racks placed around the barrel wheels and
the endcap disks. In this area the magnetic field can reach 1 Tesla while the
radiation is around 5x1011 neutron/cm2. The RPC collaboration developed,
in cooperation with the ATLAS, ALICE and LHCb groups, a new design for
an RPC power system able to operate in such conditions.
Both HV and LV systems are based on a master/slave architecture. The mas-
ter, called mainframe, is devoted to control and to monitor one or more slaves
and is placed in a safe and accessible area like the control room. The slaves
can be located near the detector and are designed to be modular and multi-
functional to accept both HV and LV boards. These have to work in a hostile
and not accessible area and are based on radiation tolerant and magnetic field
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tolerant electronics.
The whole power system consists of about 25 Km of cables, 6.000 connectors
and 220 electronic elements. Designed by the Naples group and built by CAEN
it has been installed in all his parts (cables, distributions and electronics) from
the end of 2006 to April 2008 and was extensively used for the RPC detectors
commissioning.
Every chamber has been equipped with two independent HV lines in order
to keep separate the upper and lower gaps of the chambers. However, for
budget reasons, the present configuration reduced to one HV power supply
channel per chamber (i.e. 8 or 9 HV channels per sectors) summing to a total
of 490 for the entire barrel. This corresponds to 82 boards (A3512N). Model
A3512 is a double width board equipped with 6 floating 12 kV/1mA channels
of either positive or negative polarity. The six channels have an independent
return in order to avoid ground loops. The board is designed with an output
voltage that can be programmed and monitored in the range 0-12 kV with 1
V resolution and with a monitored current resolution of 0.1 µA. This current
resolution allows the Detector Control System (DCS) to study the current be-
haviour of every chamber with an accuracy of at least 1/10 of the measured
current (between 10 and 20 µA per chamber).

3.5.2 Final low voltage system test

The LV power boards have been placed close to the detectors (max distance of
about 15 m) in order to minimize the noise pickup and the high voltage drop
along the cables and to reduce the cost of the whole power project. The total
number of LV channels needed is 720 corresponding to 60 LV boards (A3009)
with 12 channels each. The CAEN A3009 board is a 12 Channel 8V/9A Power
Supply Board for the EASY Crate. It was developed for operation in magnetic
field and radioactive environment. The output voltage range is between 1.5
and 8 V with 5 mV monitor resolution; channel control includes various alarms
and protections. The output current is monitored with 10 mA resolution.
Each chamber is supplied by two LV lines for the front-end analog (LVa) and
digital (LVd) parts.

3.5.3 Final gas system: closed loop circulation

The CMS RPC final gas mixture is a three component non-flammable mix-
ture of 96.2% R134a (C2H2F4), 3.5% iC4H10 and 0.3% SF6. Water vapour is
added to the gas mixture in order to maintain a relative humidity of about 45%
and to avoid changes of the bakelite resistivity. The basic function of the gas
system is to mix the different gas components in the appropriate proportions
and to distribute the mixture to the individual chambers. The large detector
volume and the use of a relatively expensive gas mixture make a closed loop
circulation system mandatory.
The system consists of several modules: the primary gas supply, the mixer and
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closed-loop circulation, the gas distributors to the chambers, the purifier, the
pump and the gas analysis station [30]. The primary gas supplies and the mixer
are situated in the SGX building. The flow of component gases are metered
by mass flow controllers. Flows are monitored by a computer controlled pro-
cess, which continually calculate and adjust the mixture percentages supplied
to the system. The gas mixture is maintained non-flammable by permanent
monitoring.
The mixed gas is circulated in a common closed loop for the barrel and both
endcaps. The circulation loop is distributed at three different locations:

• purifier, gas input and exhausted gas connections are located in the SGX
building;

• pressure controllers, separation of barrel and endcaps systems, compres-
sor and analysis instrumentation are located in the USC (accessible at
any time);

• manifolds for the chamber gas supplies and channel flow meters are
mounted in the distribution racks near the detector.

Each barrel muon station has an independent gas line. The two RPC chambers
located in a station are supplied in parallel from the same patch panel sitting
nearby. This configuration leads to 250 gas channels (50 per wheel) for the full
barrel detector.
A gas gain monitoring system utilizing small RPC gaps has been designed, pro-
totypes have been tested and preliminary results show the expected response
to cosmic rays [31], [32].

3.6 First results with cosmics

The first chamber has been produced in 2002 and the last one has been installed
in October 2007. The system is now completely installed and the commission-
ing phase is completed.
In the summer 2006, a first integrated test of a part of the CMS detector was
performed at CERN collecting a data sample of several millions of cosmic rays
events. The magnetic field was on for the first time and for all the run du-
ration. A fraction of the Resistive Plate Chambers system was successfully
operated. Results on the RPC performance are reported in the next section.

3.6.1 Magnetic Test and Cosmic Challenge

In summer 2006, for the first time, the CMS detector was closed and the super
conducting magnet was ramped up to its nominal value for commissioning and
field map measurements. During this test, named Magnetic Test and Cosmic
Challenge (MTCC), a first integrated test of an entire CMS slice was performed
at the SX5 experimental surface hall. For the RPC system three barrel sectors

50



3.6. First results with cosmics

and a 60 degree portion of the first positive endcap disk were involved in the
test. The chambers were operated with power system in their final configura-
tion; CMS DAQ software, data quality monitor (DQM) and detector control
system (DCS) were implemented for the detector readout and control. A por-
tion of the muon and the calorimeter systems was operated under cosmic rays
to study the global CMS behaviour by combining information from different
sub-detectors. The main goals for the RPC system were the determination of
the synchronization and operation procedures, the assessment of the trigger
capability and the study of the chambers performance.
The 23 chambers, representing 5% of the entire Barrel RPC system, were all
operated at a nominal voltage of 9.2 kV. The chambers reached, in this con-
ditions, 90% efficiency or higher. Most of the results are given in terms of the
effective operating voltage, HVeff , which is obtained from the nominal val-
ues after pressure and temperature corrections, to account for their variations
during the running period [29]. On average HVeff was about 9.6 kV.
The strip signals were discriminated and formed into 100 ns binary pulses by
the front-end boards [33] with 220 mV threshold, corresponding to a minimum
signal charge of about 120 fC. All signals are propagated to the Link Boards
(LB) placed on the detector periphery. The LBs synchronize the signals to the
40 MHz clock and, after data compression, send them to the Trigger Boards
located in the control room, where the trigger algorithm based on pattern
recognition is performed by Pattern Comparator (PAC) devices.
In view of detector commissioning and maintenance during the LHC shutdown
periods, the development of a special RPC trigger for cosmic ray muons has
been foreseen: the RPC Balcony Collector (RBC) that was implemented in
the system and used as a main trigger signal. The RBC receives from the
LB the OR signal of each eta-partition. The trigger logic is based on pattern
comparator with a preloaded pattern sets and produces a sector-based cosmic
trigger with a selectable majority level from 1/6 to 6/6. It has, in addition,
several features such as: masking and forcing capability of the eta-partitions
to increase the trigger selectivity on specific patterns and extra latency config-
uration for synchronization purposes. During the MTCC, the DT system was
providing trigger.
A sample of about twenty million events has been collected with different trig-
ger conditions and with different operating conditions. The first cosmic ray
event in the CMS experiment is shown in Fig. 3.11. Specific runs were taken
before and during the test to evaluate the noise rate. Preliminarily, all the
threshold values on the front end electronic discriminators were set to achieve
the best noise configuration with higher efficiency. During the online procedure
strips with a rate larger than 10 Hz/cm2 are masked during the data taking
and so are always excluded in all presented results since noise hits can cause
fake triggers promoting low transverse momentum muon to high momentum
[34].
Efficiencies were measured in small local region by making use of the DT track
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Figure 3.11: First recorded and reconstructed event in the CMS running at
the beginning of the MTCC (summer 2006).

segments extrapolation with the additional requirement that in the DT cham-
bers one and only one segment is reconstructed to reject multi-muon events;
event by event, the chamber is considered efficient if a strip is fired exactly
in the same eta-partition where the hit was predicted, and in a fiducial re-
gion defined by ±2 strips around the predicted strip. The global efficiency is
then evaluated as average of the local strip by strip efficiency. The plateau
efficiencies are given in Fig. 3.12, where each bin corresponds to a given eta-
partition.
The lower efficiency for few cases is consistent with the presence of masked
strips.
About 5% of the Barrel RPC Trigger system was involved in a CMS data
taking period of cosmic measurements. The system behaved steadily with ex-
cellent performance with and without magnetic field. The average noise was
well below 1 Hz/cm2. Most of the chambers have shown an efficiency greater
than 90%.
Since May 2008 a new series of cosmic runs begun, involving all the CMS
detector with the magnetic field off (Cosmic RUn at ZEro Tesla - CRUZET)
during which the final Detector Control System (DCS) together with the final
gas distribution have been successfully tested.
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Figure 3.12: Distribution of the plateau efficiencies for all the chambers in
operation. Superimposed (dotted line) is the number of masked strip per
chamber [35].
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Chapter 4
Biomedical Physics: Positron
Emission Tomography

Positron emission tomography (PET) is rapidly becoming the main nuclear
imaging modality of the present age. Although PET technology has existed
for some decades, the cost of the procedures and lack of reimbursement for
clinical studies delayed the wide application of PET in the clinical setting.
The two major current PET technologies are based on the coincidence imag-
ing of the two 511 keV annihilation photons by using a dual-head gamma
camera or a ring of many small detectors with Bismuth Germanate (BGO)
crystals (dedicated PET). Coincidence dual-head gamma cameras have the
advantage of being used also for single photon emission computed tomography
(SPECT). Disadvantages are lower sensitivity and much lower counting rate
performance than those of dedicated PET. Since its lower cost, PET with co-
incidence dual-head gamma cameras is widely accepted in countries with less
economic resources. Most recent trend in industrialized countries is the use of
hybrid PET/CT systems, which combines a dedicated PET with an x-ray com-
puterized tomography (CT) scanner in the same instrument. The CT images
provide a map for PET attenuation correction and an anatomic framework
for the PET metabolic information. Other current and future improvements
in dedicated PET are new scintillation crystals with better energy resolution
(Lutetium oxyorthosilicate) and shorter scintillation time decay (Gadolinium
oxyorthosilicate) than those of BGO. Finally, PET imaging is expected to
play a significant role in imaging other metabolic and cellular processes at the
molecular and genetic level. This extended application should require positron
emitters of much shorter half-life than that of 18F and consequently, the instal-
lation of radiochemistry laboratories and low-to-medium cyclotrons in medical
facilities.
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4.1 Physics and Instrumentation in PET

4.1.1 Physical Basis of PET and development

Positron emission tomography (PET) provides a kind of metabolic informa-
tion that other imaging modalities are unable to provide. Positron emitting
radionuclides tend to be low atomic mass elements, many of them naturally
found in the human body, like carbon, oxygen and nitrogen. Radioisotopes
of these elements and others of low atomic weight can label metabolically ac-
tive compounds and be used for imaging a large number of physiologic and
metabolic processes.
As already said, in PET, the radionuclide used for labelling is a positron emit-
ter rather than a gamma emitter. The positrons are emitted with energy of
the order of 1 MeV, and being beta particles, they have a very short range
in human tissue (∼1-2 mm). When an emitted positron has given up most of
its kinetic energy through collisions with ambient particles (i.e., it has reached
thermal energy) it combines with an electron to form a short-lived entity called
positronium (see figure 4.1). This rapidly undergoes an annihilation reaction,
in which all the energy of the electron and positron pair is converted into radi-
ation. The most likely course of this reaction is the production of two photons,
each of energy very close to 511 keV(equivalent to the rest mass of the elec-
tron). In order to conserve momentum, the two photons are emitted in exactly
opposite directions in the frame of the positronium.
The dual positron annihilation gamma radiation of 511 keV makes easy the
localization of the positron annihilation point by external detectors as well as
photon attenuation correction and radiotracer uptake quantisation. PET is
based on the simultaneous detection of the two gamma rays of 511 keV each
emitted during the positron annihilation. Since the positron has some momen-
tum in the observer’s frame, the observer detects a small uncertainty in the
direction of travel of the photons, amounting to about 0.5◦ about a mean of
180◦. The two 511 keV gamma rays are detected by two opposite detectors
and one event, or positron decay, is registered by a coincidence circuit with a
narrow time window, usually of 15 ns. It is possible to image positron-emitting
tracers by detecting the annihilation radiation.

Brownell and Sweet at Massachusetts General Hospital made the first
positron medical image in 1951. The imaging device used two simple NaI(Tl)
detectors, which were moved manually to scan brain tumours. In the 1960’s
and 1970’s positron imaging devices used array of detectors. First versions
used rectangular array of detectors. Posterior models used hexagonal and
partial or full ring array of detectors. The first cyclotron for medical use
was installed at Hammersmith Hospital, London, in 1955. Few years later,
other cyclotrons for medical use were installed in clinical institutions of the
United Sates. These units were mostly dedicated to research. A significant
impact in PET applications was the development of 18F-fluoro-2-deoxy-D-
glucose (18FDG) at Brookhaven National Laboratory in 1976. 18FDG is a glu-
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Figure 4.1: Diagram of positron decay and annihilation resulting in the two
511 keV gamma rays which are detected for positron emission imaging.

cose analogue, metabolic imaging agent giving precise and regional information
of energy metabolism in brain, heart, other organs and tumours. In addition,
the radioisotope has a half-life of 109 minutes. This relatively high half life
allows the radiotracer distribution to local hospitals after its production in a
regional centre. The half-life of 109 minutes, also provide an appropriate de-
cay time for searching tumours and metastases by patient whole body scans.
Experimental and clinical studies have demonstrated that 18FDG uptake in
cancer cells correlates with the tumour growth rate, tumour metastatic poten-
tial and the number of viable tumour cells.
In the mid-1980s the PET block detector was first developed by Casey and
Nutt [36]. Previous efforts to improve PET spatial resolution through the
use of smaller scintillation detectors, each coupled to a photomultiplier tube,
became prohibitively expensive. In addition, the demand to increase the ax-
ial coverage of PET scanners by incorporating multiple detector rings into
the design created complex and inconvenient coupling schemes to extract the
scintillation signals. Multiplexing first 32, and then 64, detectors to four pho-
totubes, Casey and Nutt decreased both complexity and cost in one design
[36]. A block of scintillator is cut into 8 x 8 detectors and bonded to four
photomultipliers. The block design has been the basic detector component in
all multiring PET scanners for more than 17 years.

4.1.2 Detectors in PET

Scintillation detectors are the most common and successful mode for detection
of 511 keV photons in PET imaging due to their good stopping efficiency and
energy resolution. These detectors consist of an appropriate choice of crystal
(scintillator) coupled to a photo-detector for detection of the visible light. This
process is outlined in further detail in the following.
The electronic energy states of an isolated atom consist of discrete levels as
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given by the Schrödinger equation. In a crystal lattice, the outer levels are
perturbed by mutual interactions between the atoms or ions, and so the levels
become broadened into a series of allowed bands. The bands within this series
are separated from each other by the forbidden bands. Electrons are not al-
lowed to fill any of these forbidden bands. The last filled band is labelled the
valence band, while the first unfilled band is called the conduction band. The
energy gap, Eg, between these two bands is a few eV in magnitude. Electrons
in the valence band can absorb energy by the interaction of the photoelec-
tron or the Compton scatter electron with an atom, and get excited into the
conduction band. Since this is not the ground state, the electron de-excites
by releasing scintillation photons and returns to its ground state. Normally,
the value of Eg is such that the scintillation is in the ultraviolet range. By
adding impurities to a pure crystal, such as adding thallium to pure NaI (at a
concentration of ∼1%), the band structure can be modified to produce energy
levels in the prior forbidden region. Adding an impurity or an activator raises
the ground state of the electrons present at the impurity sites to slightly above
the valence band, and also produces excited states that are slightly lower than
the conduction band. Keeping the amount of activator low also minimizes
the self-absorption of the scintillation photons. The scintillation process now
results in the emission of visible light that can be detected by an appropriate
photo-detector at room temperature. Such a scintillation process is often re-
ferred to as luminescence. The scintillation photons produced by luminescence
are emitted isotropically from the point of interaction. For thallium-activated
sodium iodide (NaI(Tl)), the wavelength of the maximum scintillation emis-
sion is 415 nm, and the photon emission rate has an exponential distribution
with a decay time of 230 ns. Sometimes the excited electron may undergo a
radiation-less transition to the ground state. No scintillation photons are emit-
ted here and the process is called quenching. There are four main properties
of a scintillator which are crucial for its application in a PET detector. They
are: the stopping power for 511 keV photons, signal decay time, light output,
and the intrinsic energy resolution. The stopping power of a scintillator is
characterized by the mean distance (attenuation length = 1/µ) travelled by
the photon before it deposits its energy within the crystal. For a PET scanner
with high sensitivity, it is desirable to maximize the number of photons which
interact and deposit energy in the detector. Thus, a scintillator with a short
attenuation length will provide maximum efficiency in stopping the 511 keV
photons. The attenuation length of a scintillator depends upon its density (ρ)
and the effective atomic number (Zeff ). The decay constant affects the tim-
ing characteristics of the scanner. A short decay time is desirable to process
each pulse individually at high counting rates, as well as to reduce the number
of random coincidence events occurring within the scanner geometry. A high
light-output scintillator affects a PET detector design in two ways: it helps
achieve good spatial resolution with a high encoding ratio (ratio of number
of resolution elements, or crystals, to number of photo-detectors) and attain
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good energy resolution. Good energy resolution is needed to efficiently reject
events which may Compton scatter in the patient before entering the detector.
The energy resolution (∆E/E) achieved by a PET detector is dependent not
only upon the scintillator light output but also the intrinsic energy resolution
of the scintillator. The intrinsic energy resolution of a Scintillator arises due
to inhomegeneities in the crystal growth process as well as non-uniform light
output for interactions within it. Table 4.1 shows the properties of scintillators
that have application in PET.

Property NaI(Tl) BGO LSO YSO GSO BaF2

Density (g/cm3) 3.67 7.13 7.4 4.53 6.71 4.89
Effective Z 50.6 74.2 65.5 34.2 58.6 52.2

Decay constant (ns) 230 300 40 70 60 0.6
Light output 38 6 29 46 10 2

(photons/keV)
Relative light output 100% 15% 75% 118% 25% 5%
Wavelength λ (nm) 410 480 420 420 440 220
Intrinsic ∆E/E (%) 5.8 3.1 9.1 7.5 4.6 4.3

∆E/E (%) 6.6 10.2 10 12.5 8.5 11.4
Index of refraction 1.85 2.15 1.82 1.8 1.91 1.56

Hygroscopic? Yes No No No No No
Rugged? No Yes Yes Yes No Yes
µ (cm−1) 0.3411 0.9496 0.8658 0.3875 0.6978 0.4545

Table 4.1: Physical properties of commonly used Scintillator in PET. The
energy resolution and attenuation coefficient (linear µ) are measured at 511
keV.

They are:

(i) sodium iodide doped with thallium (NaI(Tl)),

(ii) bismuth germanate Bi4Ge3O12 (BGO),

(iii) lutetium oxyorthosilicate doped with cerium Lu2SiO5:Ce (LSO),

(iv) yttrium oxyorthosilicate doped with cerium Y2SiO5:Ce (YSO),

(v) gadolinium oxyorthosilicate doped with cerium Gd2SiO5:Ce (GSO), and

(vi) barium fluoride (BaF2).

NaI(Tl) provides very high light output leading to good energy and spatial
resolution with a high encoding ratio (ratio of number of resolution elements, or
crystals, to number of photo-detectors). The slow decay time leads to increased
detector dead time and high random coincidences (it will be explained in the
following sections). It suffers from lower stopping power than BGO, GSO
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or LSO due to its lower density. BGO, on the other hand, has slightly worse
timing properties than NaI(Tl) in addition to lower light output. However, the
excellent stopping power of BGO gives it high sensitivity for photon detection
in PET scanners. The low light output of BGO also requires the use of small
photo-multiplier tubes to achieve good spatial resolution, thereby increasing
system complexity and cost. The NaI(Tl)-based scanners [37] compromise
on high count-rate performance by imaging in 3D mode in order to achieve
acceptable scanner sensitivity.
LSO, a relatively new crystal, appears to have an ideal combination of the
advantages of the high light output of NaI(Tl) and the high stopping power of
BGO in one crystal [38]. In spite of its high light output (∼75% of NaI(Tl)),
the overall energy resolution of LSO is not as good as NaI(Tl). This is due
to intrinsic properties of the crystal. GSO is another scintillator with useful
physical properties for PET detectors. One advantage of GSO over LSO, in
spite of a lower stopping power and light output, is its better energy resolution
and more uniform light output. Commercial systems are now being developed
with GSO detectors. Finally, the extremely short decay time of BaF2 (600
ps) makes it ideal for use in time-of-flight scanners, which helps to partially
compensate for the low sensitivity arising due to the reduced stopping power
of this scintillator.

4.1.3 Time of Flight measurement

Good timing resolution of a PET detector, besides helping reduce the number
of random coincidences, can also be used to estimate the annihilation point
between the two detectors by looking at the difference in arrival times of the
two photons. For this, an extremely fast scintillator, such as BaF2, is needed.
Presently, only BaF2 is feasible for use as a scintillator in time-of-flight mea-
suring PET scanners, and such scanner designs have been successfully imple-
mented.
The advantage of estimating the location of the annihilation point is the im-
proved signal-to-noise ratio obtained in the acquired image, arising due to a
reduction in noise propagation during the image reconstruction process. How-
ever, since BaF2 also has a very low stopping power, time-of-flight scanners
have a reduced sensitivity leading to lower signal-to-noise ratios. Hence, the
overall design of such scanners requires a careful trade-off between the scanner
sensitivity and the time of flight (TOF) measurement so that the overall Signal
to Noise Ratio for the scanner remains high.

4.1.4 Sensitivity and Depth of Interaction

The sensitivity of a PET scanner represents its ability to detect the coincident
photons emitted from inside the scanner Field Of View (FOV). It is deter-
mined by two parameters of the scanner design; its geometry and the stopping
efficiency of the detectors for 511 keV photons. Scanner geometry defines the
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fraction of the total solid angle covered by it over the imaging field. Small-
diameter and large axial FOV typically leads to high-sensitivity scanners. The
stopping efficiency of the PET detector is related to the type of detector being
used. As we have seen, scintillation detectors provide the highest stopping
power for PET imaging with good energy resolution. The stopping power of
the scintillation detector is in turn dependent upon the density and Zeff of the
crystal used. Hence, a majority of commercially produced PET scanners today
use BGO as the scintillator due to its high stopping power (see Table 4.2). A
high-sensitivity scanner collects more coincident events in a fixed amount of
time and with a fixed amount of radioactivity present in the scanner FOV.
This generally translates into improved SNR for the reconstructed image due

Material Density µ (cm−1) µ (cm−1)
(g/cm3) at 140 keV at 511 keV

Adipose tissue* 0.95 0.142 0.090
Water 1.0 0.150 0.095
Lung* 1.05] ∼0.04-0.06§ ∼0.025-0.04§

Smooth muscle 1.05 0.155 0.101
Perspex (lucite) 1.19 0.173 0.112
Cortical bone* 1.92 0.284 0.178

Pyrex glass 2.23 0.307 0.194
NaI(Tl) 3.67 2.23 0.34

BGO 7.13 ∼5.5 0.95
Lead 11.35 40.8 1.75

Table 4.2: Narrow beam (scatter free) linear attenuation coefficients and den-
sity for some common materials and organs at 140 keV (the energy of 99mTc
photons) and 511 keV (annihilation radiation).

* ICRU Report 44

] This is the density of non-inflate lung

§ Measured experimentally

to a reduction in the effect of statistical fluctuations. A high stopping power
for the crystal is also desirable for the reduction of parallax error in the ac-
quired images. After a photon enters a detector, it travels a short distance
(determined by the mean attenuation length of the crystal) before depositing
all its energy.
Typically, PET detectors do not measure this point, known as the depth of
interaction (DOI) within the crystal. As a result, the measured position of
energy deposition is projected to the entrance surface of the detector (see Fig.
4.2). For photons that enter the detector at oblique angles, this projected po-
sition can produce significant deviations from the real position, leading to a
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Figure 4.2: Schematic representation of parallax error introduced in the mea-
sured position due to the unknown depth-of-interaction of the photons within
the detectors for a flat detector (left) and ring-based system (right).

blurring of the reconstructed image. Typically, annihilation points located at
large radial distances from the scanner’s central axis suffer from this parallax
blurring. For a BGO whole-body scanner, measurements show that the spatial
resolution worsens from 4.5 mm near the centre of the scanner to about 8.9
mm at a radial distance of 20 cm [39]. A thin crystal with high stopping power
will help reduce the distance travelled by the photon in the detector and so
reduce parallax effects. However, a thin crystal reduces the scanner sensitivity.
Thus, to separate this inter-dependence of sensitivity and parallax error, an
accurate measurement of the photon depth-of-interaction within the crystal is
required.

4.2 Data acquisition and Performance charac-

terization in PET

4.2.1 Detected events in PET

Event detection in PET relies on electronic collimation. An event is regarded
as valid if:

(i) two photons are detected within a predefined electronic time window known
as the coincidence window,

(ii) the subsequent line-of-response formed between them is within a valid
acceptance angle of the tomograph, and,
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(iii) the energy deposited in the crystal by both photons is within the selected
energy window.

Such coincident events are often referred to as prompt events (or ”prompts”).
However, a number of prompt events registered as having met the above criteria
are, in fact, unwanted events as one or both of the photons has been scattered
or the coincidence is the result of the ”accidental” detection of two photons
from unrelated positron annihilations. The terminology commonly used to
describe the various events in PET detection are:

(i) A single event is, as the name suggests, a single photon counted by a
detector. A PET scanner typically converts between 1% and 10% of
single events into paired coincidence events;

(ii) A true coincidence is an event that derives from single positron-electron
annihilation. The two annihilation photons both reach detectors on op-
posing sides of the tomograph without interacting significantly with the
surrounding atoms and are recorded within the coincidence timing win-
dow;

(iii) A random (or accidental) coincidence occurs when two nuclei decay at
approximately the same time. After annihilation of both positrons, four
photons are emitted. Two of these photons from different annihilations
are counted within the timing window and are considered to have come
from the same positron, while the other two are lost. These events are
initially regarded as valid, prompt events, but are spatially uncorrelated
with the distribution of tracer. This is clearly a function of the number
of disintegrations per second, and the random event count rate (Rab)
between two detectors a and b is given by:

Rab = 2τNaNb (4.1)

where N is the single event rate incident upon the detectors a and b,
and 2τ is the coincidence window width. Usually Na ≈ Nb so that the
random event rate increases approximately proportionally to N2.

(iv) Multiple (or triple) events are similar to random events, except that three
events from two annihilations are detected within the coincidence timing
window. Due to the ambiguity in deciding which pair of events arises
from the same annihilation, the event is disregarded. Again, multiple
event detection rate is a function of count rate;

(v) Scattered events arise when one or both of the photons from a single
positron annihilation detected within the coincidence timing window
have undergone a Compton interaction. Compton scattering causes a
loss in energy of the photon and change in direction of the photon. Due
to the relatively poor energy resolution of most PET detectors, many
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photons scattered within the emitting volume cannot be discriminated
against on the basis of their loss in energy. The consequence of counting
a scattered event is that the line of response (LOR) assigned to the event
is uncorrelated with the origin of the annihilation event. This causes in-
consistencies in the projection data, and leads to decreased contrast and
inaccurate quantification in the final image. This discussion refers pri-
marily to photons scattered within the object containing the radiotracer,
however, scattering also arises from radiotracer in the subject but out-
side the coincidence field of view of the detector, as well as scattering off
other objects such as the gantry of the tomograph, the lead shields in
place at either end of the camera to shield the detectors from the rest of
the body, the floor and walls in the room, the septa, and also within the
detector. The fraction of scattered events is not a function of count rate,
but is constant for a particular object and radioactivity distribution.

The sensitivity of a tomograph is determined by a combination of the radius of
the detector ring, the FOV, the total axial length of the tomograph, the stop-
ping power of the scintillation detector elements, packing fraction of detectors,
and other operator-dependent settings (e.g. energy window). However, in gen-
eral terms the overall sensitivity for true (T), scattered (S), and random (R)
events are given by [40-42]:

T ∝ Z2

D

S ∝ Z3

L×D

R ∝
(
Z2

L

)2

(4.2)

where Z is the axial length of the acquisition volume, D is the radius of the
ring, and L is the length of the septa. For a multi-ring tomograph in 2D each
plane needs to be considered individually and the overall sensitivity is given
by the sum of the individual planes.

4.2.2 Development of Modern Tomograph

To understand the current state of commercial PET camera design, and why,
for example, the development of 3D PET on BGO ring detector systems was
only relatively recent, it is instructive to briefly trace the development of full
ring PET systems. One of the first widely implemented commercial PET cam-
eras was the Ortec ECAT (EG&G Ortec, Oak Ridge, Tennessee, USA) [40-43].
This single-slice machine used NaI(Tl) and had a hexagonal arrangement of
multiple crystals with rotational and axial motion during a scan. Its axial
resolution could be varied by changing the width of the slice-defining lead side
shields, thereby altering the exposed detector area. This not only changed the
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Figure 4.3: A schematic diagram of the block detector system, shown here as
an 8 x 8 array of detectors, and the four PMTs which view the light produced
is shown. The light shared between the PMTs is used to calculate the x and y
position signals, with the equations shown.

resolution, but also the scatter and random event acceptance rates as well. In
their paper of 1979, the developers of this system even demonstrated that in
going from their ”high-resolution” mode to ”low-resolution” mode, they mea-
sured a threefold increase in scatter within the object (0.9%-2.7%), although
total scatter accepted accounted for only around 15% of the overall signal [44].
In this and other early work on single-slice scanners, the relationship between
increasing axial field-of-view and scatter fraction was recognized [43]. Various
scintillation detectors have been used in PET since the early NaI(Tl) devices,
but bismuth germanate (BGO) has been the crystal of choice for more than
a decade now for non time of flight machines [45, 46]. BGO has the highest
stopping power of any inorganic scintillator found to date. After the adoption
of BGO, the next major development in PET technology was the introduction
of the ”block” detector [47]. The block detector (shown schematically in Fig.
4.3) consists of a rectangular parallelepiped of scintillator, sectioned by partial
saw cuts into discrete detector elements to which a number (usually four) of
photomultiplier tubes are attached. An ingenious scheme of varying the depth
of the cuts permits each of the four photomultiplier tubes to ”see” a differential
amount of the light released after a photon has interacted within the block,
and from this the point where the photon deposited its energy can be local-
ized to one of the detectors in the array. The aim of this development was to
reduce crystal size (thereby improving resolution while still retaining the good
pulse-height-energy spectroscopy offered by a large scintillation detector), mod-
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ularize detector design, and reduce detector cost. Small individual detectors
with one-to-one coupling to photomultiplier tubes is impractical commercially
due to packaging limitations and the cost of the large number of components
required. The block detector opened the way for large, multi-ring PET camera
development at the expense of some multiplexing of the signals. However, a
stationary, full ring of small discrete detectors encompassing the subject meant
that rapid temporal sequences could be recorded with high resolution, as the
gantry no longer needed to rotate to acquire the full set of projections. The
evolution and continuously decreasing detector and block size is shown in Fig.
4.4. The major drawback for the block detector is count rate performance, as
the module can only process a single event from one individual detector in a
particular block in a given time interval. Individual detectors with one-to-one
coupling to the opto-electronic device would be a lot faster, however, at far
greater expense and with a problem of packaging and stability of the great
number of devices that would be required. In a conventional 2D PET camera
each effective ”ring” in the block is separated by lead or tungsten shields known
as septa. The aim was to keep the multiring tomograph essentially as a series
of separate rings with little cross-talk between rings. This helped keep scatter
and random coincidence event rates low, reduce single-photon flux from out-
side the field of view, and allowed conventional single-slice 2D reconstruction
algorithms to be used. However, it limited the sensitivity of the camera. Alter-
native systems to block-detector ring-based systems exist. Work commenced
in the mid-1970s using large-area, continuous NaI(Tl) flat (or more recently
curved) detectors in a hexagonal array around the subject and has resulted
in commercially viable systems (GE Quest, ADAC C-PET) [48-50]. These
systems have necessarily operated in 3D acquisition mode due to the lower
stopping power of NaI(Tl) compared with BGO. The NaI(Tl) detectors, with
their improved energy resolution, also provide better energy discrimination for
improved scatter rejection based on pulse height spectroscopy. Larger detec-
tors will always be susceptible to dead time problems, however, even when the
number of photo-multiplier tubes involved in localizing the event in the crystal
is restricted, and hence the optimal counting rates for these systems is lower
than one with small, discrete detector elements. This affects clinical protocols
by restricting the amount of radiotracer than can be injected.

4.2.3 Measuring performance of PET Systems

PET systems exhibit many variations in design. At the most fundamental
level, different scintillators are used. The configuration of the system also
varies greatly from restricted axial field of view, discrete (block-detector) sys-
tems to large, open, 3D designs. With such a range of variables, assessing
performance for the purposes of comparing the capabilities of different scan-
ners is a challenging task. In this section, a number of the determinants of
PET performance are discussed. New standards for PET performance have
been published which may help to define standard tests to make the compari-
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Figure 4.4: The evolution of PET detectors from CTI is shown. In the top right
corner is the original ECAT 911 detector, then the first true block detector, the
ECAT 93x block (8×4 detectors). The high-resolution ECAT HR+ series block
in the bottom left corner, where each detector element measures approximately
4 mm × 4mm × 30 mm.
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son of different systems more meaningful [51].

4.2.3.1 Spatial resolution

Spatial resolution refers to the minimum limit of the system spatial represen-
tation of an object due to the measurement process. It is the limiting distance
in distinguishing juxtaposed point sources. Spatial resolution is usually char-
acterized by measuring the width of the profile obtained when an object much
smaller than the anticipated resolution of the system (less than half) is im-
aged. This blurring is referred to as the spread function. Common methods
to measure this in emission tomography are to image a point source (giving
a point spread function (PSF)), or, more usually, a line source (line spread
function (LSF)) of radioactivity. The resolution is usually expressed as the full
width at half maximum (FWHM) of the profile. A Gaussian function is often
used as an approximation to this profile. The standard deviation is related to
the FWHM by the following relationship:

FWHM =
√

8loge2σ (4.3)

where σ is the standard deviation of the fitted Gaussian function. There are
many factors that influence the resolution in a PET reconstruction. These
include:

• non-zero positron range after radionuclide decay,

• non-collinearity of the annihilation photons due to residual momentum
of the positron,

• distance between the detectors,

• width of the detectors,

• stopping power of the scintillation detector,

• incident angle of the photon on the detector,

• the depth of interaction of the photon in the detector,

• number of angular samples, and

• reconstruction parameters (matrix size, windowing of the reconstruction
filter, etc.).

Resolution in PET is usually specified separately in transaxial and axial di-
rections, as the sampling is not necessarily the same in some PET systems.
In general, ring PET systems are highly oversampled transaxially, while the
axial sampling is only sufficient to realize the intrinsic resolution of the detec-
tors. The in-plane oversampling is advantageous because it partially offsets
the low photon flux from the center of the emitting object due to attenuation.
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Figure 4.5: Transaxial resolution is separated into tangential and radial com-
ponents. As the source of radioactivity is moved off-axis there is a greater
chance that the energy absorbed in the scintillator will be spread over a num-
ber of detector elements. This uncertainty in localizing the photon interaction
to one discrete detector degrades the spatial resolution in this direction.

Transaxial resolution is often subdivided into radial (FWHMr) and tangential
(FWHMt) components for measurements offset from the central axis of the
camera, as these vary in a ring tomograph due to differential detector penetra-
tion at different locations in the x-y plane (see Fig. 4.5). Due to the limited,
discrete sampling in the axial direction with block detector tomographs (one
sample per plane), it is inappropriate to measure axial resolution (FWHMz)
on such systems from profiles of reconstructed data as there are insufficient
sampling points with which it can be accurately estimated (only one point per
plane). However, measurement of axial slice sensitivity of a point source as
it passes in small steps through a single slice can be shown to be equivalent
to 2D axial resolution, and thus can be utilized to overcome the limited axial
sampling to measure the axial resolution.

4.2.3.2 Energy resolution

Energy resolution is the precision with which the system can measure the
energy of incident photons. For a source of 511 keV photons the ideal system
would demonstrate a well-defined peak equivalent to 511 keV. BGO has low
light yield (six light photons per keV absorbed) and this introduces statistical
uncertainty in determining the exact amount of energy deposited. There are
two possible ways to define the energy resolution for a PET scanner: the
single event energy resolution, or the ”coincidence” (i.e. both events) energy
resolution. Energy resolution is usually measured by stepping a narrow energy
window, or a single lower-level discriminator, in small increments over the
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Figure 4.6: The energy spectra for single photons for a BGO PET system.
The air and scatter measurements are of a 68Ge line source in air and in a 20
cm-diameter water-filled cylinder respectively, while the distributed source is
for a solution of 18F in water in the same cylinder, to demonstrate the effect on
energy spectrum of a distribution of activity. The respective energy resolutions
are: air - 16.4%, line source in scatter - 19.6%, and distributed source - 21.6%.

energy range of interest while a source is irradiating the detector(s). The
count rate in each narrow window is then plotted to give the full spectrum.
The data in Fig. 4.6 show the system energy resolution for single photons for
a BGO tomography for three different source geometries. An increase is seen
in lower energy events in the scattering medium compared with the scatter-
free air measurement. Energy resolution is a straightforward measurement
for single events, but less so for coincidence events. A method often used in
coincidence measurements is to step a small window in tandem over the energy
range. However, this is not the situation that is encountered in practice as it
shows the spectrum when both events fall within the narrow energy band. It
is more useful is to examine the result when the window for one coincidence of
the pair is set to accept a wide range of energies (e.g. 100-850 keV) while the
other coincidence channel is narrow and stepped in small increments over the
energy range. This allows detection of, for example, a 511 keV event and a 300
keV event as a coincidence (as happens in practice). This is the method used
in Fig. 4.7. It demonstrates energy resolution for a line source of 68Ge/68Ga
in air of approximately 20% at 511 keV for a BGO scanner, similar to that
obtained for the single photon counting spectrum.
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Figure 4.7: The ”true” coincidence energy spectrum of a BGO full-ring scanner
is shown for a 68Ge line source measured in air.

4.2.3.3 Count rate performance

Count rate performance refers to the finite time it takes the system to process
detected photons. After a photon is detected in the crystal, a series of optical
and electronic processing steps results, each of which requires a finite amount of
time. As these combine in series, a slow component in the chain can introduce
a significant delay. The most common method employed in PET for count
rate and dead time determinations is to use a source of a relatively short-lived
tracer (e.g., 18F, 11C) in a multi-frame dynamic acquisition protocol and record
a number of frames of data of suitably short duration over a number of half-
lives of the source. Often, a cylinder containing a solution of 18F in water is
used. From this, count rates are determined for true, random, and multiple
events. The count rates recorded at low activity, where dead time effects and
random event rates should approach zero, can then be used to extrapolate an
”ideal” response curve with minimal losses (observed = expected count rates).
The purpose of defining count rate performance is motivated by the desire to
assess the impact of increasing count rates on image quality.

4.2.3.4 Scatter fraction

Scatter fraction is defined as that fraction of the total coincidences recorded in
the photopeak window which have been scattered. The scattering may be of
either, or both, of the annihilation photons, but it is predominantly scattering
of one photon only. Scattering arises from a number of sources:
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(i) scattering within the object containing the radionuclide,

(ii) scattering off the gantry components such as lead septa and side shields,

(iii) scattering within the detectors.

A number of methods for measuring scatter have been utilized. Perhaps the
simplest method is to acquire data from a line source containing a suitably
long-lived tracer in a scattering medium (typically a 20 cm diameter water-
filled cylinder) and produce profiles in the s dimension.
Scatter in 2D PET is usually relatively small and typically less than 15% of
the total photopeak events. Thus it has been a small correction in the final
image and often ignored with little impact on quantitative accuracy. The first
scatter correction régimes for emission tomography were in fact developed for
2D PET [52]. The largest single difference between 2D and 3D PET after the
increase in sensitivity is the greatly increased scatter that is included in the
3D measurements. Septa were originally included in PET camera designs for
two reasons: 3D reconstruction algorithms did not exist at the time, and to
restrict random, scattered, and out of field-of-view events.
Scatter constitutes 20-50% of the measured signal in 3D PET. The scatter is
dependent on object size, density, acceptance angle, energy discriminator set-
tings, radiopharmaceutical distribution, and the method by which it is defined.
The scatter fraction and distribution will vary for distributed versus localized
sources of activity, and as such, the method for measuring and defining scatter
as well as the acquisition parameters (axial acceptance angle, energy thresh-
olds, etc) need to be quoted with the value for the measurement.

4.2.3.5 Sensitivity of PET

The purpose of a sensitivity measurement on a positron tomograph is pri-
marily to facilitate comparisons between different systems, as, in general, the
higher the sensitivity the better signal-to-noise ratio in the reconstructed im-
age (neglecting dead time effects). The sensitivity of positron tomographs has
traditionally been measured using a distributed source of a relatively long-
lived tracer, such as 18F , in water. The value was quoted in units of counts
per second per microCurie per millilitre, without correction for attenuation or
scattered radiation. This measurement was adequate to compare systems of
similar design, e.g., 2D scanners with limited axial field of view. However, with
the advent of vastly different designs emerging, and, especially, the use of 3D
acquisition methods, this approach is limited for making meaningful compar-
isons. In 3D, scatter may constitute 20-50% or more of the recorded events
and these need to be allowed for in the sensitivity calculation. In addition,
comparison of the true sensitivity compared to SPECT would be meaningless
due to the differing attenuation at the different photon energies used. Thus, an
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absolute sensitivity measurement that is not affected by scatter and attenua-
tion is desirable. A simple source of a suitable positron emitter could be used,
however, a significant amount of surrounding medium is required for capture
of the positrons within the source, which in itself causes attenuation of the
annihilation photons.
In spite of the improvements in sensitivity with 3D PET, however, much of
the available signal still goes undetected. Due to scatter, dead time, and ran-
dom event rates, the effective sensitivity is far less than is measurable in an
”absolute” sense. In an attempt to quantify this, a parameter combining the
NEC with the absolute sensitivity measurements has been proposed [53]. At
extremely low count rates where detector dead time and random events are
negligible, the effective sensitivity (as it relates to the image variance) in a
distributed object is simply the absolute sensitivity level with a correction for
the scatter in the measurement.
As the count rate increases, this effective sensitivity decreases due to the in-
creased dead time and random events while scatter remains constant. There-
fore, the effective sensitivity as a function of count rate can be expressed as the
quotient of the noise equivalent rate divided by the ideal trues count rate with
no scatter, dead time or random events, multiplied by the absolute sensitivity.
The effective sensitivity, CEff (a), is defined as:

CEff (a) =
NEC(a)

TIdeal(a)
xCabs (4.4)

where CAbs is the absolute sensitivity and NEC(a) and TIdeal(a) are the noise
equivalent (NEC) 1 and ideal (no count rate losses or random events) true rates,
respectively, which are functions of the activity concentration in the object.
The effective sensitivity is a function of the activity in the object. This effective
sensitivity is shown for 3D measurements using a small elliptical cylinder and
a 20 cm cylinder in Fig. 4.8. The effective sensitivity demonstrates that the
increase in solid angle from 3D acquisition is only one aspect of improving the
sensitivity of PET, and that increasing detector performance by keeping the
detectors available for signal detection for a longer proportion of the time can
be thought of in a similar manner to increase the solid angle as both improve
the sensitivity of the device.

4.3 State of the art of PET/CT systems

4.3.1 Design concept of the prototype PET/CT scanner

Historically, CT has been the anatomical imaging modality of choice for the
diagnosis and staging of malignant disease and monitoring the effects of ther-

1The noise equivalent count rate (NEC) is that count rate which would have resulted
in the same signal-to-noise ratio in the data in the absence of scatter and random events. It
is always less than the observed count rate.
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Figure 4.8: Effective sensitivity (cps/MBq) is shown as a function of activity
concentration for two different elliptical phantoms. The curves demonstrate
the loss of the ability to process events as activity concentration increases.
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apy. However, more recently, molecular imaging with whole-body PET has
begun assuming an increasingly important role in the detection and treatment
of cancer [54]. Nevertheless, historically, functional and anatomical imaging
modalities have developed somewhat independently, at least from the hard-
ware perspective. For example, until recently, CT developed as a single-slice
modality, while PET and SPECT have always essentially been volume imag-
ing modalities even if, for technical reasons, acquisition and reconstruction has
been limited to two-dimensional transverse planes. CT detectors integrate the
incoming photon flux into an output current whereas PET detectors count in-
dividual photons. Some similarity can be found in the data processing as the
image reconstruction techniques are based on common theoretical principles.
The implementation details, however, involve many important differences that
set the various modalities apart. Consequently, over the past twenty-five years,
the development of anatomical and molecular imaging techniques has followed
distinct, but parallel, paths, each supporting its own medical speciality of ra-
diology and nuclear medicine.
In clinical practice a PET study, if available, is generally read in conjunction
with the corresponding CT scan, acquired on a different scanner and usually
on a different day. Adjacent viewing of anatomical and functional images, even
without accurate alignment and superposition, can help considerably in the in-
terpretation of the studies. Using the retrospective software-based approaches
anatomical and molecular images can be aligned and read as combined, or
fused, images.
This can be an advantageous procedure because identification of a change
in function without knowing accurately where it is localized, or equivalently,
knowledge that there is an anatomical change without understanding the na-
ture of the underlying cause, compromises the clinical efficacy of both, the
anatomical and functional imaging. More importantly, since a functional
change may precede an anatomical change early in the disease process, there
may be no identifiable anatomical correlate of the molecular change, although
of course a sufficient number of cells must first be affected to produce a macro-
scopic change that can be imaged with a PET scanner.
The role of the CT is to provide an anatomical infrastructure for the functional
images and accurate attenuation correction factors for the PET emission data.

4.3.2 Future Perspectives for PET/CT

The recent introduction of the fast scintillators LSO and GSO as PET detec-
tors has occurred at just the right moment for PET/CT where a reduction in
the lengthy PET imaging time is essential to more closely match that of the
CT. These tomographs are aimed primarily at high throughput with whole-
body imaging times below 30 min. While it is unlikely that whole body PET
imaging times will be reduced to the 30-60 s that is required for CT scan-
ning, a scan time less than 10 min is feasible with new high-performance LSO
area detectors currently under development. Such a design will represent a
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breakthrough in cancer imaging, eliminating problems of patient movement
and truncated CT field-of-view, and substantially reducing artefacts due to
respiration. Throughput will increase significantly, as will patient comfort and
convenience. New applications, such as dynamic whole-body scans and the
use of short-lived radioisotopes (e.g., 11C with a 20 min half-life) will then
be within reach. Future developments in combined PET/CT scanners will be
exciting, attaining a higher level of integration of anatomical and functional
imaging performance than before. By fulfilling an important role, not only
in the diagnosis and staging of cancer, but in designing and monitoring ap-
propriate therapies, the combined PET/CT scanner will undoubtedly have a
significant impact on patient care strategies, patient survival and quality of
life.

4.4 Future perspectives for PET

4.4.1 A new detector: RPCs

Though PET provides a kind of metabolic information that other imaging
techniques are unable to provide, the image quality of a PET scan and the
radiation dose given to patients can be improved. Furthermore, limitations
given by the current PET electronics inefficiencies affect sensitivity and spatial
resolution.
The image quality of the current PET is generally poor [55] because of a
short Field Of View (FOV), limited by an inefficient electronics that does not
compensate the cost of the detector if the FOV was increased and also because
a large number of random counts due to the non accurate measurement of the
photon arrival time and to the coincidence time window used in determining
if two photons come from the same annihilation event.
A new detector technology, based on Resistive Plate Counters (RPCs) [56] has
been recently developed [57, 55] that is able to compete with inorganic crystals
in the operation of a PET system. First ideas on the use of RPC in PET
systems [58] date back to 2003 and in particular a small PET system based on
the timing RPC technology has been built and tested [59] and showed, without
optimization of detector parameters, a space resolution of 0.6 mm FWHM.
The impact of this technology however must be analyzed taking into account
the detector performance (regarding the gamma efficiency) and the effect of
RPC features in PET environment (spatial resolution, time resolution and
noise) especially if employed for large size bodies.

4.4.1.1 Preliminary studies on RPC-PET

One of the PET applications is on small animal tomography, applied in the
development of new drugs, human disease studies and validation of gene thera-
pies. In this modality, small animals, like transgenic mice and rats, are used as
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experimental models. Due to the small dimensions of these animals, dedicated
high spatial resolution and high sensitivity instruments are required for visu-
alizing complex processes taking place into tiny tissue structures. However, it
is difficult for existing animal PET scanners based on scintillator technology
[60], [61] to achieve sub-millimetre spatial resolution and high sensitivities.
In 2004 first experimental and simulated results from a first prototype of a
positron emission tomography (PET) system based on the resistive plate cham-
ber (RPC) technology were presented [62], meanwhile big efforts have been
made in investigating the limits of current PET technology.
In a practical PET tomography many additional factors determine the overall
system sensitivity in terms of dose given to the patient for an exam requiring
a certain image quality. Examples of such factors would include the system
price (which largely determines the affordable FOV), the count rate capability
and the time resolution of the counter and of the DAQ, which influences the
number of random coincidences. For most of these performance factors there
will be considerable differences between the RPC TOF-PET and the crystal
PET approaches.
The RPC TOF-PET concept is based on the converter plate principle [63] and
takes advantage of the naturally layered structure of RPCs, of its simple and
economic construction, excellent time resolution (60 ps even for single gaps
equipped with position-sensitive readout [64], [65]) and very good intrinsic po-
sition accuracy (50 µm online in digital readout mode [66]). In the present
approach, the detection of the incident 511 keV photons is carried out through
the production of an electron, via photoelectric or Compton interaction at the
detector electrodes. Possibly, the electron will emerge from the electrodes and
originate a detectable Townsend avalanche in the neighbouring gas-filled gap.
The exponential dependence of the avalanche final charge with the position
of the initial charges assures that only those avalanches initiated close to the
cathode will be detected.

The R & D about RPC-PET technology has been dealing with the main fea-
tures that could make RPCs detectors more suitable than common crystals in
a tomograph and with the current limits in PET.
As concerns a small animal PET system, a detector with a good space reso-
lution is preferable. Actually, the photons created by the annihilation process
into the body encounter more material in the human body rather than in
small animal one, so it is larger the probability of scattering before reaching
the detectors thus representing an additional contribution to the intrinsic space
resolution of the detectors.
On the contrary, a detector with very good time resolution is preferable in
a human-like PET system since the coincidences events define a LOR. In a
region along this line the positron has annihilated. The extent of this region
is related to the time resolution of the used detectors, being the entire LOR in
the case of a poor time resolution one. The possibility of using time of flight
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information can be exploited in defining a segment instead of a the full line.
For several reconstructed segments in different views a fiducial volume can be
defined. Any other point reconstructed outside it can be disregarded improv-
ing the final image reconstruction. A detector with a good time resolution is
then preferable in human PET system. Furthermore, the time resolution ? is
a key parameter in a PET scanner because according to this value the coinci-
dence time window ( 4 σ) is chosen. It is clear that the lower the coincidence
time window the lower will be the random scatters. Timing RPCs can eas-
ily reach sub-nanoseconds resolutions and few ns time coincidences. Finally,
RPCs can be also easily implemented over large areas and an increment of
the FOV without divergent costs seems to be possible. In this way, one can
massively increase the counting rate that depends on the square of the FOV
with a gain in the sensitivity of the system.
An important point concerns the detector efficiency vs gamma energy [67]. In
a RPC the fraction of detected photons increases by a factor about 4 going
from 200 keV to 500 keV while, as an example, for a BGO crystal the efficiency
constantly decreases with energy starting from 100 keV . This means that a
crystal is ”as well” sensitive to low energy photons which are all background
while for a RPC these ”naturally” remain undetected.
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Chapter 5
From the simulation results to
first multigap RPC prototypes

5.1 Advantages of a PET with MRPCs

As already pointed out, several could be the advantages of substituting com-
mon crystals with MRPCs in a tomograph. When comparing two different
detectors to be employed in the same apparatus, some particular and distin-
guishing features have to be considered. First of all, the sensitivity of the
detectors to the radiation.
In this case, the sensitivity to photons of 511 keV has to be investigated.
Concerning scintillators, the sensitivity is function of several parameters: the
gamma interaction probability with the scintillating material, the percentage
of gammas collected at the photomultiplier (PMT) photocathode and, finally,
the PMT efficiency.
It is clear that the choice of the scintillator and of the PMT is made not only
because of high sensitivity but it is a compromise between the signal velocity,
the spatial and time resolution.
For a MRPC, the sensitivity depends on the material constituting the floating
electrodes and on the number of the gaps.
It is relevant to compare the working principles of two hypothetical PET detec-
tors exploited using classical crystal detectors and/or RPC gaseous detectors.

Search for new crystals has been extensive in the literature [69]; the main
characteristics to be considered being: physical properties, interaction mean
free path, light output and decay time.
On the contrary, first of all, an RPC costs of the order of some $100/m2. An
RPC directly detects charged particles, needs no readout PMTs and is not
particularly affected by parallax effects. Standard RPC are built as large as
3m x 3m. In a tomograph made by MRPCs an increased FOV, without diver-
gent costs, would be feasible. A longer FOV means that less scanners would
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be made for an exam, reducing not only the duration of the exam, but also
the dose given to the patient.
The fast response is a reason why RPC are extensively used for time of flight
measurements in high energy experiments. For a PET RPC the crucial issue to
be tackled is to maximize the q.e. of the detector, i.e., the overall percentage
of detected 511 KeV γ’s relative to the number of incoming γ’s. The goal is
pursued by adopting a MRPC and by inserting thin glass plates converting γ’s
into electrons, Compton effect being by far the most important contribution
(photoelectric effect is down by two order of magnitude and pair production is
forbidden).

5.2 Preliminary detector simulation

Several simulations have been performed for different geometries and exper-
imental setups. The existing literature provides some powerful tools, such
as FLUKA and GEANT4[70]; the first package allows to propagate electrons
and photons even at very low energies. To simulate time evolution of events,
positrons diffusion from the source and photons emission following the annihi-
lation process GATE (GEANT4 Application for Tomographic Emission) is a
valuable and available tool. The drawback is that it can be used only in the
case of scintillators as photon detectors. So we plan to use data from GATE
to be interfaced with GEANT4 simulation of a RPC detector.

Up to now, we simply concentrate on the setup of a MRPC for a PET to-
mograph and on the physics of the PET event, to be considered in a gas
volume or/and in the electrodes thickness material. A preliminary investiga-
tion on proper materials for the MRPC electrodes has been done and it will
be reported at the end of this section.
First of all, how the gamma detection takes place in a RPC has to be explained:
a photon interacts into the electrode material and creates one or more elec-
trons. If the created electrons have enough kinetic energy they eventually
will reach the gas gap and will be multiplied by the applied electric field. To
increase the probability for a crossing photon to interact (Fig. 5.1) we can
increase the number of electrodes (or gas gap). Preliminary simulation results
show how is possible to reach efficiencies of the order of 2-3% (i.e. an order of
magnitude higher than a standard double gap RPCs) only by increasing the
number of gas gaps. Fig. 5.2 shows the efficiency curve of a glass MRPC as
a function of the number of gaps as obtained by a GEANT4 simulation. As
one can see the efficiency increases linearly with the number of gaps (up to
about 20 gaps). At the energies of the PET event (see Fig. 2.6) the main
contribution to γ sensitivity, of the order of 10−3, comes from the Compton
effect (photoelectric effect is of the order of 10−5), whose cross section is Z
dependent. Since the photons interact mainly into the material of the MRPC
electrodes it is necessary to figure out their ideal thickness. Simulations were
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5.2. Preliminary detector simulation

Figure 5.1: Photon detection in a RPC: adding more electrodes the photon
interaction probability increases.

Figure 5.2: Glass MRPC gamma efficiency as a function of its gap number.
Results from a GEANT4 simulation. A linear increase of the efficiency is
reproduced up to about 20 gaps [71].
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Figure 5.3: Probability of photo-electron production in different thickness of
material for gamma energies of 511 keV (full squares) and 661 keV (full circles).
GEANT4 outputs for a) bakelite, b) common glass and c) lead glass electrodes.
As expected, the probability saturation value begins at lower thickness for
higher density materials [71].

done comparing a single gap RPC with lead glass, common glass or bakelite
as converter material. The relative photo-electron production probabilities are
compared in Fig. 5.3 for two different gamma energies (511 keV and 661 keV).
It can be seen that the gamma sensitivity saturates at a thickness of about
400 µm for bakelite, 200 µm for common glass and 150 µm for lead glass (as
expected, the higher is the material density the lower is the knee thickness
value); furthermore, in the case of lead glass electrodes, the saturation value is
65% higher than the value of common glass and bakelite. It can be explained
since, as long as the glass thickness is lower than the average range of the
produced electrons for that energy, the efficiency raises about linearly with the
thickness itself since the number of interactions is indeed proportional to the
target thickness. On the contrary, when the range of the electrons emerging
from an interaction is of the same order of the glass thickness, some of them are
stopped into the target and the efficiency eventually saturates. Concerning the
simulation and preliminary studies about new materials as MRPC electrodes,
since the Compton contribution can be enhanced by using proper high Z mate-
rials as RPC electrodes still maintaining their electrical resistivity properties,
two possibilities exist: electrodes fully made of a suitable compound (instead
of common bakelite or glass) or standard electrodes coated by a proper high Z
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material acting as photon-electron converter.
We investigated several oxide-based mixtures of high Z-materials to be used
as coating layers. A preliminary simulation indicates that the most promising
chemicals are PbO, Bi2O3 and Tl2O, as shown in Table 5.1. Besides the con-
stituent material or its coating, we concentrated also on the main features of
the electrodes: since their surface faces the gas gap, it has to be smooth and
homogeneous, with a thickness of high Z material larger than some hundred
microns but less than the electron range in it. In the case of electrodes coated
by the proper compound, the different coating techniques have been explored.
To fulfil our requirements, the most suitable technique seems to be serigraphy,
easy applicable to a PbO paste. In the next chapter this technique will be
fully treated since we chose this in order to prepare the electrodes for the high
voltage distribution. Parallel to the study of new materials and first prototype

Material Density Electron R Photons Att.
(g/cm3) (0.5 MeV) (mm) (0.5 MeV) Coeff.

range R Tot. Att. (mm−1)
(g/cm2) (cm2/g×10−1)

Pb 11.3 0.336 0.297 1.61 0.182
Tl 11.9 0.335 0.282 1.58 0.188
Bi 9.7 0.334 0.344 1.66 0.161

PbO 9.0 0.327 0.363 1.56 0.140
Bi2O3 8.6 0.319 0.373 1.58 0.135
Tl2O 9.5 0.333 0.350 1.55 0.148
Al2O3 3.97 0.218 0.548 1.43 0.057

Table 5.1: Main materials and mixtures parameters for RPC electrodes coat-
ing.

developments, several simulations have been performed for different geometries
and experimental setups.
The transport simulation from the origin of a β+ emitter to the detector is
common to any tomography while for sake of comparison, the most important
step is the simulation of the detector itself. It has been performed in a C/C++
environment, using a GEANT4 toolkit that allows to simulate the crossing of
charged particles through matter. We simulated and studied the system ge-
ometry, the constituent materials, the particles of interest, their tracking and
main interactions; all the events have been stored in proper files and visualized.

5.3 Simulation versus experimental results

PET photons are low energy gamma and their detection shows the probability
of having only one gap at a time involved in the avalanche development per
one event.
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Figure 5.4: Simulated (full circles) and experimental (open triangles) source
counting vs. threshold for the MGI prototype. The bars represent statistical
errors [71].

In a single event two avalanches can occur by means of two different mecha-
nisms: a single gamma ray interacts (via double Compton scattering) in two
resistive plates generating two separated avalanches, or the electron gener-
ated by a gamma interaction in a plate has sufficient energy to generate two
avalanches in two subsequent gas gaps. However, in the case of 400 µm glass as
crossed material and gamma of 511 keV energy, a Monte Carlo study showed
that the probability of having two or more gaps interested by avalanches at
the same time is negligible.
We simulated the avalanche development inside the MRPC (gas gaps and elec-
trodes material) and, in order to optimize the simulation, we performed several
measurements with a 150 µm MG (in the following addressed as MGI, while
MGII refers to a MRPC with 400 µm thick glasses. MGI and MGII design
and set up is described in section 5.3.1) exposed to a 5 µCi 137Cs source. The
gamma source consists of a plastic disk with embedded a point like radioactive
material in the middle and it was located outside the MG aluminium case.
MGI counting rate vs. the applied H.V. at different thresholds (2.5, 3.5 and
4.5 mV) have been measured. Simulated data are compared to experimental
ones in fig. 5.4 where the source counting (in a certain time) is shown as a
function of the applied threshold. Fig. 5.5 shows the comparison in terms of
gamma efficiency as a function of the applied threshold for MGII. As we can
see, the gamma efficiencies are of the order of 0.6% to 0.8% according to the
chosen threshold. We built several RPC prototypes, using electrodes of differ-
ent thickness, materials and gas gaps. The most promising prototypes seem to
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Figure 5.5: Simulated (full circles) and experimental (full squares) 661 keV
gamma efficiency vs. applied threshold for the MGII prototype. The bars
represent statistical errors.

be those in a multigap configuration; some results concerning glass electrode
MRPCs are discussed in detail in the following sections.

5.3.1 MRPC with 150 µm glass results

To start with, we defined and set a muon trigger system in order to test the
MRPCs efficiency respect to charged particles. The setup used as muon trigger
was the following.
A plastic scintillator, whose sensitive area is 100 × 200 mm2, 20 mm thick,
coupled to two PMTs, was placed on the bottom, over this two bakelite single
gap RPCs, whose sensitive area is 70 × 50 mm2 (a copper pad on the surface
of an electrode), with in the middle the MRPC to be tested.
The signals from the two PMTs are discriminated with a LTD (Low Threshold
Discriminator) and the coincidence between them is made by means of a Quad
Coincidence Logic Unit. The signals from the two RPCs are amplified (x 40)
and then discriminated. The final coincidence between the PMTs coincidence
and the RPCs is the trigger signal. Finally, also the MRPC signal is amplified
(x 20) and discriminated. Since the trigger signal and the MRPC one are not
in time, a proper delay is added to the multigap signal. The resulting signal is
put in coincidence with the trigger one and sent to a counter unit; the trigger
signal also is counted and the ratio between the coincidences and the trigger
count represents the MRPC efficiency.
In the tests described in the following for the different MRPC prototypes we
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always used this setup as muon trigger.
At the beginning, we built and tested two MRPC prototypes using glass plates
of different thickness. The MRPC set up is the following:

• high voltage (applied by mean of a graphite tape) glass electrodes 1 mm
thick;

• 5 gas gaps, spaced by 0.3 mm diameter nylon fishing-line;

• the detector is enclosed in an aluminium gas tight case, filled with a
C2H2F4 92.5%, SF6 2.5%, iC4H10 5% gas mixture;

• the inner glasses are 0.15 mm thick for MGI prototype and 0.4 mm thick
for MGII.

The thickness of inner glasses has been increased in the second prototype to
maximize the detector counting rate due to the increased Compton conversion.
The first test we made for the MGI was the muon efficiency, using the trigger
apparatus described previously. After the coincidence signals timing, we dis-
criminated the MGI signal with a 50 mV threshold. We have to point out that
the discriminator is connected after the amplification unit (x 20) so that the
MGI signals we record are only the ones whose amplitude is greater than 2.5
mV.
The trigger detectors were supplied with the required voltage, the MGI high
voltage was increased in 500 V steps, from 8 to 17.5 kV and the efficiency
plateau versus high voltage was obtained (see Fig. 5.6).
The efficiency ε was calculated as the ratio between coincidences and trigger
counts; the respective error is given by:

σ =

√
ε(1− ε)

CountsTrigger
(5.1)

A second test performed on the MGI concerned the gas mixture: we slightly
and systematically changed the SF6 percentage in the mixture (reducing the
C2H2F4 amount), since this has effects on the streamer probability, i.e. events
with high discharge. In function of every different gas mixture we made an
efficiency test for the MGI with the same trigger and the results are reported
in Fig. 5.7. The first line is relative to the C2H2F4 92.5%, SF6 2.5%, iC4H10

5% mixture, the second to the C2H2F4 90%, SF6 5%, iC4H10 5% and the third
to the C2H2F4 85%, SF6 10%, iC4H10 5% one.
As we can see, increasing the SF6 percentage, the plateau is shifted towards
the right, i.e. towards higher high voltage values. This is clear since the SF6 is
likely to catch the primary free electrons, so decreasing the amount of electrons
in the avalanche.
As the high voltage increases, a saturation region exists where the induced
charge is constant regardless of the voltage increasing; the extension depends
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Figure 5.6: MGI muon efficiency. A fitted line is superimposed to experimental
points to guide the eyes.

on the SF6 percentage in the mixture. Even if the working voltage is higher,
a considerable SF6 percentage in the mixture allows working in this region,
avoiding the streamer mode, which makes the time resolution worse. For this
reason, when testing the MG with photons, we used a gas mixture with 10%
SF6.

5.3.2 MRPC with 400 µm glass results

Parallel to the studies performed on the MGI prototype, we also developed
and tested a new version of MG, MGII, with thicker inner electrodes (400 µm
inner glass).
The muon efficiency test was done following the same procedures as described
in the previous section. As we can see from the plot, the working voltage for
MGII (18 kV) is greater than the one requested by the MGI. In the project
of a MRPC with more gas gaps than the one already tested, the high working
voltage could be a drawback and this is the reason why we decided to change
the 1 mm thick outer electrodes with the 400 µm ones. In this way the dis-
tance between the electrodes is 3.9 mm, instead of the previous 5.1 mm. This
improvement has given as a result a lower working voltage (Fig. 5.9 shows
the comparison between the thicker and thinner electrodes). In all the plots a
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Figure 5.7: The muon efficiency with different gas mixtures, with increasing
SF6 percentage, is plotted. Circles and squares represent the experimental
data, the line represents the fit with the sigmoid function as written in the
text (5.2)

Figure 5.8: Muon efficiency for MGII. A fitting line (the sigmoid function 5.2)
is superimposed to experimental data to guide the eyes.
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Figure 5.9: MGII with the 1 mm thick electrodes (full dots) and with the 400
µm electrodes (empty dots). As we can see, the efficiency is shifted towards
lower value of HV for the thinner electrodes.

sigmoid function is superimposed to the experimental points:

ε =
A

1 + e−
HV−B

C

(5.2)

where HV is the voltage supplying, A is the maximum efficiency (equal to
0.97), B is the voltage at which the efficiency is the 50% of the maximum
value and C is one fourth of the ramping voltage, defined as:

C =
HV90% −HV10%

4
(5.3)

5.3.3 MRPC gamma sensitivity

After testing our prototypes with mouns, we started the tests with photons.
In order to do that we used a 137Cs gamma source whose activity was 5µCi.
In the most of the cases, this gamma source emits a 661 keV photon. During
this test was not possible to use a trigger setup, so we adopted a different data
analysis method.
We decided to count all the signals above the detection threshold. We did
single counts for a variable time window (10-20 s). Obviously, in the case of
single counting, beside the signals generated from the passage of a photon,
also the intrinsic noise exists. In order to subtract to the real signals the noise
background, we made also counts without the gamma source, being it noise,
and the counts with the source minus the counts without it are the real data.
Finally, to deal with rate, we divided the source counts by the measure time
by the sensitive area.
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Figure 5.10: Rate of MGI with the gamma source (empty dots) and without
it (full dots) at a threshold of 50mV.

MGI noise level together with the total signal are reported in Fig. 5.10. MGI
and MGII gamma sensitivity were tested, for comparison we present the two
MG gamma efficiencies in Fig. 5.11: the efficiency is calculated as the differ-
ence between the total counts and the noise, in both cases. As we can see,
the counting rate is much higher for MGII than for MGI. In both tests the
gamma source was placed at the same distance from the MG even if the solid
angle coverage for MGII is bigger because of the different glass area; however,
this cannot fully explain this discrepancy. The reason is well understood if we
consider Fig. 5.3: a thicker glass means a higher number of photon interactions
within the material; on the other hand, electrons generated far from the gap
are prevented from reaching it. In the plot we can see that for a 150 µm thick
glass the photo conversion is low, explaining in this way the low rate for MGI.
Hereafter, we concentrate our efforts on studies of prototypes built with 400
µm glass.
Finally, it’s worth to analyze the shape of the MGII plateau. In the plateau
region the rate is not constant, showing a decreasing at higher voltages. A
possible explanation for this strange trend can be the low percentage of SF6 in
the gas mixture. At great values of high voltage such a percentage causes a lot
of signals in streamer mode; these, having a big spatial charge, influence the
maximum sustainable rate. Considering the big activity of the used gamma
source, we can assert that the MG can not sustain a so high rate with this
gas mixture, showing an efficiency decreasing. For the future, we decided to
employ a gas mixture with 10% of SF6.

5.3.3.1 Efficiency respect to gaps

As already (and often) pointed out, the MRPC gamma efficiency depends
on the gaps number. In order to study this behaviour we built MGs with
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Figure 5.11: The first plot represents the gamma rate for MGI (noise has been
subtracted to the MGI single counts). The second plot is relative to MGII,
obtained in the same way. As we can see, the efficiency plateau is no longer
constant for MGII: the reason has been investigated.
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increasing number of gaps (1, 2, 4 and 6).
All the prototypes have been tested with a 22Na source (activity = 10 µCi)
that decays into a positron. This allows working in the same conditions as in
a PET environment: the positron annihilates with an electron, emitting two
gammas back-to-back; thanks to this decay modality an efficient trigger setup
can be built.
The selection of good events and the measure with the source were performed
by means of a plastic scintillator coupled to two PMTs, the source being located
between the scintillator and the MG, so that the two opposite photons can hit
simultaneously both the detectors. In this setup, the scintillator signal opens
a trigger time window inside which the MG signal is considered as ”good”.
Using the 22Na gamma source is no longer necessary to subtract noise from the
total counts, since the trigger setup already selects the good events. Indeed,
we can directly obtain the efficiency by means of the scintillator counting rate,
of the coincidence counting with the MG and their relative positions respect
to the source.
The number of counts per time unit for the scintillator is:

RS = AS
ΩS

4π
εs (5.4)

where AS is the source activity in Bq (1 Ci = 3.7 1010 Bq), the fraction repre-
sents the solid angle coverage of the scintillator with respect to the source and
εs is the scintillator intrinsic efficiency. The rate of coincidence counts between
the MG and the Scintillator (if the two solid angles are opposite) is:

RC = RS
ΩMG

ΩS

εMG (5.5)

where ΩMG represents the solid angle coverage of the MG with respect to
the source and εMG is the MG intrinsic efficiency. Intrinsic efficiency means
the ratio between the incident photons hitting the detector and the detected
signals. The MG efficiency is so obtained:

εMG =
RC

RS
ΩMG

ΩS

(5.6)

No normalization factor has been introduced because of the symmetric dispo-
sition of the two detectors with respect to the source and of the less extended
MG sensitive area relative to the scintillator one.

5.3.3.1.1 Test with 22Na gamma source

The study of MG efficiency relative to the number of gaps has been performed
building different prototypes with an increasing number of gaps and testing
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them, first of all with cosmic rays, then with photons. Before presenting the
experimental results, it’s worth to describe the measure procedure. The signal
resulting from the coincidence between the two PMTs creates a time window
of about 30 ns. This signal is put in coincidence with the signal coming from
the MG, having a width of 30 ns, and, if a part of the two signal overlaps in
time, the event is registered and counted.
In this configuration the probability of counting as real signals the random ones
(i.e. noise) exists. If no correlation exists, the random events rate registered
as good is equal to:

RC = RS ·RMG ·∆t (5.7)

If the noise level increases in one of the two detectors the random counts
rate increases also, so introducing an error in the real counts number. Af-
terwards, a correction can be made subtracting to the coincidence counts the
anti-coincidence ones, in order to decrease the error.
This can be done practically as follows: we have to halve the signals com-
ing from the discriminator module. A couple of signals gives the coincidence
between the two detectors, while on the halved couple a delay is introduced
so that the signal is out of the time window created by the scintillator. In
such a way, the anti-coincidence count will include only random events. The
subtraction gives the real coincidence number.
As already said, every prototype has been tested with muons, first, only after-
wards with the 22Na source.
Coincidence counts (in a 500 s time window) as function of high voltage have
been done as well as anti-coincidences and the single counts of the Scintillator.
In order to use the efficiency (5.6) formula the solid angle covered by the scin-
tillator and the MG have to be known. These have been estimated by means
of a Monte Carlo simulation of the random emission from a point like source.
For all the tested MGs the experimental and simulated results are presented
in the following table: A specific and particular attention has to be dedicated

Number Simulated Experimental Error Electric Field
of gaps Gamma Gamma (%) at the knee

Efficiency Efficiency (kV/mm)

1 0.18% 0.18% 0.03 10.6
2 0.29% 0.34% 0.03 10.7
4 0.75% 0.72% 0.03 11.3
6 1.17% 0.93% 0.06 10.9

Table 5.2: Simulated and experimental efficiencies together with the electric
field calculated at the knee relative to the different MG prototypes, built with
an increasing number of gaps [72].

to the MG6, since it has been differently conceived. In this version, the MG is
made of two stacks of 3 gaps, the read-out pad in the middle of the two and
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Figure 5.12: Simulated (full square) and experimental (empty dots) data for
MG gamma efficiency respect to the gaps number. To be noted the point at
6 gaps, the experimental one is lower than the simulated one because of an
overestimation of the solid angle [71].

with a common high voltage distribution (smaller than the MG4 one even if
the electric field inside the gap is similar). Looking at the simulated and the
experimental efficiencies, we can see that the last one is overestimated since
the average solid angle seen by the MG6 is smaller than the simulated angle.
This is why the pad is between two glasses, increasing so the distance of the
upper part of the MG6 from the source. The solid angle underestimation can
explain the photon efficiency overestimation.
The simulation has been performed in a GEANT4 environment, considering
the photon interaction inside the glass and the subsequent propagation of the
photo converted electrons up to the gas gap.
A comparison between the simulated and the experimental data is shown in
Fig. 5.12.
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Chapter 6
Semi conductive coating studies

6.1 High Voltage distribution

In designing and developing our first MG prototypes we applied semiconduc-
tive tape (0.5 MΩ/square) to the external surfaces of the glass in order to
provide the high voltage supply. After a long period of the MG running, open-
ing the aluminium case and analyzing the MRPC and its constitutive material
to the naked eye we discovered that the tape seemed to have imprinted a black
track on the electrodes: this can pollute the chamber, moreover we wanted to
experiment semiconductive coating with higher surface resistivity.
In the present MGs design, resistive coating turned out to be one of the more
crucial characteristics of the detector. It is placed inside the external envelope,
immersed into the gas volume. This is an important feature and special atten-
tion should be paid in order to avoid that resistive coating particles can pollute
the chamber. The possibility to exploit materials especially developed to fit
our needs and compatible with industrial large-scale construction has been
studied for resistive coating of MG glass electrodes. The aim is to improve
performance and reliability. An R & D on the most proper coating, painting
or mixture of varnish and metals powder began.
In all the tests described in the following sections we coated with the material
under study samples of commercial float glass 400 µm thick, 10 x 20 cm in size
(whose surface resistivity is 3·1012 Ω/square), covering a smaller area with the
varnish and, afterwards, measuring the surface resistivity.

6.2 Coating techniques

Coating materials and painting techniques have been selected in order to fulfil
the following requirements:

• resistance to the action of mechanical and chemical agents;
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• reliability, reproducibility and precision (thickness, homogeneity, smooth-
ness and dimensions);

• affordable costs;

• proper surface resistivity of the electrodes (in the range of 10-30 MΩ/square).

suitable technique for coating deposition. It provides:

• accurately controlled (± 5 µm) thickness (i.e. resistivity);

• high uniformity and reproducibility;

• possibility to easily realize complex shapes.

controlled varying the thickness of deposition. The thickness depends on the
quantity of material but also on the ratio between wires section and spacing of
the screen. Screen printing can be performed automatically on glass (thickness
0.5 - 20 mm).
Two kinds of resistive coating have been considered: we tested a semiconduc-
tive spray coating (LICRON, ”Permanent Static Dissipative Coating” by Tech-
spray) and afterward a semiconductive varnish (STATGUARD, ”Conductive
acrylic paint” by Charleswater) available both for manual and automatic silk
screen printing. The results obtained with the two products and with the two
different coating techniques will be presented and discussed in the following
sections.
Finally, we experimented the mixture between semiconductive varnish and a
small percentage in weight of lead powder: the preliminary results about this
mixture will be shown in the last section of this chapter.

6.2.1 Spray semiconductive coating

Before considering the products and the techniques experimented, we shortly
describe the measurement procedures we adopted to obtain the coating re-
sistivity value. First of all, it’s worth to describe now the surface resistivity
measurement apparatus we designed and employed.
Two plastic plates of the same size (bigger than the one of the glasses to mea-
sure), with a very smooth surface and perfectly overlapping were used, the
upper of which was provided of two copper strips delimiting a defined area,
square in shape. The two copper strips were provided with electric contacts
for connection to a digital ohmmeter (or ”Megger” 1 (AVO, Megger BM25) if
values greater than some hundreds of MΩ are expected) in order to read the
value of the resistance. The sample whose resistivity has to be measured is put

1Megger has become the generic description for a high voltage, low current insulation
tester. The word is short for megohm-meter. Although any Ohmmeter or Multimeter may
appear capable of similar measurements, only a Megger type instrument can test the quality
of the insulation at or above its operating voltage.
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Figure 6.1: Basic setup for surface resistivity measurement.

between the two plates with the copper electrodes in contact with the coating
surface. The delimited area of the electrodes, between which the glass to mea-
sure has to be put, is square in shape so that we can read directly the surface
resistance value. Surface resistivity could be defined as the material’s inherent
surface resistance to current flow multiplied by that ratio of specimen surface
dimensions (width of electrodes divided by the distance between electrodes)
which transforms the measured resistance to that obtained if the electrodes
had formed the opposite sides of a square. In other words, it is a measure of
the material’s surface inherent resistance to current flow. Surface resistivity
does not depend on the physical dimensions of the material. Surface resistivity
ρs is determined by the ratio of DC voltage U drop per unit length L to the
surface current Is per unit width D.

ρs =
U
L
Is
D

(6.1)

Surface resistivity is a property of a material. Theoretically it should remain
constant regardless of the method and configuration of the electrodes used for
the surface resistivity measurement. A result of the surface resistance mea-
surement depends on both the material and the geometry of the electrodes
used in the measurement.
The physical unit for surface resistivity is ohms. Often in practice, surface
resistivity is given in units of Ω/square. This unit should be seen as a logo but
not as the physical unit of surface resistivity. Such an expression is useful since
it’s valid per any square, as long as the measurement is related to a square.
Let’s consider the first product and technique we studied: LICRON spray, a
dissipative coating whose data sheet [73] guarantees a surface resistivity in the
106-108 Ω range. We experimented first this product since the spray seemed to
provide a homogeneous and smooth coating. We coated several samples glass
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and measured their surface resistivity, monitoring it in the following days, in
order to understand the coating behaviour in time.
The practical technique of spraying was also analysed: from left to right in
slightly overlapping layers, from the top to the bottom of the glass. The coated
glass was put to dry in the laboratory, whose humidity and temperature was
controlled by means of an air conditioning system. A second coating was made
24 hours after the first one and the resistivity was measured the day after and
systematically for the following days.
In Fig. 6.2 the resistivity values of sample glasses coated with the spray versus
time are reported. The two plots concern samples made with the same spray-
ing technique, with only one LICRON layer, but in two different periods (the
first in September 2007, the second in December 2007).
As we can see, after the fourth day the coating resistivity value becomes stable,
stopping the decreasing trend shown at the beginning of the tests. A second
series of samples have been prepared, depositing only one coating layer on the
glass, in order to obtain higher resistivity values (see Fig. 6.3). In order to
obtain greater resistivity value, we decided to exploit new coating products
and techniques. This is the reason why we started to search for semiconduc-
tive or dissipative varnishes available on the market, encountering so the first
difficulties and problems. Several varnish factories have been contacted and
our requirements have been pointed out; the product that seemed to fulfil most
of our requests is the STATGUARD conductive acrylic paint.

6.2.2 Screen printing technique

A different product (STATGUARD varnish) has then been chosen and tested:
its data sheet [74] guarantees a surface resistivity in the 106-107 ohms range,
tuneable by means of more than one layer or/and with a different wires section
of the screen and available both for manual and automatic silk screen printing.

Screen printing, or serigraphy is a printmaking technique that uses a woven
mesh to support an ink blocking stencil. The attached stencil forms open areas
of mesh that transfer ink as a sharp-edged image onto a substrate. A roller
or squeegee is moved across the screen stencil forcing or pumping ink past the
threads of the woven mesh in the open areas. A screen is made of a piece of
porous, finely woven fabric called mesh stretched over a frame of aluminum or
wood. Usually silk is woven into screen mesh, even if nowadays most mesh is
made of man made materials such as steel, nylon, and polyester. Areas of the
screen are blocked off with a non-permeable material to form a stencil, which
is a negative of the image to be printed; that is, the open spaces are where the
ink will appear.
Ink is placed on top of the screen, and a fill bar (also known as a flood bar) is
used to fill the mesh openings with ink. The operator begins with the fill bar
at the rear of the screen and behind a reservoir of ink. The operator lifts the
screen to prevent contact with the substrate and then using a slight amount
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6.2. Coating techniques

Figure 6.2: Glass samples coated with the LICRON spray. As we can see, the
average resistivity value is 2 MΩ.
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6. Semi conductive coating studies

Figure 6.3: Samples coated with one LICRON layer. As we can see, the values
start to become stable after the 4th day.

of downward force pulls the fill bar to the front of the screen. This effectively
fills the mesh openings with ink and moves the ink reservoir to the front of the
screen. The operator then uses a squeegee (rubber blade) to move the mesh
down to the substrate and pushes the squeegee to the rear of the screen. The
ink that is in the mesh opening is pumped or squeezed by capillary action to
the substrate in a controlled and prescribed amount, i.e. the wet ink deposit
is equal to the thickness of the mesh and or stencil. As the squeegee moves
toward the rear of the screen the tension of the mesh pulls the mesh up away
from the substrate (called snap-off) leaving the ink upon the substrate surface.
The screen can be re-used after cleaning.
The so made coating thickness is equal to the wires diameter (tens of microns)
and can be increased making a further coating layer (letting it dry, first) on the
existing one. The smoothness and homogeneity of the coating is satisfactory.
Screen printing is more versatile than traditional printing techniques. As a
result, screen printing is used in many different industries, from clothing to
product labels to circuit board printing.
We contacted an Italian factory (SERIPAV) experienced in serigraphy and the
first test with STATGUARD varnish began. Parallel, we bought two screens
with different wires density (77 wires and 100 wires per cm, respectively) but
with the same diameter to start the production of several samples both with
the STATGUARD varnish in its ”natural” composition and with the ”artifi-
cially aged” varnish and, finally, with the varnish mixed with lead powder.
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6.3. Coating resistivity versus time for STATGUARD varnish

All the results will be presented and discussed in detail in the following two
sections, also presenting the problems we had to face with.

6.3 Coating resistivity versus time for STAT-

GUARD varnish

We bought the STATGUARD varnish and the tests started. Unfortunately,
the first samples showed a very high resistivity value (of the order of tens or
hundred GΩ) and actually we decided to abandon this product.
We decided to keep this varnish in its jar, without opening or using it, causing
a sort of ageing lasting some months. Meanwhile a new varnish jar was bought
from the same factory in order to study some mixtures with the painting and
a new series of tests began. After some time of ageing (3 months in the closed
jar), we opened the old jar to make some tests: the painting had a denser
composition, separated in two components, a solid one, on the bottom of the
jar, and a liquid one, on the top. We mixed it very carefully and coated some
glasses with the old product at the SERIPAV factory with screen printing
technique. The samples were screen printed with a 100 wire screen in four
different modalities:

• sample A: coated with one layer, let to dry at open air;

• sample B: coated with two layers, without let the first drying;

• sample C: coated with two layers, the second being made after drying
and immediately dried also;

• sample D: coated with three layers, every layer being made after drying
the previous one and immediately dried also.

These modalities will be inferred as A = ”one layer”, B = ”two layers”, C =
”twice dried”, D = ”3-times dried” , respectively, from now on.
Fig. 6.44 shows the resistivity trend in time for the samples A, B, C and D.
A new series of samples was prepared (with the old varnish) at the factory,
to test the reproducibility of the technique and, consequently, of the measure.
Some glasses were unsuccessfully printed since the coating was not homoge-
neous because of the high humidity value in the room at the moment of the
screen printing and the fixing of the glass on the plane under the screen was
difficult. The useful samples are reported in the next plot (Fig. 6.5), where N
and O samples were realized with the ”twice dried” modality, while sample P
was made with the ”3-times dried” modality.
In principle, the ”twice dried” samples seem to show a satisfactory repro-
ducibility, even if the obtained resistivity value is too low respect to our ex-
pectations and requirements.
The same can be said for the ”3-times dried” initial value (P = 4 MΩ, while
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Figure 6.4: Resistivity of the four samples monitored vs time. As we can see,
to different modality correspond a different resistivity value. All the value
became constant after 8 days since the screen printing deposition.

D = 2 MΩ); the values became similar after the stabilization period of 8 days.
These results compelled us to change modality since the drying seems to give
too low values and made us to wonder why the old varnish gives now these
resistivity values, lower than the ones obtained 3 months ago using the same
product (MΩ range now instead of GΩ as before). Something has happened
leaving the varnish in the jar for a long time, a sort of ”ageing” of the product
changes its features and composition, maybe, so providing lower resistivity val-
ues; another hypothesis could be that the factory slightly changed the product
composition (the name being still the same). The just bought varnish jar was
opened and the painting was tested coating some glasses at the factory. As it
happened with the first varnish jar, the samples coated with the new varnish
exhibited a very high resistivity value (see Fig. 6.6) of the order of GΩ, like
the simple glass resistivity value without any coating.
The coating modality was as follows: we coated the samples in our laboratory,
using the 77 wires screen in the ”one layer” modality. The samples were let to
dry naturally in the weather controlled laboratory room (air conditioning and
de-humidifier were ON) and the resistivity values started to be monitored since
the day after. In this case, since the resistivity is of the order of GΩ, we used
a ”Megger” connected to the measure apparatus (with an higher resistivity
limit) instead of a simple Ohmeter.
In the following days, the STATGUARD producers were contacted and asked
for the varnish composition, but unsuccessfully: they assured us that the paint-
ing composition was unchanged and they pointed out that the product is guar-
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Figure 6.5: Monitoring of the resistivity for the samples N, O and P: N and
O samples were realized with the ”twice dried” modality, while sample P was
made with the ”3-times dried” modality.

anteed just for one year: no explanation for the ”aged” painting results. At
this point a big problem had to be faced: the reproducibility of the semicon-
ductive coating and the reliability of the desired value (in the range of the tens
MΩ).
Several solutions were investigated, first of all a sort of ”artificial ageing” of
the varnish (this will be discussed in detail in the following section) in order to
obtain the values like samples A-D and N-P. Furthermore, the screen printing
modality has been revised also: more than one painting layer is uncontrol-
lable, chemical processes can occur overlapping fresh varnish to a dried one
layer, electric contacts between the metal oxide particles present in the com-
pound being no longer guaranteed. From now on we will adopt ”one layer”
modality for the next samples.

6.4 Painting ageing

In order to obtain a varnish with the same features as the old one (aged being
closed in the jar), we started a study on the possible ”artificial ageing” of the
product.
This idea arose from the strange and unexpected behaviour of the old varnish,
as if most of the liquid part of the painting had evaporated, making the com-
pound denser, with metal oxide particles nearer one to the other, spread in a
smaller volume, favouring an higher conductivity, i.e. lower resistivity values
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Figure 6.6: The four samples have been screen printed with the new STAT-
GUARD in the modality ”one layer”. We can note the GΩ order of magnitude
for the resistivity (103 greater than the samples coated with the old varnish).

(in the range of tens of MΩ, as we want).
We put a small amount of varnish in a plate an let it at open air, in the labo-
ratory, with air conditioning system on, with fixed temperature and humidity
conditions. We repeated this procedures several times for different ageing time
intervals. We started from 23 hours (15 of which with the plate covered),
then 8 hours without coverage, 24 hours without coverage and, finally, 120
hours. After the artificial ageing two samples were screen printed with the
aged varnish in our laboratory, in order to understand which resistivity value
corresponds to a particular ageing time. Afterwards the varnish was put in a
small pot and we planned to use it for further tests on glasses at the SERIPAV
factory, also to understand if the time elapsed with the aged painting closed
in the pot has some effects on its properties.
In the following of this section all the results for the ageing test will be pre-
sented. For each aging test weather conditions are reported.
With the varnish aged for 8 hours in a weather controlled room with T = 19◦C,
H = 29%, we coated the samples 20 and 21 (see Fig. 6.7) at the SERIPAV with
the ”one dried” modality (coating and then drying) with a 100 wires screen.
All the results here reported concern a 100 wires screen and the ”one dried”
modality; the technique details will be inferred no more.
Samples H3-H6 (see Fig. 6.8) have been screen printed with the varnish aged
for 24 hours, in the following weather conditions: T = 20◦C, H = 34%.
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Figure 6.7: Samples screen printed at the SERIPAV with the first varnish
submitted to the artificial ageing. After a high value at the beginning, the
resistivity stabilizes at 7 GΩ for glass ”20” and at 22.6 GΩ for glass ”21”.

Finally, our last efforts have been addressed to a very long ageing time, pre-
venting, however, the painting to become denser and denser so that we could
no more use it for screen printing. A small amount of varnish was aged for
120 hours, in the controlled weather conditions of T = 24◦C, H = 39% and
H13-H16 samples have been made (results are plotted in Fig. 6.9).
As we can see, regardless of the ageing time resistivity values are in the GΩ
range, starting from very high values, stabilizing after the 8th day around 2-3
GΩ, the same value of the glass resistivity. Unfortunately, the artificial ageing
cannot be controlled and addressed so that we obtain the same values as with
the old varnish. A longer ageing interval (greater than 120 hours) is not fea-
sible, since the varnish consistence in this case was very dense and the screen
printing was quite difficult. For longer times we would have to add some dilut-
ing compounds to the varnish, contaminating maybe its chemical and electrical
properties and vanishing the effect we were looking for, i.e. less liquid part in
the compound with the same percentage of metal oxide particles.

6.5 Semiconductive painting and lead powder

The coating materials R & D dedicated to the proper compound for the high
voltage supply is still going on and in this section the preliminary results about
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Figure 6.8: The glasses coated with the 24 hours aged varnish show the same
trend as the previous ones.

Figure 6.9: The last ageing test, with a longer time interval for the varnish
at open air, reproduces the same high resistivity values as the previous ageing
tests, the lower values being in the range 1.78-6.5 GΩ.
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6.5. Semiconductive painting and lead powder

Figure 6.10: Samples ”PB1” and ”PB2” show the final resistivity value of 197
and 126 MΩ, respectively. The damaged glass (”PB3”) exhibits an higher
resistivity value (420 MΩ), not compatible with the previous ones.

a mixture of varnish and lead powder will be presented.
The idea of adding some conductive material to the varnish arose from the
requirements of obtaining a screen printable compound with a resistivity value
lower than the one given by the pure vanish.
We prepare a pot with the pure STATGUARD carefully mixed with the 10%
in weight of lead powder. Three glass samples were immediately screen printed
in our laboratory with the 100 wires screen in the ”one dried” modality. the
samples will be addressed as ”PB1”, ”PB2” and ”PB3”. The last one shows,
as we can see in Fig. 6.10, a strange behaviour respect to the others since we
had some problems in the screen printing. The screen frame was not well fixed
to the table and the when the squeegee moved toward the rear of the screen the
tension of the mesh didn’t pull the mesh up away from the substrate (called
snap-off) preventing the ink to fall upon the substrate surface. The mixing
with lead powder seems to give resistivity values most similar to the ones we
are searching for; the next step is to increase the percentage of lead (in weight)
to be mixed with the pure varnish, in order to study how the resistivity varies
in function of the increasing amount of lead powder. The point is that the ob-
tained compound has to be screen printable, so its consistence cannot be too
dense and the mixing operation has to be made very carefully to prevent the
lead particles to precipitate in the bottom of the pot, making the compound
no more homogeneous and damaging the coating features.
In the next step we will exploit properties of metals (lead and other high Z ma-
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terials, in powder) to be mixed with the STATGUARD pure varnish in order
to understand how they can affect the coating surface resistivity and, conse-
quently, the MG efficiency, when employing the coated glasses as electrodes to
supply high voltage to the detector.
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Chapter 7
Conclusions

The work presented in this thesis concerns the study of RPC detectors per-
formances and features from high energy physics (CMS experiment) to their
possible applications in a PET tomograph, especially focusing on the proper
coating material and technique for the high voltage distribution on the elec-
trodes whose R & D is still on going. The main RPCs characteristic parameters
have been analyzed and measured in the various commissioning steps for the
CMS detector. The advantages typical of RPC (especially of the Multigap
version) have made this kind of detector feasible for possible use in PET, sub-
stituting the common crystals.

In the first part (chapter 3, especially) the main results regarding the RPCs
test and performance are presented, with special attention to the commission-
ing steps followed from the test site (Pavia) to the final installation (CERN,
SX5 and UX5). The latest results for MTCC (Magnet Test and Cosmic Chal-
lenge) are summarized at the end of Chapter 3, presenting the real final CMS
steps toward the LHC start up (10th September 2008).

The aim of the second part of this work is to investigate the possible use
of RPCs as gamma radiation detectors. As the Pavia CMS group gained ex-
perience in the gamma sector, we concentrated our attention on the photons
interaction and measured the glass MRPC efficiency to 511 keV photons for
possible biomedical applications.
The detector simulation and the physics of the PET event inside the gas volume
and the electrodes material has been performed preliminarily (Chapter 5) and
the main results have been exploited; as we saw, the efficiency increases almost
linearly with the number of gas gaps (Section 5.3.3.1, Fig. 5.12). This feature
turns out to be useful since we want to increase the low gamma efficiency of
a double gap RPC. We built several MRPCs prototypes and measured their
efficiency to 511 keV photons as a function of the number of gas gaps obtaining
a factor 10 increase in efficiency from 1 gap to 12 gaps (results are presented in
chapter 5, Fig. 5.2). The absolute value is not so appealing but in principle we
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7. Conclusions

Figure 7.1: Geant4 simulation of 511 keV gamma efficiency vs. number of (6
gaps) stacks.

pile up more and more MRPCs to gain efficiency, as shown in Fig. 7.1, where
the 511 keV MRPC gamma efficiency has been simulated vs. the number of
6 gaps stacks. Alternatively we could change the bulk material of the floating
electrodes. The results about the first new constitutive materials are described
in Section 5.2, where a preliminary simulation of high Z and photo converter
materials is presented. In table 5.1 the last line is dedicated to Al2O3, now
under study: we are simulating a new MG with the floating plates made of this
material, instead of glass. The plates thickness is 0.508 mm and the project
we are thinking of concerns a double stack MG, made of two MRPCs (each
consisting of three gas gaps) with a common high voltage supply in the middle
and a strips read-out on the ground electrode.

In the future, besides the new studies of semiconductive varnishes mixed
with heavy metal powder (see the last section of Chapter 6) in order to obtain
a resistive coating of the desired value, we would like to address our efforts on
the design of a proper set-up reproducing a simple PET tomograph.
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