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Abstract

The need for real-time monitoring of beam losses, including evaluation of

their intensity and localization of their exact position, together with the

possibility to overcome the limitations due to the reduced space for the

diagnostics, makes exploitation of the Cherenkov effect in optical fibres,

one of the most suitable candidates for beam loss monitoring.

In this thesis, the design, development and characterization of an optical

fibre beam loss monitor based on high radiation hardness pure silica fibres

and silicon photomultipliers is reported. The tests were carried out at the

ALICE accelerator research and development facility, Daresbury Laborato-

ries, UK.

For this purpose high numerical aperture fibres were used together with the

latest generation silicon detector instead of the standard photomultiplier

tubes commonly used for Cherenkov beam loss monitoring.
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1

Introduction

This thesis presents the theory, design, fabrication, and characterization of a novel

optical fibre beam loss monitor for ALICE, the accelerator based at the Cockcroft

Institute, UK. The operational principle on which the sensor is based, is the Cherenkov

effect in optical fibre.

This first chapter introduces what will be discussed in this thesis. Section 1.1

discusses the importance of beam loss monitors in accelerators. Section 1.2 presents

the state of the art of beam loss monitor with a special focus on the optical fibre

beam loss sensor. In section 1.3 a comparison between photomultipliers and silicon

photomultipliers is given and the reason of the choice of the photodetector adopted in

this thesis is explained. Section 1.4 describes the beam loss requirements at ALICE.

The motivation and the objectives of this work are given in section 1.5 and in section

1.6 the structure of this thesis is presented.

1.1 Beam loss monitor

Charged particles are accelerated in accelerators along a well defined path. Some of

these particles deviate from their ideal trajectory hitting the beam pipe. At the loca-

tions where these particles are lost from the main beam in the accelerator, the particles

are likely to generate secondary particles through interaction with material, such as

the vacuum chamber walls. A beam loss monitor (BLM) is intended to detect this

radiation.
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For this reason BLMs are a key component of the machine protection system as they

should prevent beam induced damage in the accelerator (since beam loss may result in

damage to the accelerator components, the electronics or to the experiments located

nearby). Thus important functions of a BLM are to detect particle losses, identify

their location, provide an input signal in real time and signal to abort the beam when

the threshold loss rate is exceeded. In addition a BLM provides a fast way to identify

locations along the beam line where change of beam pipe cross sections occur, usually

resulting in beam losses and helps to keep the radiation level in the accelerator as low

as possible [2, 3]. The number of detected particles and the signal coming from the

BLM should be proportional to the number of lost particles.

To understand the perfect location of a BLM it is important to distinguish between

regular losses and irregular losses.

Regular losses (also called controlled or slow losses [3]) are typically not avoidable

and they are localized on the well known aperture limits when the beam size is larger

than the beam pipe dimensions.

The irregular losses (also called uncontrolled or fast losses) are higher level losses

due to a misteered beam or a faulty operative system. Mainly to avoid these losses

(and the potential damage to accelerator’s components) it is important to have a proper

BLM in order to protect the machine.

BLM selection Many factors must be considered in selecting the BLM design. The

most important factors are summarized in [1]. The parameters listed below are the

ones considered in the design of the BLM monitor described in this thesis:

• Sensitivity (how much the sensor’s output changes when the measured quantity

changes)

• Ease of calibration

• Radiation damage (the damage caused by different kinds of radiation that can

led to change in the BLM performance)

• Radiation hardness of the material of which the BLM is made of. This helps to

determine the BLM lifetime.
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• Reproducibility (how many times a BLM monitor gives the same response to the

same measured quantity)

• Robustness (suitability for use in accelerator environment)

• Cost (including electronics)

• Physical size

• Dynamic range (the ratio between the largest and smallest possible losses that

the BLM is able to measure)

• Sensitivity to magnetic field

• Real time response (possibility to detect losses at the same time when they occur)

1.2 Radiation detection methods: state-of-the-art

The most common method for detecting ionizing radiation is to observe the interaction

of charged particles with the atomic electrons in the detector by measuring the ioniza-

tion charge (ionization chamber), the fluorescence (scintillators) or the secondary emis-

sion current (SEM chambers) [1, 3]. Alternative methods include measuring Cherenkov

light from relativistic charged particles.

A brief overview of these detectors will follow with a special focus on the optical

fibre BLMs developed at DESY and at SACLA by using the Cherenkov effect, being

the only other state of the art BLM using optical fibres apart the one described on

this thesis. They use the same optical fibre configuration and the same method for

localizing the losses as described later in this section.

Ionization chamber The ionization chamber is the simplest of all gas-filled radiation

detectors. Currently ionization chambers are the main type of loss monitor type used in

hadron machines (SNS, LHC, RHIC, etc.)[4]. This testifies for their ease for calibration,

low maintenance requirements and high radiation hardness (108 rad 1).

1The rad is a unit of absorbed radiation dose, defined as 1 rad = 0.01 Gy = 0.01 J/kg. It was

originally defined in CGS units in 1953 as the dose causing 100 ergs of energy to be absorbed by one

gram of matter. 108 rad are equivalent to 106 Gy.
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An ionization chamber usually consists of a gas filled enclosure between two con-

ducting electrodes (the anode and cathode) such as the one shown in Fig. 1.1 . The

electrodes may be in the form of parallel plates, or coaxial cylinders to form a con-

venient portable detector; in some cases one of the electrodes may be the wall of the

vessel itself [5]. A high voltage is applied to electrodes.

Figure 1.1: Cylindrical ionization chamber [4].

When the gas inside the chamber is ionized (by alpha-particles, X rays, etc.) ion-

electron pairs are created. They move to the electrode of the opposite polarity, thus

creating an ionization current. Each ion essentially deposits or removes a small electric

charge to or from an electrode, such that the accumulated charge is proportional to the

number of like-charged ions. This operative mode is referred as proportional mode.

When the voltage is really high (several kV) the ions create secondary ionization

and an avalanche occurs that is dependent on the applied voltage [1, 4]. As the voltage

is raised further, the gas breaks down, discharging the voltage across the chamber. This

is called Geiger mode. In this case the chamber has a dead time ranging within 10-100

microseconds until ions created in the break down dissipate, and the voltage recovers.

The common gases used for ion chambers are argon and nitrogen. The applied

voltage ranges from several hundred V to several kV.

Scintillators Scintillating detectors are the second most popular BLM after ioniza-

tion chambers [4]. They are based on materials which exhibit scintillation (i.e. reemit

the absorbed energy in the form of visible light) when excited by ionizing radiation.
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The visible light is then detected by a photodetector. A comprehensive review of scin-

tillators is given in [6]. Fig. 1.2 shows a scintillator based detector.

Figure 1.2: Scintillator based BLM at SNS [4].

Scintillators are usually used with photomultiplier tubes achieving a gain of 105-

108 which can be regulated by the applied voltage. They have fast response times of

20-100 ns. Unfortunately these detectors are not very tolerant to radiation and their

performance degrades with exposure, making calibration difficult [4]. In addition their

sensitivity depends on the type and size of the scintillator.

The Los Alamos Meson Physics Facility(LAMPF) detectors are part of the category

of scintillator based detectors. They are based on a can with a volume of 500 ml filled

with mineral-oil-based liquid scintillators. It uses a photomultiplier mounted inside the

can together with a calibration lamp. Their sensitivity is much higher respect to the

one of ionization chambers [1, 3]. On the other hand they are very sensitive to voltage

setting and the mineral-oil scintillator needs to be replaced frequently.

Secondary Emission Monitors (SEM) A simple, robust and cheap BLM is a

secondary emission chamber as the one shown in Fig. 1.3.

The secondary electrons are emitted from a surface due to the impact of charged

particles. An efficiency of few percent is measured for many metals. This monitor is

very fast (range of nanoseconds) but it has a very low sensitivity making it usable only

in high radiation fields.

Cherenkov light Cherenkov light is emitted when a charged particle impinges on

a medium with a refractive index bigger than one, with velocity exceeding the light

velocity in that medium. Cherenkov light is instantaneous (within picoseconds), unlike
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Figure 1.3: Secondary emission monitor installed at LHC [1].

scintillators, and the threshold for light output is above Compton electron energies,

making Cherenkov detectors useful where there is background radiation (RF cavity X

rays or synchrotron radiation).

Because the Cherenkov effect gives an immediate response, BLMs using this oper-

ative principle have been tested and are actively being used at DESY, Germany and

at SACLA, Japan as detectors for shut-down purposes, to protect sensitive electronic

devices and prevent superconducting structures from quenching. In this configuration

they use a long fibre installed alongside the accelerator [7, 8] as a “continuous and dis-

tributed” beam loss detector. The fibre used is a pure quartz fibre with high radiation

hardness (109 rad). The basic principle for the detection os loss showers is depicted in

Fig. 1.4. When lost particles passes through the optical fibre, they produce Cherenkov

photons in both directions, which then travel along the fibre. The light pulses are then

converted to electrical signals by a photodetector (i.e. a photomultiplier) located at one

end of the fibre. By measuring the signal travel time and by integrating the amplitude,

the position and the loss intensity can be determined.

In this configuration the sensitivity of the system is largely determined by the atten-

uation of the optical fibre. Below 500 nm wavelength for 1 km of fibre the attenuation

is too great to allow for significant application.

Three main methods can be used to detect the position [7]:

• the observation of the Cherenkov emission at one end of the fibre. Measuring the

traveling time with respect to the machine trigger will reveal the position.
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Figure 1.4: Schematic of the detection of loss showers by an optical fibre system at DESY

[7].

• the detection of Cherenkov emission at both ends of the fibre. Here the position

of the loss can be calculated from the difference in traveling time times.

• using the dispersion of the fibre. The measurement at two different wavelengths

will also reveal the traveling time and therefore the location of losses.

In all three configurations the measurements are correlated to the machine trigger for

increased accuracy. The procedure for calculating the location is called Time of Flight

(TOF) method. The position of a beam loss in regards to a reference point (usually

the point at which the photodetector is located) can be calculated by considering the

traveling time of the particle beam from the reference point to the loss event and the

time the Cherenkov emission needs to travel back the same distance along the fibre.

By using this method the distance at which the loss happened can be expressed as [7]:

∆l = ∆t
c

n
(1.1)

where c is the velocity of light in vacuum, n is the refractive index of the fibre core, ∆t

the measured time difference and ∆l the distance between the loss and the reference

point.
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1.3 Detector choice

In all the configuration of Cherenkov BLMs described in section 1.2, standard photo-

multipliers (PMT) are used to detect photons. The choice of the PMT results from

a compromise between the attenuation and characteristics of Cherenkov spectrum [8]

optimized for short wavelengths (300-500 nm). The typical range of useful wavelengths

(after the propagation of the Cherenkov photons inside the fibres) lies within 300-1000

nm.

An additional criterion to make such a choice is the possibility to easily add a

commercially available connector to ensure fast and easy low insertion losses between

the PMT and an optical fibre. Despite all these advantages, PMTs have a low quantum

efficiency limited by the photocathode material and require high operation voltage

[9, 10].

In the 1990s, a new type of photon sensor based on the Metal-Resistor-Semiconductor

(MRS) Single Photon Avalanche Diodes (SPADs) was invented in Russia. Since then,

intense development has been carried out in many institutes and by many manufactur-

ers. These novel photon detectors are called Silicon Photomultipliers (SiPMs).

They have excellent photon-counting capability and higher photodetection efficiency

than PMTs as illustrated in Fig. 1.5. Furthermore they also possess great advantages

Figure 1.5: Quantum Efficiency as a function of wavelength of SPADs (thick and thin

junction) compared to PMT [9].
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such as low operation voltage, low power consumption, insensitivity to magnetic fields.

In addition their smallest size (1 mm2 of active surface) is easily coupled with optical

fibres and their cost (including electronics) is cheap.

In Fig. 1.6 all the properties of SiPMs are listed and compared with those of

the most common photodetectors: Photomultipliers (PMT), Microchannel Plates with

Photomultipliers (MCP-PMT), Hybrid Photon Detectors (HBD), PN and PIN junc-

tion detectors, Avalanche Photodiodes (APD). SiPMs have higher photon detection

Figure 1.6: Comparison of SiPM properties with solid state and vacuum photodetectors

[11].

efficiency in the UV-visible range (where the Cherenkov photon production is max-

imized) than PMTs, a gain comparable to that of PMTs, and the lowest operation

voltage of any type of the photodetector.

Before the research described in this thesis, SiPMs had been used only for astro-

physics [12], although they had started to be considered as suitable detectors for medical

applications. Due to their many advantages, especially the high photon detection ef-
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ficiency in the UV-visible range and their insensitivity to magnetic fields, SiPM have

been chosen as photodetectors for the BLM configuration considered in this thesis. This

represents a novel application for these devices.

The operating principles, advantages and main drawbacks of SiPMs for BLMs will

be discussed later in this thesis.

1.4 Beam loss requirements at ALICE

ALICE (Accelerators and Lasers in Combined Experiments) is a facility for research

and development in accelerator science and technology [13–15]. It is shown in Fig. 1.7.

It a pulsed machine typically operating at 10 Hz. It consists of an injector and an

Figure 1.7: Layout of ALICE at the Cockcroft Institute, UK. It consists in an injector and

an energy-recovery linac. A DC gun produce a high-brightness beam. The long straight

section contains several experiments including an IR-FEL (Free Electron Laser).

energy-recovery linac. A 230 keV DC photocathode gun (based on a design from JLab

[16]) produces a high-brightness beam through interaction with the frequency doubled

light from a mode locked Nd:YVO4 laser. The total charge created is proportional to

the laser intensity hitting the photocathode, which can in turn be finely tuned through

a polarizer, which allows light filtering between 10% and 100% transmission. Moreover,

an electro-optical shutter with variable aperture times allows control of the number of

laser pulses that hit the photocathode in each machine pulse and, hence, the number

of bunches created. The beam produced by the photocathode gun is then accelerated

to 8.35 MeV in a 1.3 GHz superconducting booster linac, before being injected into the

main linac, where the energy is increased to a maximum of 27.5 MeV. A beam transport
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line, consisting of two arcs linked by a long straight section, then returns the beam to the

main linac at the decelerating phase, so the energy is reduced to 8.35 MeV, before the

beam is dumped. The long straight section contains a number of experiments, including

an Infra-red free electron laser (IR FEL) [17], a chicane for bunch compression and the

production of THz radiation, novel laser-based beam diagnostics [18], and locations

where pulses from a high power Ti Sapphire laser can be directed into the chamber

to interact with the electron beam (e.g. for Compton scattering experiments [19], or

manipulation of the particle phase space distribution).

The beam in ALICE consists of bunch trains of up to 100 µs in length, with variable

bunch repetition rates of up to 81.25 MHz within each train. The bunch charge is

variable up to 100 pC, and the bunch train repetition rate is between 1 and 10 Hz. The

parameters for bunch charge, bunch repetition rate, and train length are optimized

for the particular experiment being performed. The maximum average current within

a bunch train is 8.1 mA. Beam losses occur for a variety of reasons, including: poor

beam quality, with large emittance or energy spread (due to tuning errors or faults in

the injector); steering errors (while tuning the machine); faults with magnets, Radio

Frequency (RF) or diagnostics systems. Although the location and severity of losses

depend very much on the mode of operation, some of the highest beam losses tend to

occur towards the end of the long straight in the beam transport line, where there is

a narrow aperture chamber for the FEL undulator. High radiation levels also tend to

occur in the arcs, where there is high dispersion. Beam losses are of concern mainly

because of radiation loads on sensitive equipment. While there are no specified upper

limits on levels of beam loss that can be tolerated, understanding the locations and

levels of beam loss under different machine operating modes could help lead to improved

tuning procedures, and more effective shielding for sensitive equipment. It is therefore

desirable to have a beam loss monitor with the following properties: the monitor should

be easy to install and quick to relocate to different parts of the machine; it should

be highly compact to fit into narrow spaces, while still being capable of monitoring

sections of beam line several metres in length; it should not be affected by magnetic

fields; it should be robust, reliable, and easy to operate; it should allow real-time loss

monitoring, with the potential for time resolution of losses within a bunch train, or

at least between different trains and, finally, it should have a resolution of tens of

centimeters. A Cherenkov fibre-based beam loss monitor offers an appropriate solution
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for ALICE meeting most of these requirements; however, if successfully developed, such

a monitor could be used widely on many different types of accelerator.

1.5 Motivation and objectives

The project described in this thesis was motivated by the need for a fast beam loss

monitor to detect irregular and potentially dangerous losses in ALICE, to protect the

machine and the experiments located nearby, and for general machine surveillance. A

compact sensor, with good time and spatial resolution was required, to complement

the existing beam loss monitors already installed around the accelerator.

In addition because of the limited space between the machine and the accelerator

components and experiments to be monitored, it was important to design a small,

robust and reliable sensor, insensitive to magnetic fields and with an easy readout

system.

The Cherenkov effect as an operating principle for BLM was only recently proposed

[7, 8, 20]. Because of its fast time response (the fastest of any the beam loss detection

method) it is the operating principle on which the monitor described in this thesis is

based.

The objective of the research presented in this thesis is to design, build and char-

acterize a local beam loss monitor using the Cherenkov effect in optical fibres. To

optimize the Cherenkov effect properties, several step-index optical fibres from differ-

ent manufacturers were tested, following a careful study of their radiation hardness to

verify their suitability. Simulations of the Cherenkov effect in these fibres was carried

out to understand the best conditions to maximize the Cherenkov collection efficiency.

Different designs of the sensor were planned and tested under carefully controlled

conditions, and the most promising configuration was then installed and fully charac-

terized in ALICE using custom-made apparatus.

1.6 Thesis structure

This thesis describes the research that was done in order to demonstrate and evaluate

an optical fibre beam loss monitor using the Cherenkov effect in ALICE at Daresbury

12



1.6 Thesis structure

Laboratory, UK. The thesis is divided into six chapters, of which this introduction is

the first.

In chapter 2, the theory of the Cherenkov effect is discussed. It begins with a

complete description of the effect as given in the original formulation by Cherenkov and

as derived from the Bethe-Bloch equation for the special case of electrons interacting

with matter. The remaining part of the chapter 2 is then devoted to the explanation

of the Cherenkov effect inside optical fibres and to the description of the C++ code

created to simulate it inside the selected fibres. At the end of chapter 2 the theoretical

results are presented and discussed.

The third chapter covers the effects of radiation in optical fibres. This chapter

presents an overview of the radiation effects on silicon. Radiation induced attenuation,

and the change of fibre mechanical properties and refractive index as a result of irra-

diation are discussed in detail, bringing together the results reported in the literature

over 30 years of research on this topic.

Chapter 4 is on silicon photomultipliers, it describes these novel detectors, their

operating principles and their configuration together with a detailed overview of their

most important properties. Special attention is paid to the detector dark noise effects

in order to identify the contribution of these effects to the Cherenkov signal and to

understand the most suitable of the tested samples. The last part of the chapter

focuses on the experimental results performed at the INFN of Catania, Italy.

The fifth chapter presents the main results of the work described in the thesis, and

covers the design, development and testing of an optical fibre beam loss monitor using

the Cherenkov effect. Three different configurations are described, together with the

experimental results of the tests performed in the laboratory. A special focus is given to

the configuration that was finally chosen: theory, experimental results in the laboratory

and experimental results at ALICE are described and discussed. In addition, the main

properties of the sensor, in terms of sensitivity, resolution and quality factor are shown

to fulfill the beam loss requirements at ALICE.

Finally, chapter 6 presents the conclusions of the research described in this thesis

and outlines possible routes for further development and application.
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Cherenkov effect

2.1 Introduction

The Cherenkov effect was observed for the first time in 1934, when Pavel Cherenkov

noticed an apparent “blue glow” developing from quenching photometers during an

experiment to examine the physical properties of the fluids when they were irradiated

by fast particles, such as β-particles of radioactive elements or Compton electrons

liberated in liquids in the process of γ-rays scattering.

The “quenching method” was employed to reduce the amount of luminescence by

contaminating the fluids with reagents or heating so as to alter the polarization of

the emitted light. The observed radiation was completely different from the known

luminescence and it showed unusual properties such as special asymmetry, anomalous

polarization and a complete insensitivity to the quenching reagents that the theory of

luminescence was unable to explain. For this discovery and for its practical applications

in the fields of high energy and nuclear physics, Cherenkov was awarded the Nobel Prize

in 1958 along with the researchers Frank and Tamm [21] who developed the theory to

account for the observed properties of the “blue” radiation.

In this chapter the Cherenkov effect together with its most important properties will

be carefully analyzed. As the Cherenkov effect is the operating principle of the beam

loss sensor described in this thesis, section 2.2 is entirely dedicated to its description

as given in the original formulation by Cherenkov and as derived from the Bethe-

Bloch equation for the special case of electrons interacting with matter. Using the

results shown in section 2.2, section 2.3 focuses on the propagation of the Cherenkov
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photons inside an optical fibre. The geometry of the Cherenkov radiation inside a

fibre to determine the geometrical conditions that maximize the Cherenkov collection

efficiency as a function of the fibre features is fully described for different kinds of fibres.

Then the results obtained in section 2.3 are used in a specially written C++ code that

is described in section 2.4. The code produces a series of plots showing the distribution

of Cherenkov photons survival probability as a function of the charged particle incident

angle for different fibre numerical apertures. These theoretical curves will be compared

with the experimental results in chapter 5.

2.2 Cherenkov effect: mathematical formulation

2.2.1 Wave model

When a charged particle moves uniformly and rectilinearly in a dielectric material

with a refractive index n and a velocity v exceeding the phase velocity of light in

the medium it creates Cherenkov radiation. Frank gave an explanation [21] of the

radiation that coincides with the wave model predicted by the Huygens principle. The

electromagnetic field associated to the charged particle polarizes the medium losing its

energy along its path so that the electrons attached to the atoms are displaced and

react, emitting electromagnetic radiation at a given frequency, returning immediately

to their original position when the particle has passed. If the velocity of the particle

is slow the radiation is not observed because of destructive interference, but if this

velocity is faster than the phase velocity of light in the medium, it is possible that each

wave front overlaps and interferes constructively to produce a light signal that can be

detected at a given position of observation. The observed radiation has a timescale of

the order of picoseconds.

Consider a charged particle moving from A to B in a dielectric medium at a velocity

βc, where c is the velocity of light in vacuum. Electrons along its path will emit photons

with velocity c/n, producing a spherical wavefront that will be in phase with adjacent

electrons along AB as described in Fig. 2.1. The resulting envelope is given from the

segment FE perpendicular to AF and tangent to all the wavefronts.

The distance the particle will travel in a time ∆t will be:

AE = β c∆t (2.1)
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Figure 2.1: Cherenkov effect constructive interference. When a charged particle moves

from A to B in a dielectric medium at a velocity βc, electrons along its path will emit

photons with velocity c/n producing a spherical wavefront that will be in phase with

adjacent electrons along AB. The resulting envelope is given form FE perpendicular to AF

and tangent to all wavefronts.

In the same time the photon will travel the distance AF:

AF =c/n∆t (2.2)

From the previous equations the angle θCher at which the light is emitted is:

AF

AE
= cos(θCher) = 1/βn (2.3)

This equation is known as the Cherenkov relation. The Cherenkov effect threshold is:

βth =
1

n
(2.4)

That corresponds to an angle:

θth = 0 (2.5)

Since β is directly related to the kinetic energy T of the particles, the energy threshold

(i.e. below which no radiation takes place) for incident electrons and for a medium

with a refractive index n=1.463, such as the pure silica optical fibres is:

βth =
1

n
= 0.68 (2.6)
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Tth = (γth − 1)m0c
2 = 0.192MeV (2.7)

where γth = 1√
1−β2

th

. The light emitted has an opening angle θCher shown in Fig. 2.2.

The photons emitted travel on the surface of a cone of half-angle θCher.

Figure 2.2: Cherenkov solid angle of light emission. ~E and ~H are the electric and magnetic

fields.

The electric vector ~E is always perpendicular to the surface of the cone and the

magnetic field ~H is always tangential to the surface of the cone.

2.2.2 Interaction of electrons with matter

Because the accelerator beam used to obtain the experimental results in this thesis

consists only of electrons, the derivation of the Cherenkov equations from the Bethe-

Bloch equations in the special case of electrons interacting with matter is reviewed in

this section. When relativistic charged particles (β ≈ 1) pass through matter they

experience an energy loss that mainly depends on the material they are traversing and

on the velocity of the incident particles. For particles with masses M � me and charge

z = 1 in the region 0.1≤βγ≤ 1000 the mean rate of energy loss is described by the

Bethe-Bloch equation [22–24]:

− dE
ρdx

= 2Cmec
2Z

A

[
ln

2mec
2γ2

I
− 1− ε

2
− δ

2

]
(2.8)

where:
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• C = 2πNA

[
e2/4πε0mec

2
]

• A is the atomic mass of the absorber.

• Z is the atomic number of absorber

• me is the electron mass

• re = e2/4πε0meC
2 is the classical radius of electron

• I is the mean excitation energy

• δ/2 is the density effect correction

• ε/2 is the shell correction

• ρ is the material density

• β = v/c

• γ = 1/
√

1− β2 is the Lorentz factor

When electrons pass through the matter the Bethe-Bloch equation has to be modified

to take into account:

• the assumption that the incident particle remains undeflected during the collision

process is not valid because of the small mass of the electron;

• after scattering the incident electrons and the scattered electrons are indistin-

guishable.

Therefore the Bethe-Bloch formula becomes:

− dE
ρdx

= 2Cmec
2Z

A

[
ln

2mec
2γ3/2

I
− a

2
− ε

2
− δ

2

]
(2.9)

where a is a constant equivalent to 2.9 for electrons and 3.6 for positrons [24–26].

The density effect in (2.8) and (2.9) is directly connected to the polarization of

the medium when a charged particle passes through and, consequently to the coherent

response of the medium itself that causes the emission of Cherenkov radiation.
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Differentiating the Bethe-Bloch equation the energy radiated by the Cherenkov

light, spectrum of the Cherenkov effect and the number of photons emitted by a charged

particle per unit path length and per interval unit of photon energy are obtained.

Consider a medium with a real dielectric constant (no absorption), ε(ω) = n2, that

satisfies the condition:

β2n2 > 1. (2.10)

Cherenkov radiation is emitted when the speed of the particle v is larger than the phase

velocity c/
√
ε(ω) of the electromagnetic fields at frequency ω. The energy radiated as

Cherenkov light per unit of distance along the particle trajectory is [22, 27]:(
dE

dx

)
Cher

=
(ze)2

c2

∫
ε(ω)n>(1/β2)

ω

(
1− 1

β2ε(w)

)
dω =

(ze)2

c2

∫
βn>1

ω

(
1− 1

β2ε(ω)

)
dω

(2.11)

where ε(w)=n2. Taking in account (2.3) and substituting in (2.11) then:(
dE

dx

)
Cher

=
(ze)2

c2

∫
βn>1

ω sin2 θdω (2.12)

Considering an interval of λ where n does not vary too much, such as 300 nm< λ <600

nm, the calculated energy loss in water due to Cherenkov radiation and to electron

ionization is: (
dE

dx

)
Cher

= 0.5 keV/cm(
dE

dx

)
Ionr

= 2 MeV/cm

This gives some idea of the weakness of energy loss from Cherenkov radiation relative

to energy loss from ionisation. Applying the relationship:

ω = k
c

n
(2.13)

where k is the wavenumber and n is the refractive index that is considered constant

(i.e. no dispersion), and since the spectrum is continuous:(
dE

dx

)
Cher

=
e2

c2

(
ω2

2
− 1

)
(2.14)

Differentiating with respect to the angular frequency, ω:

dE2

dxdω
=

e2ω

c2
(2.15)
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2.2 Cherenkov effect: mathematical formulation

Therefore:
dE

dω
∝ ω (2.16)

and using ω=kc/n=2πc/λn
dE

dλ
∝ 1

λ3
(2.17)

The spectrum is continuous; however, there is a cut off for short wavelengths in the

X-ray region when n becomes less than unity 1 [28] and (2.3) cannot be satisfied. The

long-wavelength cut-off arises due to self-absorption of the radiation in the medium by

the presence of atomic and molecular absorption bands [28]. It is more convenient to

express (2.14), i.e. the spectral distribution, in terms of number of photons N . Since

the intensity of light of frequency ν=(ω/2π) may be written as:

E = N hν (2.18)

where h is the Planck’s constant, the number of photons emitted by a charged particle

per unit path length and per interval unit of photon energy is given by [29]:

d2N

dEdx
=

αz2

~c
sin2(θCher) =

α2z2

remec2

(
1− 1

β2n2 (E)

)
(2.19)

≈ 370 sin2(θCher) (E) eV −1cm−1

or, equivalently,

d2N

dxdλ
=

2παz2

λ2

(
1− 1

β2n2 (λ)

)
=

2παz2

λ2
sin2(θCher) (2.20)

where α is the fine structure constant and z=1. By integrating equation 2.20 for λ in

the interval 193 nm< λ <1064 nm relevant to the Cherenkov Effect in optical fibres,

it is possible to obtain, as shown in Fig. 2.3, the total number of Cherenkov photons

created in SiO2 by a charged particle traversing a unit length path in the optical fibre:

1The refractive index measures the phase velocity of light. The phase velocity is the speed at which

the crests of the wave move and can be faster than the speed of light in vacuum, and thereby give

a refractive index below 1. In the x-ray regime the refractive indices are slightly lower than 1. This

phenomenon is commonly used for X-ray-reflectometry (XRR).
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2. CHERENKOV EFFECT

Figure 2.3: Number of photons produced per incident electron and per unit length of

space traversed by the charged particle in the optical fiber, between 193 - 1064 nm in SiO2.

2.3 Cherenkov effect in optical fibres

Using optical fibres for detecting Cherenkov photons gives the advantage that the pro-

duced photons are guided directly to the detector if they satisfy the condition for total

internal reflection inside the fibre. In this section the theory described in the previous

section will be applied to optical fibres. To find the particular conditions for maxi-

mizing the collection efficiency of Cherenkov photons a “ray optics” approach [30] is

used instead of the modal analysis [30]. The former gives the advantage of simplicity

while maintaining good accuracy for large core, multimode optical fibres. A small in-

troduction on the propagation of light inside an optical fibre will directly lead to the

description of the geometry of the Cherenkov effect inside a fibre.

2.3.1 Propagation of light inside an optical fibre

Consider a multimode, planar, non-absorbing waveguide such as the one shown in Fig.

2.4 and indicate with nco the refractive index of core and ncl the refractive index of

cladding, with ncl < nco. Light propagates along the fibre by total internal reflection;

therefore when a ray enters into the fibre it must meet the core/cladding interface with
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2.3 Cherenkov effect in optical fibres

an angle bigger than a critical angle θ′crit = π/2− θcrit to propagate along the fibre1.

π/2− θcrit depends on the refractive index of core and cladding and it is given by the

Snell’s law2. For θrefract=90◦:

θcrit = π/2− sin−1(
ncl
nco

) (2.21)

In addition to the previous condition to satisfy the principle of total internal reflec-

tion the direction of the incident ray cannot exceed an acceptance angle θA that is the

maximum angle of incident light for penetrating in the core of the fibre.

The acceptance angle is related to the refractive indexes of the core, cladding, and

medium surrounding the fibre. This relationship is called the numerical aperture of

the fibre, NA. The numerical aperture is a measure of the ability of an optical fibre to

capture light and it is expressed by:

NA = n0 sin(θA) (2.22)

where θA is the acceptance angle and n0 is the refractive index of the fibre surrounding

medium. NA is commonly used to specify multimode fibres, such as the ones used in

the work reported in this thesis and it is given by:

NA =
√
n2co − n2cl (2.23)

1In this work, for convenience of use in the analysis of light propagation inside an optical fiber,

the critical angle will be defined as being 0 for grazing incidence of the light ray on the core/cladding

interface, and θcrit will therefore be used instead of θ′crit.
2It is noted that total internal reflection also occurs at the interface between cladding and its

surrounding (e.g. air). Furthermore, the difference in refractive index between cladding and air is

generally much bigger than the difference between core and cladding (see table 2.1, hence the total

internal reflection angle is correspondingly bigger: more light is in fact reflected in the cladding than

in the core. However, this light cannot be guided for two reasons, which are understandable even from

a geometric optics point of view, without resorting to description by Maxwell equations. First, every

time that a light ray crosses the interface between core and cladding, part of it is actually reflected

in the core: the original ray energy is hence dispersed and for macroscopic distances the ray is lost.

However, this condition does not apply if skew rays are considered, leading to the second argument.

Skew rays, indeed, travel with a strongly helical pattern, and might never cross the core boundary at all.

However, in this case, energy loss results from randomly occurring dirt or oil particles on the cladding

surface, as well as from micro fractures leading to surface roughness, both concurring to jeopardize

total internal reflection in the cladding. This unreliability of light guiding property without a strongly

controlled environment (such as the one provided by the cladding surrounding the core) is indeed the

reason why optical fibers are designed with a cladding, hence sacrificing numerical aperture (due to the

lower refractive index difference) to improve reliability.)
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2. CHERENKOV EFFECT

Figure 2.4: Multimode step index fibre, 2D view [30].

where nco and ncl are the refractive indexes of core and cladding, respectively.

Propagation of light in an optical fibre can occur either as meridional rays or as skew

rays [30, 31]. Meridional rays passes through the fibre axis after every reflection from

the core/cladding interface: their trajectory is described by a single longitudinal angle,

θz. Skew rays have an helical path inside the fibre, reflecting at the core/cladding

interface, but never passing through the fibre axis. They are defined by two angles,the

longitudinal angle ϕz (i.e. the angle formed between a parallel to the fibre axis direction

and the ray at the reflecting point) and the azimuthal angle, θφ (i.e. the angle between

the projection of the ray onto a fibre cross section and the tangent to the fibre core at

the point of incidence). The rays and their defining angles are shown in Fig. 2.5.

In addition the meridional rays in a multimode fibre can be bound or refracting.

Bound rays are confined within the core of the fibre and propagate with minimum

losses. The longitudinal angle for bound rays is confined in the range:

0 ≤ θz < θcrit (2.24)

Refracting rays1 are partly lost at every core/cladding reflections and in terms of lon-

gitudinal angle θz is:

θcrit ≤ θz < π/2 (2.25)

1In an optical fibres refracting rays are transmitted through the core/cladding interface, whilst the

reflected rays are reflected back at the core/cladding interface.
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2.3 Cherenkov effect in optical fibres

Figure 2.5: Meridional (a) and skew (b) rays and their trajectory defining angles [30].

2.3.2 Geometry of Cherenkov radiation inside a fibre

With reference to Fig. 2.6, a particle impinging with relativistic velocity on the fibre of

radius ρ can be assumed without loss of generality to travel in a plane parallel to the

xz plane, and can hence be described by only two parameters: the angle α between the

particle trajectory and the x axis (which is normal to the fibre axis, z), and the impact

parameter S, i.e. the distance between the fibre axis and the plane, parallel to xz, in

which the particle trajectory lies. The unit vector v̂ identifies the direction of travel of

the particle:

v̂ =

cos α
0

sin α

 (2.26)

At any point along its trajectory inside the fibre, assumed linear (i.e. negligible

scattering), the relativistic particle can emit a photon by the Cherenkov effect, traveling

in the direction identified by the unit vector γ̂, forming an angle θCher with the particle

trajectory, as given by eqn. (2.3), so that the set of all possible γ̂ corresponds to a cone

in 3D space. With reference to Fig. 2.7, γ̂ can be expressed as the sum of two vectors

~r parallel and ~q perpendicular to v̂, so that:

v̂ · γ̂ = cos .Cher (2.27)
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2. CHERENKOV EFFECT

Figure 2.6: Schematic view of the Cherenkov effect in a multimode optical fibre. A

charged particle with incident angle α passes through the fibre along the direction v̂ (blue

line), and a photon is emitted at point P, along the direction indicated by γ̂. It travels

on the surface of the Cherenkov cone (which has opening angle θCher) and hits the fibre

core/cladding interface. a) Three dimensional view. b) Projection into a plane perpendic-

ular to the fibre to show the impact parameter S.

Figure 2.7: Decomposition of γ̂ as sum of the vector ~r along the direction of v̂ and the

vector ~q, perpendicular to v̂. θCher is the Cherenkov angle on the xz plane and α is the

angle between the particle trajectory and the x axis.

γ̂ = ~r + ~q s.t. |γ̂| = 1 (2.28)

The vector ~r has the same direction of v̂, and modulus given by cos θCher, so that

γ̂ can maintain its unit modulus, hence:

~r = v̂ cos θCher =

cos α cos θCher
0

sin α cos θCher

 (2.29)
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2.3 Cherenkov effect in optical fibres

The vector ~q is perpendicular to v̂, and its modulus is given by sin θCher, so that

γ̂ can maintain its unit modulus. If the angle φ is introduced to describe the rotation

of the vector ~q around v̂, it is possible to define ~q0 = ~q(φ = 0) as pointing in the

same direction as an arbitrarily chosen one of the two unit vectors perpendicular to v̂

and lying in a plane parallel to the xz plane. Indicating this unit vector with v̂⊥, its

components can be obtained by a 90◦ rotation of v̂:

v̂⊥ =

 sin α
0

− cos α

 (2.30)

v̂⊥ can be rotated around v̂ through the angle φ by means of the Euler rotation

matrices, or equivalently, with the following line of reasoning. The component of v̂⊥(φ)

in the xz plane points in the same direction of v̂⊥, and has modulus given by cos φ,

while the component parallel to the y axis has modulus sin φ. Having so defined the

components of v̂⊥(φ), the vector ~q(φ) can be obtained by multiplication by sin θCher:

~q(φ) = v̂⊥(φ) sin θCher =

 sin α cos φ
sin φ

− cos α cos φ

 sin θCher =

 sin α sin θCher cos φ
sin θCher sin φ

− cos α sin θCher cos φ


(2.31)

The definitions of ~r and ~q(φ) (eqn. (2.29) and (2.31) respectively) are such that their

vector sum results in the unit vector γ̂.

γ̂ = ~r + ~q

=

cos α cos θCher
0

sin α sin θ

 +

 sin α sin θCher cos φ
sin θCher sin φ

− cos α sin θCher cos φ

 (2.32)

|~r| = cos θCher
|~q| = sin θCher

}
=⇒ |γ̂| = 1

The condition for the photon to be guided inside the fibre (transport condition) is

then given by:

γ̂ · t̂ ≤ cos θcrit (2.33)

where t̂ is the unit vector perpendicular to the fibre surface at the point where the

photon hits it, and pointing outwards; and θcrit is the critical angle beyond which

total internal reflection occurs and the photon is guided in the fibre. Any reflection

angle which does not result in total internal reflection can be safely neglected in the

27



2. CHERENKOV EFFECT

discussion, as even a small transmittance will result in very significant light losses due

to the numerous reflections that the photons undergoes as it travels the length of the

fibre.

The transport condition can be expressed as:

γ̂ · t̂ = cos ϕ s.t. ϕ ≤ θcrit

⇒ cos ϕ ≤ cos θcrit (2.34)

⇒ γ̂ · t̂ ≤ cos θcrit

However, the z component of the unit vector t̂ is always null, as, with reference to

Fig. 2.8, t̂ is always perpendicular to the fibre axis. Therefore, the z component of γ̂

Figure 2.8: Unit vector t̂ perpendicular to the surface where the photon undergoes its

first reflection at the fibre core/cladding interface.

cancels out of eqn. (2.34) and hence, defining ~γxy = γ̂ − ~γz, the transport condition

can be written as:

~γxy · t̂ ≤ cos θcrit (2.35)

However the angle between ~γxy and t̂, in contrast to the angle between γ̂ and t̂, lies

in the xy plane, and can thus be derived by plane geometry considerations. Fig. 2.9

shows a projection on the xy plane of the photon transport condition: P indicates the

point where the photon is emitted and ~P its position vector with respect to the axis

of the fibre and lying in the xy plane. The reflection angle which needs to satisfy eqn.

(2.35) is indicated with λ. In Fig. 2.9 R is the point where the photon hits the fibre

wall for the first time, hence its position with respect to the fibre axis is indicated by

the unit vector t̂. The angle λ can be calculated through planar trigonometry to be:
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2.3 Cherenkov effect in optical fibres

Figure 2.9: Projection on the xy plane of the photon transport condition. P is the point

where the photon is emitted and ~P its position with respect to fibre axis.

sin λ∣∣∣~P ∣∣∣ =
sin (σ + β)

ρ
⇒ (2.36)

λ = sin−1

sin (σ + β)

∣∣∣~P ∣∣∣
ρ


In order to calculate the angles σ and β, if x̂ indicates the unit vector parallel to the x

axis, one has, with reference to Fig. 2.9:

x̂ · ~P =
∣∣∣~P ∣∣∣ cos (π − σ) (2.37)

therefore:

σ = π − cos−1

 x̂ · ~P∣∣∣~P ∣∣∣


= π − cos−1
Px√

P 2
x + P 2

y

(2.38)

The vector ~P only depends on the impact parameter S ∈ [0, ρ] and on the random

position at which the photon is created, and its components Px and Py can be expressed

respectively (see Fig. 2.9) as a random point on the cord of the circumference parallel

to the x axis and displaced S from it, and the impact parameter S itself:

Px ∈ [−
√
ρ2 − S2,

√
ρ2 − S2]

Py = S (2.39)
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The angle β is instead given by:

cos β = γ̂xy · x̂ = γx ⇒

β = sin−1 γx (2.40)

The angles σ and β allow the calculation of the reflection angle λ for a given fibre

radius ρ if the photon direction γ̂ and the point of photon creation ~P are known. The

transport condition can hence be expressed as (see eqn. (2.35)):

γ̂ · t̂ = ~γxy · t̂

= |γxy| cos λ ≤ cos θcrit (2.41)

|γxy| ≤
cos θcrit

cos λ
(2.42)

In order to assess how many of the photons guided in the fibre arrive at the exit

surface of the fibre with an incident angle suitable for transmission across the exit

boundary, the geometry of the fibre end tip needs to be considered. The fibre used in

this work ends with a flat surface tilted at an angle χ, known as the cleaving angle, of

8◦ to minimize the back reflections. Therefore, with reference to Fig. 2.10, the surface

unit vector pointing outward and perpendicular to the end surface t̂cleav, is the same

for all values of x and y coordinate and is given by:

t̂cleav =

sin χ
0

cos χ

 (2.43)

The condition for transmission through the fibre end can be derived through the use

Figure 2.10: Geometry of the fibre end tip. χ is the cleaving angle.

of the Fresnel equations [32], expressing the power transmission coefficient T (i.e. the
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2.3 Cherenkov effect in optical fibres

ratio between incident and transmitted power) in terms of the angle of incidence θin,

through the power reflection coefficients Rs and Rp for light polarized parallel and

perpendicular to the plane of incidence:

T (θin) = 1− RS +RP
2

RS =

(
nco cos θin − n0 cos θt
nco cos θin + n0 cos θt

)2

(2.44)

RP =

(
nco cos θt − n0 cos θin
nco cos θt + n0 cos θin

)2

cos θt =

√
1−

(
nco
n0

)2

sin2 θin

where n0 is the refractive index of air. The expression for the transmission angle θt

comes from Snell’s law of refraction, and the assumption of unpolarized light is used

to write the overall reflection coefficient as the average of the coefficients for each

polarization Rs and Rp.

The angle of incidence θin can be obtained by the scalar product γ̂ · t̂cleav = cosθin.

However, γ̂ changes its x and y components at each reflection. The number of reflections

undergone by the photon in its path along the fibre, depends in turn on the distance

between the point of creation and the fibre tip: this is a macroscopic distance much

larger than the typical distance covered between successive reflections. Therefore, for

the purposes of estimating θin, γ̂fin, i.e. γ̂ at the fibre tip after all reflections, can be

considered to be equal to a rotation of γ̂ around the z axis by a random angle ζ:

γ̂fin =


√

1− γ2z cos ζ√
1− γ2z sin ζ

γz

 (2.45)

Hence θin can be found as:

cos θin = ˆγfin · t̂cleav

=
√

1− γ2z cos ζ cos χ+ γz sin χ (2.46)

The power transmission coefficient T can be interpreted as the probability of the in-

cident photon being transmitted across the fibre end; therefore, the transmission effi-

ciency ηtrans can be obtained as the average T over all possible incident photons, i.e.
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all possible values of ζ corresponding to a given γ̂:

ηtrans = Taverage

=
1

2π

∫ 2π

0
T (θin) dζ (2.47)

=
1

2π

∫ 2π

0
T
(

cos−1
[√

1− γ2z cos ζ cos χ+ γz sin χ
])

dζ

where the functional form of T (θin) is given by eqn. (2.44).

2.3.3 Collection efficiency optimization

When we consider the Cherenkov propagation inside a fibre we have to consider the

probability of survival of the created photons (Collection Efficiency, CE) in the waveg-

uide. CE depends on θcrit, that in turns depends on the refractive index of core and

cladding and, therefore, on NA as given by (2.22). Finally CE is determined by NA of

the fibre and by the direction of the Cherenkov photons. The Collection Efficiency is

expressed as the ratio between the number of collected photons and the number of the

produced photons by Cherenkov Effect in the fibre as follows:

CE =
collected photons

produced photons
(2.48)

CE calculation To calculate the CE, taking also into account the cleaving angle of

the fibre end facet, a C++ code has been written to predict the collection efficiency of

Cherenkov photons in the fiber, on the basis of the equations derived in section 2.3.2

[33].

In particular, for each pair (α, S) of incident angle and impact parameter, the code

samples the distribution of all possible photons generated, scanning φ in the interval

[0, 2π], see eqn. (2.33), and the x component of the position of the photon generation

Px in the interval [−
√
ρ2 − S2,

√
ρ2 − S2], see eqn. (2.39). This information allows

to determine, through eqn. (2.41), if the photon is transported 1. If this is the case,

the CE for this particular photon, indicated with CE(γ(φ), ~P ), is set equal to the

1Since the total reflection angle θcrit depends on the fiber refractive indexes, and they in turn

depend on the wavelength of the impinging photon, a complete analysis would include a calculation of

θcrit dependent on the photon energy. However, in the transmission window of the fiber (wavelengths

longer than 200 nm), the refractive index of core and cladding, calculated as per Sellmaier equation,

only changes by less than 5%, therefore θcrit and its impact can therefore be considered negligible.
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2.3 Cherenkov effect in optical fibres

transmission efficiency ηtrans, given by eqn. (2.47); otherwise CE(γ(φ), ~P ) is set to 0.

The overall CE for each (α, S) pair is then given by the average of CE(γ(φ), ~P ) over

all samples.

Information on the actual number of photons expected to reach the detector in a

given wavelength interval per impinging particle, corresponding to each particular (α, S)

pair configuration can be obtained by multiplying the CE so obtained by the number

of photons produced in the chosen wavelength interval for the particular (α, S) pair

configuration. To do this, eqn. (2.20), describing the Cherenkov radiation spectrum as

described by the Bethe-Bloch relationship, is integrated over the wavelength interval

and the distance travelled by the charged particle in the fibre.

Assuming that during its travel in the fibre the impinging particle does not lose

enough energy significantly to modify its velocity (constant β) and homogeneous medium

conditions (constant n), the integration over distance reduces to a multiplication by

the distance travelled in the fibre, which is given by trigonometry (with reference to

Figs. 2.9 and 2.6), by:

∆x =
2
√
ρ2 − S2

cos α
(2.49)

The integration of eqn. (2.20) over λ is thus performed numerically (to take into account

the variation of n with λ), and followed by the multiplication by ∆x.

For the application of interest in this work, the wavelength interval is chosen to

be 193nm to 1064nm, respectively the lower and upper cut-off wavelengths for the

Cherenkov effect.

CE optimization To optimize the collection efficiency and to make easier the cou-

pling between the fibre and the detector (whose active surface is 1 mm2), multimode

step index fibres up to a total diameter of 1 mm were considered. The properties of

these fibres are listed in table 2.1. Furthermore the water level (i.e. OH content) present

in the silicon of the fibres was also taken in account because of the different absorption

bands introduced in the attenuation spectrum. High OH content fibre (600-1000 ppm

of OH−) and low OH content fibres (< 2 ppm of OH−) were considered.

Inserting the features of the fibres (i.e. core/cladding refractive indexes and di-

mensions) in the C++ code, the corresponding CE relative to the incidence angle of

electrons passing through the fibre and to the impact parameter was calculated as the
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ratio between the photons created by the impinging electrons and the photons collected

at the end of the fibre.

Furthermore, as was already mentioned, from the CE it is possible to compute the

actual number of photons collected per interval of impact parameter and incidence

angle, per impinging primary charged particle. This is done automatically by the

software, assuming a wavelength interval of 193÷1064 nm, by using the Bethe-Bloch

calculations described in section 2.2.2.

The C++ computer code gives a matrix of results that can be displayed as a surface

plot, where the number of collected photons (vertical axis) is expressed in terms of the

incidence angle of electrons and the impact parameter (horizontal axes). The impact

parameter is normalized to the fibre radius and expressed as a percentage, thus an

impact parameter of 0% represents a particle passing through the fibre axis whilst an

impact parameter of 100% represents a particle hitting the fibre with a distance from

the axis equivalent to the radius of the core. This computation of collected photons

in terms of impact parameter and incidence angle is shown in Fig. 2.11 for different

numerical apertures.

Since the fibre cross-section is much smaller than the beam size, the whole cross-

section is impacted by the electrons of the accelerator beam. In this assumption all the

impact parameters are equally likely and thus the overall number of collected photons

at a given incidence angle is obtained by averaging over all the impact parameters. The

resulting curve, displaying the average number of collected photons for each incidence

angle, is shown in Fig. 2.12.

All the curves have maxima between 35◦ and 50◦. As a consequence, the probability

of photon survival is maximized when the impinging particles cross the fibres at the

Cherenkov angle. The theoretical curves exhibit a cut (i.e. a sharp drop to zero) for

incidence angles approaching 0◦, due to the angle of incidence of the created photon on

the wall of the fibre being less than the fibre critical angle. This happens because this

angle of incidence is the vector sum of the charged particle angle of incidence and the

Cherenkov cone angle; when the angle of incidence approaches 0◦, the Cherenkov cone

angle dominates the summation in all directions, hence leading to the angle of impact

with the wall exceeding the critical angle.

The results presented in this section can be used to identify the ideal optical fibre to

be used for Cherenkov effect based beam loss monitoring in accelerator environments.
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2.3 Cherenkov effect in optical fibres

Figure 2.11: Number of photons reaching the detector per incident particle in the wave-

length interval 193÷1064 nm, as a function of impact parameter and incident angle for all

fibres listed in Table 2.1. Number of photons corresponding to bins of 0.9◦ incident angle

and and 1% impact parameter.
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Figure 2.12: Number of collected photons for each incidence angle in the wavelength

interval 193 ÷ 1064 nm for all fibres listed in Table 2.1. Data is averaged over all impact

parameters. Number of photons corresponding to bins of 0.9◦ incident angle and and 1%

impact parameter.
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However, when making such a selection, together with collection efficiency, the effects

of radiation on the fibre material need to be taken into account. Therefore a discussion

including the evaluation of both these factors is postponed to the end of chapter 3.

2.4 Conclusions

This chapter started with an overview of the Cherenkov effect in its original formulation

given by Cherenkov along with the researchers Frank and Tamm. The high direction-

ality of the Cherenkov effect whose light is emitted within a solid angle depending on

the kind of charged particle interacting with the dielectric medium and the refractive

index of the medium (n>1) is explained together with the Cherenkov radiation typical

spectrum.

The energy threshold for producing Cherenkov photons is 0.192 MeV for electrons

penetrating in pure silica with n = 1.463. In addition the derivation of the Cherenkov

equations from the Bethe-Bloch equations in the special case of electrons interacting

with matter is reviewed.

The energy radiated as Cherenkov light per unit of distance along the particle

trajectory depends directly on the Cherenkov angle at which the light is emitted. The

Cherenkov spectrum is continuous with a cut off for short wavelengths in the X-ray

region where the refractive index becomes less than unity and for long wavelengths

because of the self-absorption of the radiation in the medium due to the presence of

atomic and molecular bands.

The core of the chapter focuses on the explanation of the Cherenkov effect in optical

fibre. A geometrical approach using vectors is used to describe the passage of charged

particle inside the fibres and the emission of the Cherenkov photons within a solid angle

and the propagation of the photons inside the fibres as a function of the fibres geomet-

rical features: core/cladding refractive index, numerical aperture and critical angle. In

the analysis the cleavage angle of the fibre is also considered, so as to understand its

impact on the coupling between the fibre and the photodetector located at the fiber

end. All these equations are then inserted in a specially written C++ code to calculate

the efficiency of collecting Cherenkov photons. Inserting the features of the selected

fibres, the code simulates the corresponding collection efficiency as a function of the

incidence angle of electrons passing through the fibre and the impact parameter. The
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wavelength interval considered in the calculation ranges from 193 to 1064 nm. The

C++ code gives a matrix of results that can be displayed as a surface plots where the

number of collected photons is expressed in terms of the incidence angle of electrons

and the impact parameter in terms of different fibre numerical apertures. The proba-

bility of photon survival is maximized when the impinging particles cross the fibre at

the Cherenkov angle that ranges between 35◦ and 50◦ for the selected fibres.
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3

Radiation effects in optical fibres

3.1 Introduction

High-power particle accelerator technology relies on high performance materials that

are able to function reliably in high radiation environments. Exposure of materials

to radiation will result in dramatic changes in their physical properties which in turn

compromise their functionality. Macroscopic physical properties are the expression of

processes taking place at the atomic level of the material lattice as well as at the nano-

and micro- scales. Irradiation-induced effects on materials are the result of interactions

between atoms in solid materials with energetic, bombarding particles.

This interaction can take place in the form of:

1. electronic excitations responsible for energy deposited in the solid material;

2. elastic collisions through which recoil energy is transferred from the incident parti-

cle to atoms in the lattice resulting in the displacement of atoms and the formation

of vacancies;

3. inelastic collisions between the bombarding particle and the nuclei of the solid

resulting in the production of gases such as helium and hydrogen which tend to

occupy grain boundaries and have detrimental effects on the material.

The combinations of the latter two processes constitute what it is termed irradiation

damage in the material microstructure that in turn is observed as changes in the macro-

scopic properties. Even though the interaction between ionizing and nanometer-scale
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3. RADIATION EFFECTS IN OPTICAL FIBRES

features of materials is far from being fully understood, various experiments suggest that

nano-sized particles embedded into the bulk material matrices act as damage stabilizers

by trapping radiation-induced defects. In addition while the database and experience

of material irradiation damage is quite extensive, it almost exclusively applies to the

effects of neutron and gamma irradiation. In recent years, newly engineered materials

have been developed and some exhibit extraordinary properties that can be utilized

in high radiation environments, but they lack the track record of irradiation-induced

changes to their properties. The material of the fibres used in the development of the

beam loss monitor has to be included in this last case.

Amorphous silicon dioxide (SiO2) or fused silica is a basic material of modern com-

munications and electronic technologies. It is found in the cores and claddings of all

glass fibre waveguides, in the layers of silicon-based MOS devices and in a wide variety

of transmissive and reflective optics. By adding dopants or varying the Hydroxyl or

OH− content of SiO2, it is possible to change various properties of the material. In

many applications, such as nuclear plants or high energy accelerators, hardness against

the effects of ionizing and particle radiations is required.

Such irradiations can induce:

• radiation induced attenuation;

• generation of luminescent light (Cherenkov effect);

• change of mechanical properties such as tensile strength, compaction, degradation

of coating material;

• change of the refractive index.

In the following sections the contributions of various effects will be described, excluding

the Cherenkov effect that is the working principle of the beam loss monitor presented

in this thesis and the theory for which has already been described in chapter 2.

In section 3.2 the radiation induced attenuation is discussed with a special focus on

the effect of radiation of fused silica, the optical fibres material and on the selection of

the suitable fibre for beam loss monitoring. Section 3.3 treats the radiation effects on

the mechanical properties of fused silica describing the most important theories on the

densification phenomenon. In section 3.4 a brief overview on the effect of radiation on

the refractive index of fused optical fibres is given.
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3.2 Radiation induced attenuation

3.2 Radiation induced attenuation

The attenuation in an optical fibre is usually expressed in decibels per kilometre

(dB/km) in the visible and infrared (IR) spectra and in dB/m in the ultraviolet (UV)

because UV light is attenuated very quickly. The attenuation is expressed as:

A (λ) = − 10

L
log

(
Pout (λ)

Pin (λ)

)
(3.1)

where L is the length of fibre, Pin is the input power injected into the fibre core, and

Pout is the output optical power collected to the fibre end. Depending upon the methods

used in the manufacturing process, many defects may be incorporated into the fibre

prior to any irradiation. Due to the different thermal methods used for the material

synthesis mainly two types of silica glasses with a different residual amount of water

can be obtained: “dry” and “wet” silica. When dry silica is drawn into a fibre it creates

a strong absorption band at 630 nm that was first reported by Kaiser et al. [34, 35].

Kaiser proposed that the drawing-induced absorption arises from holes trapped at the

site of broken Si-O bonds. This drawing-induced optical absorption band is identical

in half width and centre position with a radiation-induced band and it has not been

observed in fibres having a core of wet silica [36].

UV transmission and radiation-induced attenuation can be influenced by variations

in fibre coating, draw temperature, draw tension, and speed [37]. It is suggested that

the variation in radiation response may be due to a post-drawing anneal occurring

during coating cure 1, which minimizes drawing-induced defects [38]. While the cause

of this optical absorption band is not fully understood, it is evident that the drawing

conditions can strongly impact the performance of a fibre. In addition to these defects,

point defects in amorphous crystal due to the partial pureness of the material have to

be considered because they create further absorptions bands. A perfect SiO2 glass is

visualized as a continuous network of SiO4 tetrahedra joined at the corners such that

each silicon is bonded to four oxygens and each oxygen bridges between two silicons.

The structural unit of SiO2 is shown in Fig. 3.1.

1Optical fibre coating change from a liquid phase to a solid phase when exposed to UV radiation.

This curing process (also called photopolymerization) happens very quickly. It is estimated that the

UV exposure time of a primary coatings lasts only from about 0.05 to 0.2 seconds when a fibre is drawn

at a speed of 1,200m/min. Small variation of this process can minimize defects in the fibre material.
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3. RADIATION EFFECTS IN OPTICAL FIBRES

Figure 3.1: SiO2 structural unit: SiO4 tetrahedron.

Defects in such a perfect glass could include oxygen or silicon vacancies and their

interstitials, Si-Si or O-O homobonds, or over- or under-coordinate silicons or oxygens.

Without going into too much depth, all the defects of a crystal can be divided into two

main classes: those which are diamagnetic and those which are paramagnetic. As a

general rule, all stable paramagnetic defects have optical absorption bands associated

with them, since they represent half-occupied energy levels located in the optical band

gap. Thus, hole transition to the valence band and electron transitions to the conduc-

tion band are both possible. Diamagnetic defects in SiO2 have absorption bands in UV

and vacuum ultraviolet (VUV) spectral regions but since they are not as stable as the

paramagnetic ones they are more difficult to deal with. Silica glasses quenched from

the melt are generally diamagnetic. Presumably if a perfectly pure SiO2 glass could be

made it would exhibit a VUV absorption edge similar to the short dashed line labeled

“Urbach edge” in Fig. 3.2. Because the Cherenkov effect has a wide spectrum ranging

from UV to IF and the production of Cherenkov photons increase for short wavelength

(see Eq. 2.20), the absorption bands created by radiation exposure can reduce the per-

formance of the beam loss monitor creating spurious signals that can lead to errors in

the beam loss measurements. To this purpose the radiation induced absorption bands

need to be carefully considered especially for high radiation doses.

In addition the radiation induced attenuation creates defects in the SiO2 lattice

drastically reducing the lifetime of the fibre itself. To avoid this drawback special

coatings are specifically designed to work in harsh environments. Further on, since the

known silicon fibre lifetime is of about 10 years after this period the fibres need to be

tested to have a clear idea of the radiation damage. Recent improvements in the fibre
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3.2 Radiation induced attenuation

material such as the addition of a fluorine doping in the fibre core aims to increase the

fibre lifetime. However because these fibres have been developed in the last few years

there is a lack of experimental results to ensure the longer lifetime.

Figure 3.2: Optical attenuation spectra of un-irradiated and irradiated pure fused silica

[39]. For short wavelengths the absorptions bands due to intrinsic silica defects dominate

(Urbach edge). The radiation induced losses are spread from UV to IR region with a peak

in the UV (where the Cherenkov photon production is higher) where the losses are about

four orders of magnitude larger than those ones in the IR. The irradiation dose is 105 rad.

Radiation-induced absorption bands in fused silica Radiation hardness is a

measure of how well an optical fibre maintains its optical transmission properties after

receiving some dose of radiation, thus to select the most optical fibre radiation resistant

material it is crucial to consider the different types of colour centres known to exist in

irradiated and un-irradiated fibres.

When a fibre is exposed to radiation even for doses as low as 1 Gy, the fibre un-

45



3. RADIATION EFFECTS IN OPTICAL FIBRES

dergoes a process called annealing. The radiation heats the fibre creating new color

centres in the SiO2 lattice. A colour centre is defined as a lattice defect in a crystalline

solid consisting of a vacant negative ion site and an electron bound to the site. The

light transmitted through the fibre may differ in wavelength from the input light due

to a colour centre’s presence. The best known defect centre in any form of SiO2 is the

so-called E
′

centre, whose Electron Spin Resonance (ESR) spectrum was first reported

in 1956 [40]. It consists of a silicon bonded to just three oxygens in the glass network.

It forms upon a radiation induced breakage of the Si-O-Si chain and is characterized by

luminescence at 450 nm in addition to the absorption band at 212 nm. There are three

other generic defect types in a SiO2 that have been identified by ESR. All of these take

the form of holes trapped on oxygen atoms [41]:

1. the nonbridging-oxygen hole centre (NBOHC);

2. the peroxy radical;

3. the self trapped hole (STH).

The NBOHC exhibits strong absorption bands at 260 and 630 nm and has a lumi-

nescence line at 670 nm [40, 42, 43]; the peroxy radical is believed to have absorption

bands near 260 nm and near 600 nm [44, 45]; the STH have absorptions bands in the

visible range, respectively at 660 and 760 nm [46].

In Fig. 3.3 the absorption and transmission of the predominant colour centres are

reported from [47].

In addition, it is possible to vary the OH− content of a fibre during the drawing

process. The OH− content directly affects the radiation hardness of optical fibres due

to the abundance, or lack of, oxygen available in the material. The coating, in this case,

plays an important role because it can help the core material maintain this high OH−

content. If it is very thin, i.e. a few microns, or if it is composed of a highly diffusive

material, the oxygen can easily diffuse out of the core material upon irradiation [48].

This diffusion facilitates the production of NBOHC.

While it is possible to quantify the amount of optical damage a fibre receives as

a function of dose and also to predict how much light will be transmitted after some

dose is incurred, the mechanisms, at a molecular level, are unclear. Often, ESR data

are used to model radiation damage using known theoretical models. While some of
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3.2 Radiation induced attenuation

Figure 3.3: Known SiO2 colour centres and their relative absorption and transmission

energies [47].

these models can reproduce the optical damage profiles quite well for a given type of

fibre, none has been able to predict the optical damage for all fibres. The most widely

used formulation is the power law dependence of attenuation to accumulated dose. The

power law does well for giving the saturation level, but does not accurately describe

the optical damage during the initial dose period. Usually the relative attenuation is

calculated with respect to a reference spectrum (before irradiation) that is commonly

included in the fibre datasheet. The Radiation Induced Attenuation (RIA) depends on

the accumulated dose (D) and the wavelength (λ) [49, 50]:

RIA(λ) = α (λ) (D/D0)
β(λ) (3.2)

where α is the fibre attenuation after irradiation with the reference dose (D = D0),

expressed in dB/km, β is a constant that describes the fibre radiation hardness and D0

is the reference dose. Usually D0 is equal to 100 Mrad. For high OH− content quartz

fibres, as the ones used in this work, α is between 1.6 and 1.8 dB/m at 450 nm and β

is between 0.2 and 0.4 at the same wavelength. In Fig. 3.4 the typical behavior of a

high OH− content quartz fibre versus wavelength irradiated at 54 Mrad is reported.

47



3. RADIATION EFFECTS IN OPTICAL FIBRES

Figure 3.4: Induced attenuation of a high OH content fibre vs wavelength irradiated to

54 Mrad [50].

3.3 Radiation effects on the mechanical properties of fused

silica

Besides the RIA effect, high energy particles or ionizing radiation can also induce in

fused silica a refractive index change that tends to be greater in the infrared part of

the spectrum compare to the values measured in the UV-visible part [51]. One physical

reason for the index change was attributed to a radiation-induced densification (i.e. a

density change) of the glass. The detailed origin of this density change has never been

quite clear but this phenomenon, called compaction, has been universally observed in

vitreous silica and it is considered an inherent property of the material.

Fused silica compacts when exposed to X rays [52, 53],γ rays [52–57], electron beams

[52, 53, 58–63], neutrons [52, 53, 64–66], ions [52, 53] and UV radiation [67–71]. Energy

from these sources can be transferred to an optical material and initiate damage by

either a radiolytic (“ionization”) or a knock-on process (only for electrons, ions and

neutrons)[72]. The effect of any irradiation on a material depends not only on the

energy of the irradiation, but on the nature of the irradiating particles themselves.

Neutrons have large mass therefore the interactions are likely to happen via classical

momentum transfer. In contrast, the charge of an electron will cause it to interact

with lattice atoms mainly through coulombic forces, due to its momentum being much

smaller than that of a neutron. As an incident electron moves through a material,
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3.3 Radiation effects on the mechanical properties of fused silica

it forms defects through ionization of valence electrons. With enough energy it can

cause a cascade of secondary electrons released through knock-on collision with bound

electrons, known as the Compton effect. The relativistic formula to determine the

maximum energy (Tm) transferred by an incident particle of mass m and energy E is

[72]:

Tm =
4mM

(m+M)2
E

1 + E/2mc2
, (3.3)

where M is the mass of the lattice ion. So, the maximum energy which can be trans-

ferred from an incident electron with energy E is given by:

Tm = 2147.7E(E + 1.022) /A, (3.4)

where A is the atomic mass of the target atom. In order to break the chemical bonds

the energy transferred after a direct collision must be as large as the bond strength

of the target atom. It has been determined [73] that displacement of a silicon atom

bonded to four oxygen atoms requires a 0.26 MeV electron, while the displacement of

an oxygen atom in SiO4 tetrahedral network needs 0.16 MeV. Far fewer displacements

in fused silica occur per knock-on processes than ionization events so the latter can be

considered the primary damage mechanism [73].

Radiation-induced ionization occurs when electrons in the valence band of the ma-

terial gain enough energy from the incident radiation to be excited into the conduction

band of the material. An electron moving through a material in this way will lose

approximatively 20 eV per ionization until it has too little energy to cause more ioniza-

tions and will then be trapped by a positively charged defect. Even in the most pure

SiO2 there is a significant concentration of trace elements such as boron, phosphorus

and zirconium due to the manufacturing process. These impurity ions trap the radi-

olytic electrons and holes more efficiently than silicon and oxygen and easily increase

the tendency of a glass to compact during exposure to ionizing radiation.

In general, the dose dependence of compaction in vitreous silica obeys a power law

[74]:
∆ρ

ρ
= A

′
Dc (3.5)

where ρ is density, D the absorbed radiation dose, A
′

and c are constants. Typical

values for A
′

range between 5 and 6 for high UV transmission vitreous silica [58]. The

dose exponent c is found to be dependent on the nature of the radiation source and
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the effect of radiation on silica. c is close to 1 for knock-on radiation (neutron, He+

or D+) [52] and 2/3 for ionizing radiation (γ rays [52–57], e-beam [52, 53, 58–63] and

UV radiation [67–71, 75, 76]). In Fig. 3.5 the dependence of the induced losses due

to radiation exposure as a function of the total dose for a pure SiO2 fibre for different

dose rates is shown. The radiation induced attenuation is linear for total doses ranging

Figure 3.5: Induced losses as a function of the total dose for a pure silica fibre for different

dose rates [77].

from less than 0.1 Gy to 102 Gy. Increasing the total doses the induced losses stop

to be linear. The origin of this behaviour has not been completely explained. It is

known that the basic building block of fused silica is the SiO4 showed in Fig. 3.1.

It is a tetrahedron with an O-Si-O bond angle of 109.5◦. Magnetic angle spinning

(MAS)-nuclear magnetic resonance (NMR) shows these tetrahedra are placed together

with an average Si-O-Si bridging angle of 145◦ with a distribution of angles in the

range 120-180◦ [78–80]. According to X-ray diffraction [81] and neutron-diffraction [82]
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3.3 Radiation effects on the mechanical properties of fused silica

investigations of vitreous silica structure after particle bombardment, the elementary

SiO4 unit maintains its shape, only the angles of Si-O-Si bridging bond (i.e. the angle

between two atoms of Si and one of O, in the SiO4 tetrahedron lattice) undergo essential

changes. This behavior could explain the different c values for knock-on and ionizing

radiation-induced compaction. For the latter case it has been observed [52, 58, 63]

that for very large absorbed radiation dose the ionization-induced densification level in

fused silica is very small (∆ρ/ρ ≈ 10−6− 10−7). The Si-O distance remains unchanged

and a decrease of Si-O-Si angle, equivalent to decreasing Si-Si distance, is reported. As

a consequence:

∆V

V
= −∆ρ

ρ
∝ D2/3 (3.6)

where V is the volume of the material. A structural model for explaining the changes

that fused silica undergoes as a result of irradiation was formulated by Piao et al. [74].

The network structure of the vitreous silica exhibits two phases: a “low” temperature

phase A with the most probable bridging bond (Si-O-Si) angle at about 145◦ and a

“high” temperature phase B with the most probable bridging bond (Si-O-Si) angle at

about 135◦. The difference between the angles of the two phases corresponds to two

different structures of the SiO4 tetrahedron. The phase change may be explained by

the fact that the system attempts to minimize the Gibbs free energy G (as shown in

Fig. 3.6), defined by:

G = E − TS + PV (3.7)

where E is the internal energy, S is the entropy and V is the volume of the system.

With βA and βB are indicated the most probable Si-O-Si bridging angles for the two

phases, respectively.

When the system is in low temperature environments, the phase A has the lowest

free energy and the most probable bridging angle at about 145◦ in the network 3.6(a).

At higher temperature, the Gibbs energy curves are shifted, the free energy for phase

B is lower than that of phase A and the most probable bridging angle is at about

135◦. When ions or neutrons bombard vitreous silica, the momentum and energy of

the incident particle are directly transferred to the glass network. Around the primary

knocked-on atom, extreme temperatures of 5000-10000◦C and pressures of 3000-7000

atm are achieved [83]. Under these conditions, phase B has the minimum free energy
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3. RADIATION EFFECTS IN OPTICAL FIBRES

Figure 3.6: The Gibbs free energy as a function of the Si-O-Si bonding angle β with two

minima proposed to explain the change of the Si-O-Si angle corresponding to two phases

for low temperatures (a) and high temperatures (b). [74]. Under particle bombardment

the shape of the SiO4 building block stays the same, only the angles of the bridging bond

changes depending on the temperature and the pressure of the system.

and it is characterized by a bridging angle of 135◦. The double-well structure for the

Gibbs energy was explained from Vukcevich [84]. Even for very small variation of Si-O

distances in the SiO4 tetrahedron, the Si-O-Si angle can have two values corresponding

to the minimum energy of the system. The states of bridging oxygen are separated by

a potential barrier, which is due to the dependence of the potential energy on Si-O-Si

angle for each stable state and on the Coulomb repulsion of tetrahedra at Si-Si distance

changes caused by the variation in the distance between tetrahedra centres due to the

variations in the Si-O-Si angles.

When the SiO4 network is under neutron radiation, the energy deposited in the

material converts phase A structure to phase B structure. Therefore the density of phase

B is higher than that of phase A and it increases linearly with the energy deposited as

described in the Eq. 3.5.

For ionization induced compaction (UV, low-energy electron and gamma) the value

of the c coefficient in Eq. 3.5 is 2/3. At room temperature the glass network is in non-

thermal equilibrium state and has excess energy stored in the Si-O-Si bridging bonds.

This excess energy acts as a driving force for the relaxation process induced in silica by

breaking atomic bonds. During densification, ionization produces electron-hole pairs,

providing paths for bond rearrangements. The relaxation process releases some of the

excess energy stored in the structure accompanied by a decrease of the Si-O-Si angle.
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3.4 Radiation-induced refractive index change in fused optical fibres

The macroscopic effect of this process is the compaction.

3.4 Radiation-induced refractive index change in fused

optical fibres

For radiation doses between 106 and 109 Gy1(equivalent to 108 and 1011 rad) the effect

on radiation refractive index is quite similar to the effect on density. There is, in fact, a

linear relationship between refractive index and density. The Lorentz-Lorenz equation

[85] is frequently used to describe such a relationship. For electron irradiation we can

express this relationship [58, 62] in the form:

∆n

n
=

(
n2 − 1

) (
n2 + 2

)
6n2

(
∆V

V
+

∆α

α

)
(3.8)

where n is the refractive index of the material subjected to irradiation, V is the volume

and α is the polarizability. For doses of less than 2× 1011 rad (∼ 109 Gy), the material

compaction consists entirely of a stress-induced process. Compaction on a thin surface

layer as in the case of optical fibres is three dimensional, resulting in contraction of the

material along the three axes. However, because the un-irradiated portion of material

does not compact, the contraction is restricted to the plane of the surface and tensile

restoring stresses are generated. The tensile stresses may lead to mechanical damage

and encourage fracture initiation at the optical fibre cladding. Above 2 × 1011 rad

the total volume change is much larger than the stresses [62] and a saturation of the

refractive index is observed as shown in Fig. 3.7.

3.5 Selection of a suitable fibre for Beam Loss Monitoring

Optical fibres are more and more considered for use in different nuclear applications

because of their well known advantages with respect to the traditional technologies,

such as their electromagnetic immunity, low weight, small dimensions and high band-

width. All these applications have unprecedented demands for hardness against optical

attenuation induced by moderate to very high doses of γ rays, neutrons and charged

1The gray (Gy) is the SI derived unit of absorbed dose. One gray is the absorption of one joule of

energy, in the form of ionizing radiation, per kilogram of matter. A whole-body exposure to 5 or more

gray of high-energy radiation at one time usually leads to death within 14 days.
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3. RADIATION EFFECTS IN OPTICAL FIBRES

Figure 3.7: Mean refractive index change as a function of dose of 18 keV electrons for

vitreous silica [62]. For small doses of high-energy radiation, the dependence can be linear

and it shows a saturation for larger doses.

particles. In particular, in addition to all these features, beam loss monitoring by using

the Cherenkov Effect requires to have good transmission (i.e. low attenuation) over

the entire visible range (400-700nm). This requirement is quite difficult to fulfill since

fibres for telecommunication, that are the most commercially available fibres, are often

specified to survive much lower radiation doses and typically operate in the IR region

where radiation-induced attenuation is known to be orders of magnitude lower than

the visible because of the lack of absorption bands due to color centres.

Radiation hardness considerations There is a large literature about the perfor-

mance of optical fibres under irradiation compiled over the last 30 years, but only in

the past 10 years techniques in the manufacturing process have improved so much to

increase considerably the fibre radiation hardness; therefore there is a lack of exper-

imental results concerning the newest fibres even if their lifetime is supposed to be

higher than the old ones because of the very high purity of the materials obtained in

the preform process. For the selection of suitable fibre for application in accelerator

environments many parameters have been taken in account, such as:

• fibre type (single mode, graded index, step index);

• core/cladding dopants;

• OH content;
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3.5 Selection of a suitable fibre for Beam Loss Monitoring

• coating material.

A large amount of data in the literature [20, 50, 86–95] indicate that the best mate-

rial for the present requirement is a pure silica core/Fluorine-doped silica cladding fibre

with high OH− content. Germanium-doped silica core fibres could also be considered

as candidates for some less stringent applications but, as reported in Fig. 3.8, their

induced losses are higher than for pure silica fibre with high OH− content [20].

Figure 3.8: Induced losses in three different optical fibres as a function of the absorbed

dose. Fibre 1: Ge-P doped, graded index fibre (50/125 µm); fibre 2: Ge doped single mode

fibre (9/125 µm); fibre 3: pure silica multimode step index fibre with high OH− content

(105/125 µm) [20].

Pure silica core fibres have been found to be the least susceptible to radiation-

induced attenuation both at short times pulsed irradiation [86, 89] and steady state

exposure over long periods [90, 91]. For further reducing the radiation response of the

waveguide the cladding composition plays an important role. Comparing fibres with

the same core and different cladding it is evident that, after irradiation, there is more

recovery in a fibre with pure SiO2 cladding and, in addition, its radiation induced loss

is smaller, especially at high dose [88]. Fluorine doping, added to the SiO2 cladding,

helps to obtain a greater radiation resistance in the fibre [96, 97].

Concerning the fibre structure, little difference has been found between the radia-

tion response of step and graded index multimode fibre with the same index differences

between core and cladding and the same dopant levels [86, 89, 98], while a lower radi-

ation sensitivity was reported for single mode fibres due to the smaller concentration
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of dopants required to attain the desired index difference between core and cladding

[99]. Regarding the level of OH− inside the core, since the concentration of OH− con-

tent needs to be optimized for improving the radiation resistant characteristics, many

works report that fibres with high OH− content have better performance than the ones

with low OH− content especially if combined with fluorine doping. [100–103]. This

discussion on radiation hardness rules out most telecommunication optical fibre. Based

on this discussion Table 2.1 lists 7 choiches of radiation hard optical fibres suitable for

beam loss monitor; in particular number 3, 6 and 7 which are fluorine doped.

Collection efficiency considerations The sensitivity of a beam loss monitor is

directly related, amongst other factors such as detector efficiency, fibre to detector

coupling efficiency etc, also to Cherenkov collection efficiency of the chosen fibres. The

latter has been discussed in details in chapter 2: this collection efficiency includes both

the number of created Cherenkov photons and the probability of these photons to

be guided into the fibre until reaching the detector. Thus, a high collection efficiency

allows to directly increase the sensitivity of the monitor. An higher sensitivity can prove

crucial especially in machine optimization operation, where even small losses need to

be detected, as opposed to machine protection operation in which fast detection of high

losses is instead required.

The collection efficiency increases with the fibre diameter and the numerical aper-

ture of the fibre. Therefore to optimize the collection efficiency large core diameter,

multimode numerical fibres with large numerical aperture need to be used. Table 2.1

lists 7 choices of optical fibre with increasing core diameters and numerical apertures,

thus from the point of view of collection efficiency fibre 7 performs the best. How-

ever this is plastic optical fibre whose radiation hardness is therefore very poor: fibre

6 is therefore the best suitable optical fibre for beam loss monitoring when radiation

hardness and collection efficiency are taken into account.

Economic considerations Since the beam loss monitoring along an accelerator path

is a large-scale project and the overall price can become an important issue, a good

match between the fibre efficiency and the price of the necessary components needs to

be considered for the final choice of the suitable optical fibre.
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In particular, for pure silica optical fibre the cost per meter increases with the square

of the fibre diameter. Thus, with the exception of fibre 7 which is cheaper on account

of it being plastic, fibre 1 to 6 in table 2.1 are sorted for increasing price.

For project requiring long stretches of optical fibres cost considerations could there-

fore lead to choosing fibre 5 or even 3 depending on the requirements for sensitivity

which decreases with decreasing diameter and then cost. Moreover, in addition to

material costs large diameter optical fibre also require less readily available end tip

connectors to be coupled with the photodetectors. Because of all these reasons, in the

remainder of this work, fibre 1 has been used for the prototyping experiments. Never-

theless, the results obtained are directly scalable to higher sensitivities and radiation

hardnesses when the more expensive option for the optical fibres is available.

In Fig. 3.9 the intrinsic attenuation of fibre 1 is reported.

Figure 3.9: Attenuation as a function of the wavelength for multimode step index fibres

with 0.22 Numerical Aperture(NA) used in this thesis. Courtesy of Thorlabs.

Finally, Fig. 3.9 shows the attenutaion as a function of wavelength for fibre 1 used

in this work. This information will be extensively used in chapter 5 to calculate the

expected light signal at the photodetector. Although slightly different to fibre to fibre,

the fibre listed in table 2.1 share very similar attenuation curves, as these characteristics

is mainly determined by the fibre material and the fluorine doping, while improving
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the radiation hardness properties of the material alters only slightly its attenuation

characteristics.

3.6 Conclusions

To select the suitable fibre for the beam loss monitor system designed in this thesis a

detailed study on the effect of the radiation on fused silica has been performed.

Almost 30 years of experimental results and theories are summarized in this chapter.

During this long time frame the fibre material has significantly changed because of the

many improvements in the manufacturing techniques that led to purer materials than

the pristine ones.

When fibres are exposed to radiation their intrinsic attenuation acquires an addi-

tional term called radiation induced attenuation. During the exposure the SiO2 glass

lattice undergoes considerable changes in the diamagnetic and paramagnetic structures.

These changes led to new absorption bands mainly in the UV and VUV spectral regions

that modify the transmission properties of a fibre.

Three main defects have been observed along 30 years of studies by using the Elec-

tron Spin Resonance, but the mechanism of how these defects are created, at a molecular

level, is still unclear. All these defects take the form of holes trapped on oxygens and

they are called: nonbridging-oxygen hole centre, peroxy radicals and self trapped holes.

The first ones exhibits strong absorption bands at 260 and 630 nm and a lumines-

cence line at 670 nm, the second ones have absorptions bands near 260 and 600 nm;

the last ones in the visible range, respectively at 660 and 760 nm.

These absorptions bands occur in that part of the spectrum (mainly UV and VUV)

where Cherenkov production is higher. They can lead to a degradation of the Cherenkov

signal that can bring to an error in the losses evaluation for high radiation doses.

Unfortunately there are no data concerning the levels of radiations expected at ALICE,

even if radiation surveys performed at the end of every shift show losses of the order

of µSv (equivalent to 1 µGy of absorbed dose for electrons). In this range the induced

losses as a function of the total absorbed dose are negligible. However for an electron-

positron machine such as TESLA at DESY the expected doses are lower than 103

Gy [104, 105] well under the high radiation doses that can cause drastic variations

in density and refractive index. Within these doses, the effects of irradiation need to
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be taken in account either for short time exposure because the fibre annealing creates

color defect centers that introduce additional absorption bands and lead to a error in

the evaluation of losses and over long period of time because the radiation damages pile

up over time. This can be done by periodic calibrations of the beam loss monitor using

a reference dose at a fixed point of the accelerator where a beam loss is induced. In

addition before replacing the damaged fibres, to recover the color defects centers caused

by annealing, frequent injection of high intensity laser should be tried as suggested by

[106]. An empirical formula to calculate the radiation induced attenuation with respect

to a reference spectrum (before the irradiation) and a reference dose is given in this

chapter.

Since the radiation damages occur, radiation detection in harsh environments as

accelerators requires high-purity silicon fibres, with low concentration of dopants. The

chosen material was a pure silica core/fluorine doped cladding fibre. From literature

these fibres show a radiation hardness of 109 rad, the highest between the fibre materials

and the best performances both at short times pulsed irradiation and in long times

steady state exposures. No difference instead has been found in literature for what

concerns the radiation response of step and graded index multimode fibres with the

same index differences between core and cladding and the same dopants level.

In addition radiation produces a particular effect on the mechanical properties of

optical fibres by changing the density of the glass, called densification.

The effect depends not only on the energy of the irradiation, but on the nature of

the irradiating particles themselves. The origin of this phenomenon is still unclear. One

of the most known theories describes densification as a change in the bridging angle of

the O-Si-O bond in the SiO4 block unit.

It has been observed that during the particle bombardment the elementary unit of

SiO4 maintains its shape, only the bridging angles undergo essential changes.

A similar effect to the densification, called compaction, has been observed with the

refractive index. A linear relationship between refractive index and density is expressed

in the form of the Lorentz-Lorentz equation. Compaction can led to mechanical dam-

ages and to fracture initiation at the optical fibre cladding for doses within 106 and

109 Gy. Based on these considerations, together with the collection efficiency factor

described in chapter 2, a fibre model (fibre 6 in table 2.1 has been identified as the

best performing fibre for beam loss monitoring applications. However, depending on
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economic considerations and the requirements on sensitivity, different models listed in

table 2.1 can be selected. In the remainder of this work, fibre 1 is used.
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4

Silicon photomultipliers

4.1 Introduction

Sensors capable of detecting single photons have found different applications in di-

verse fields such as astronomy [107, 108], laser ranging [109], biomedical imaging

[110], Positron Emission Tomography [111–113], Optical Time Domain Reflectome-

try (OTDR) [114] and beam loss detection in particle accelerators [33] to name a few,

replacing in such applications the former use of photomultiplier tubes (PMTs) [115].

The need to reduce the detector dimensions and to produce marketable photon coun-

ters requires the use of small area, highly sensitive detectors that combine integrated

readout circuitry functionality with a cheap fabrication process. In addition, small area

detectors can be easily integrated in a dense array, be coupled with optical fibers, and

reach high sensitivities. Since the 1980s, Single Photon Avalanche Diodes (SPAD),

p-n junctions1 reverse biased over the breakdown voltage, operating hence in what is

known as the Geiger Mode, have attracted increasing interest and been the subject

of many important publications [116–125]. They have been shown to be able to de-

tect single photons with good quantum efficiency (20-30% in the blue wavelength, 50%

in the green-yellow, 40% in the red) and relatively short recovery time obtained with

minimal circuitry [126, 127]. In the last decade, bi-dimensional, closely packed arrays

of up to 500 independent SPADs per square millimetre have been developed and are

now widely available commercially. Such arrays provide an output signal proportional

1A p-n junction is formed at the boundary between a p-type and n-type semiconductor created in

a single crystal of semiconductor by doping. When a doped semiconductor contains excess holes it is

called “p-type”, when it contains excess free electrons it is known as “n-type”.
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to the incident light; responding with macroscopic currents of some mA to each single

photon detected, and are thus known as Silicon Photomultipliers (SiPM). The SiPM

retains the photon counting ability of the SPAD while outperforming it dramatically for

dynamic range and recovery time. This, in addition to their high quantum efficiency,

magnetic field immunity, robustness, low costs, minimal circuitry and possibility to

operate at room temperature has made SiPMs ideal candidates for the readout of the

optical fibres in the beam loss monitor described in this thesis. The general features

that are required to ensure detection of most incident Cherenkov photons are:

• low dark count;

• low pixel to pixel optical coupling;

• high photo detection probability (especially in the blue range where the Cherenkov

production is higher);

• fast time response because of the Cherenkov effect response time (of about 100

ps);

• low after pulsing.

Noise effects can deteriorate SiPM performance that is, in general, heavily dependent

on manufacturing quality and techniques. In this chapter after discussing the relevant

theory, the experimental results from tests of state-of-the-art detectors from different

manufacturers will be described together with an original procedure to characterize

SiPMs in terms of their manufacturing quality. This procedure aims to distinguish the

contribution from separate dark noise effects on the Cherenkov signal and to identify

the SiPM model most suitable for the beam loss system described in the next chapter.

4.2 Silicon Photomultiplier structure

4.2.1 Single cell: the SPAD

Silicon photomultipliers (SiPM) are based on an array of Geiger mode Single Photon

Avalanche Diodes (SPAD) elementary cells connected together to form an array of in-

dependent identical microcells. A SPAD is a variation of a p-n junction as shown in Fig.

4.1. SPAD devices with planar structure are manufactured using a compatible CMOS
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4.2 Silicon Photomultiplier structure

Figure 4.1: Cross section of the basic SPAD device structure [128]. The junction has

dimensions of few micrometers and the active area dimensions range from 20µm to 200µm.

p+ represents the device anode and n+ the cathode. The p+ layer (close to p) is an

intrinsic thick lightly p-type doped layer. Another p+ implant is used to form the anode

contacts at the edge of the structure. A ring heavily doped with phosphorus and deeply

diffused surrounds the device providing electrical isolation.

(Complementary Metal-Oxide Semiconductor) technology with seven photolithographic

steps. The starting silicon wafers used have double epitaxy: a lightly doped p-layer is

grown over a heavily doped buried p+ layer. The p+ anode is realized by means of an

ion implantation process and the implant dose is selected in order to obtain a break-

down voltage in the range 20-40V. The n+ cathode overlaps the p region in order to

form a virtual guard ring, preventing premature edge breakdown. Another p+ implant

is used to form the anode contacts at the edge of the structure. A ring heavily doped

with phosphorus and deeply diffused surrounds the device providing electrical isolation

(known as a polysilicon frame). The active area dimensions range from 10 µm to 100

µm. [128]

When a p-n junction photodiode is reversed biased, an electric field exists in the

vicinity of the junction that keeps electrons confined to the n side and holes confined

to the p side of the junction. When an incident photon of sufficient energy (>1.1 eV in

the case of silicon) is absorbed in the region where the field exists, an electron-hole pair

is generated. Under the influence of the field, the electron drifts to the n side and the

hole drifts to the p side, resulting in the flow of photocurrent in the external circuit.

When a photodiode is used to detect light, the number of electron-hole pairs generated
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per incident photon, known as the quantum efficiency, is at best unity. Losses due

to reflection or absorption in zero field regions usually lower the quantum efficiency.

SPAD detects light by using the same principle. The difference between a SPAD and an

ordinary p-n junction photodiode is that a SPAD is designed to support high electric

fields. When an electron-hole pair is generated by photon absorption, the electron

(or the hole) can accelerate and gain sufficient energy from the field to collide with

the crystal lattice and generate another electron-hole pair, losing some of its kinetic

energy in the process. This process is known as impact ionization. The electron can

accelerate again, as can the secondary electron or hole, and create more electron-hole

pairs, hence the term “avalanche”. After a few transit times (i.e. time of transit of the

charged particles inside the depletion layer to the high-field regions before triggering

an avalanche), a competition develops between the rate at which electron-hole pairs

are being generated by impact ionization and the rate at which they exit the high-

field region and are collected. If the magnitude of the reverse-bias voltage is below

a value known as the breakdown voltage, electron-hole pairs are collected causing the

population of electrons and holes to decline. Because the average photocurrent is

strictly proportional to the incident optical flux this mode of operation is known as

linear mode and it is the standard operational mode of Avalanche Photodiode (APD).

When the p-n junction is reverse biased above the breakdown voltage (see Fig. 4.2,

point A) (known as Geiger mode) the electrons and holes multiply by impact ionization

faster, on average, than they can be extracted, leading to a gain much higher than the

one in linear mode (106 instead of 102). The population of electrons and holes in the

high-field region grows exponentially in time with a rise time of hundreds of picoseconds

and producing an associated photocurrent of the order of milliamps. The SPAD will

remain in a metastable state until a photon arrives and generates an avalanche (Point

B in Fig. 4.2). This avalanche is quenched by suitable quenching circuit (Point C),

which lowers the bias voltage below the breakdown voltage (labeled VBR in Fig. 4.2).

Afterwards the excess bias voltage can be restored. During this time, which is known

as the dead time (or recovery time) of the diode, the device is insensitive to any other

incoming photons.

The breakdown is not a destructive phenomenon such as the dielectric breakdown

that occurs when the field is strong enough to dislocate atoms in the material. Simply

connecting a SPAD to a low-impedance power supply, however, gives no way either to
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Figure 4.2: Current voltage characteristics of an avalanche photodiode operated in Geiger

mode. The devise is biased above the breakdown voltage (Point A). The diode will remain

in a metastable state until a photon arrives and generates an avalanche (Point B). This

avalanche is quenched by a quenching circuit (Point C), which lowers the bias voltage below

the breakdown voltage (labeled VBR). Courtesy of Thorlabs.

detect the turn-on or to shut off the avalanche so that the SPAD is ready to detect

another photon. Shutting off the avalanche current (i.e. lowering the voltage below

the breakdown voltage), is called quenching, and is accomplished in one of two ways:

passive quenching and active quenching.

4.2.2 Quenching

Passive quenching In the easiest configuration, known as passive quenching, the

avalanche current quenches itself simply by developing a voltage drop on a high impedance

load, RL, of 100 kΩ or more [129]. This reduces the external voltage across the SPAD

below VBR. One can obtain an output pulse from a passive quenching circuit by in-

serting a low-value resistor Rs in series on the ground lead of the circuit. A convenient

value for Rs is 50 Ω, since it provides a termination matched to the impedance of a

coaxial cable and oscilloscope. Two example circuits are illustrated in Fig. 4.3. With

Rs on the ground lead of the ballast resistor RL
1 (Fig. 4.3a), the output pulse is a

voltage waveform and this circuit is therefore called voltage-mode output. With Rs on

the ground lead of the photodiode (Fig. 4.3b)), the waveform of the pulse is directly

that of the diode current. This configuration is called current-mode output. The con-

1RL, which has a resistance value much larger than Rs, limits the current flowing in the circuit,

and therefore plays the role of ballast in the circuit shown in Fig. 4.3a
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figuration with voltage-mode output directly connected to the oscilloscope is the one

used for the SiPM power board in this thesis.

Figure 4.3: Basic passive quenching circuits: a. configuration with voltage-mode output,

b. current-mode output. With Rs on the ground lead of the ballast resistor (Fig. 4.3a),

the output pulse is a voltage waveform. With Rs on the ground lead of the photodiode

(Fig. 4.3b), the waveform of the pulse is directly that of the diode current.

When the avalanche is triggered and the voltage drop develops on the quenching

resistor RL, the voltage across the diode is kept above breakdown by the charge stored

in two capacitances in parallel with the diode: the junction capacitance and the capac-

itance of the diode with respect to ground, with total effective capacitance C. As the

capacitances discharge with a time constant RdC, with Rd being the internal resistance

of the diode, the voltage across the diode drops, together with the current, until the

latter eventually falls below the latching current (i.e. minimum trigger current to turn

on the device), at which level the probability of the avalanche turning off out of pure

statistical effects is not negligible, and the avalanche is quenched.

The leading and restoring edges of the current peak are hence due to two different

phenomena and present timescales which differ by several orders of magnitude: the

rise time of the peak is driven by the rate of the avalanche multiplication process and

the immediate effects of opening the switch in the equivalent circuit shown in Fig.4.4

[129]. This results in a theoretical rise time of the order of tens of picoseconds, and is

thus much faster than the restoring time, which is instead linked to the time constant

RdC, and is about 3 orders of magnitude longer. The current passing through the diode
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Figure 4.4: Equivalent circuit of the current-mode output configuration [129].

shows a peak whose maximum value is given by [129]:

Ip = ∆V/Rd = (Vext − VBR) /Rd (4.1)

where ∆V is the difference between the applied bias voltage and the breakdown voltage

(i.e. the overvoltage), and Rd ranges from a few hundred Ω for wide area devices

with thick depletion layers up to several thousands Ω for small area devices with thin

depletion layers, which is the case for most SiPMs and the ones used in this thesis.

Instead when charge integration is preferred the relevant quantity becomes the total

charge in the pulse Qpc. Qpc can be obtained by integrating the current signal, or (from

the equivalent circuit analysis), as the total charge stored in the total capacitance in

parallel with the diode for the given overvoltage:

Qpc = ∆V · C (4.2)

Fig. 4.5 shows the power board we assembled and customized to be used with the

SiPMs tested at Daresbury Laboratories. One of the most important disadvantages

with passive quenching is that the count rate will saturate at relatively low optical fluxes
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Figure 4.5: Schematic of the circuit used to power the SiPMs tested in this thesis. RS is

50 Ω to match the oscilloscope resistance, RL is 100 kΩ and Cd is 22 nF.

because many photons will arrive when the SPAD is partially or fully discharged, and

therefore unresponsive. With a fast active-quenching circuit, the SPAD can be reset

after each detection on a time scale as short as nanoseconds, enabling it to function as

a photon-counting device at much higher optical intensities.

Active quenching To avoid the drawbacks due to the slow recovery from avalanche

pulses and fully exploit the inherent performance of the SPADs it is possible to im-

plement a different read-out approach proposed in the literature in the last decade.

However, while increasing the performance of a single SPAD, this approach is consid-

erably more complex and expensive to realize and to date it has failed to be applied to

large SPAD arrays such as SiPM. The basic idea is to sense the rise of the avalanche

pulse and react back on the SPAD [129], forcing, with a controlled bias-voltage source,

the quenching and reset transitions in a short time. The new circuit is known as active

quenching circuit and is illustrated in Fig. 4.6.

The basic advantages offered by the active quenching circuit, compared to passive

quenching, are the fast transitions (from quenched state to operating level and vice

versa) and the short and well defined durations of the avalanche current and of the

dead time. The drawback is that using active quenching circuits increases the cost of

the entire devices especially when applied to a SiPM with a high number of cells.
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Figure 4.6: Simplified diagram of the basic active quenching circuit configuration as

shown in [129].

4.2.3 Multi-cell array: the SiPM

Silicon Photomultipliers were invented in 1996 in Russia by Golovin [130] and Sadygov

[131] starting from the pioneering work done in 1960s by McIntyre [132] and Haitz

[133] on solid state detectors. A SiPM consists on a planar matrix of n identical

SPADs connected in parallel and with a common load as shown in Fig. 4.7. Evey

SPAD is biased slightly above the breakdown by an overvoltage around 10% of the

breakdown voltage itself, and it remains quiescent until a photon is absorbed in the

depletion volume. This gives rise to the development of an avalanche current pulse,

which needs a dedicated circuit to quench it. The total charge in the avalanche current

pulse is independent of the number of initial photocarriers. The quenching circuit is

a passive one (i.e. a large-value resistor indicated with RL in Fig. 4.7), which allows

to keep the overall circuitry very simple. Such a resistor, in the form of a transparent

polysilicon square frame, is integrated on top of the cell’s cathode as shown in Fig.

4.1. RL is used not only to shut off the avalanche by lowering the voltage to the

breakdown value but, also, to electrically decouple adjacent SPADs allowing them to

operate independently of one another. In the SiPMs tested in this thesis, generally

the elementary cell is square-shaped, with a 30-50 µm of side and a resulting 36% fill

factor (the active area also includes the polysilicon frame) depending on the device

and the manufacturer. An anti-reflective coating layer is deposited on the top of the

cell and the junction thickness is further reduced, in order to enhance the spectral
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Figure 4.7: Schematic of a SiPM circuit based on n SPADs. Rq is the quenching resistor

and RL is the common load.

Figure 4.8: Basic structure of a SiPM device made by an array of SPADs as shown in

[131].
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response in the blue wavelength (the silicon absorption length for a wavelength of 400

nm is about 0.1 µm), range where the Cherenkov production is higher. The expected

consequences are low leakage currents, low noise, and good (about 20 % for blue)

Photon Detection Efficiency (PDE). Each cell has a breakdown voltage of about 28-

29 V at room temperature. In addition each cell is surrounded by a suitable trench

filled with opaque material, in order to reduce significantly the probability of optical

crosstalk between neighboring cells. If the hypothesis of pixel uniformity is adopted,

when a flux of photons is absorbed the charge produced in the array is proportional

to the number of activated pixels. In addition the total charge is a multiple of the

single charge produced by a single cell, that, in turn, is proportional to the number of

absorbed photons. Because of its structure SiPM is an analog device whose output is

the sum of the output signals of all the fired elementary cells after a photon absorption

(i.e. the signal output is proportional to the number of impinging photons). This is in

contrast to a SPAD that is, instead, a digital device.

Signal form model Full analysis of the equivalent circuit (see Fig. 4.4) shows that

the current across the diode after an avalanche has been triggered is described by the

difference of two exponentials with differing time constants:

Id = I0

(
e−αt − e−βt

)
(4.3)

The time constant β of the negative exponential is of the order of tens of picosec-

onds, whilst the restoring edge time constant α is up to 3 order of magnitude larger.

Therefore, the fine structure of the peak rise time is inevitably lost in the ≈10 GHz

bandwidth commonly available for the electronic read-out. However, the peak height

is correctly sensed, as the decrease in current due to the falling exponential is usually

negligible in the time scale of electronic signal acquisition. Therefore the SPAD signal,

and hence, by superposition, the SiPM signal, can be approximated by a rising straight

line and a falling exponential:

I(t) =


PH · t−t0tr

t0 ≤ t ≤ tp

PH · exp(− t−tp
td
· ln(Rc)) tp ≤ t ≤ tp + td

(4.4)

where PH is the peak height; t0 the time when the avalanche is triggered; tr is the rise

time; td the recovery time defined as the time which the current takes to drop below
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1/Rc of its peak value and tp is the time when the peak occurs, equal to t0 + tr. The

time constants tr and ln(Rc)/td are found empirically and are related to the amplifier

rise time and the product RdC of diode resistance and total capacitance respectively.

Fig. 4.9 shows the approximation described in equation (4.4) superposed on a real

SiPM dark noise signal.

Figure 4.9: Superposition of the approximated signal form described in the text on a real

SiPM dark noise signal. The approximation is shown in red, as a smooth solid line; the

real signal is shown in blue.

4.3 SiPM operational parameters

4.3.1 Gain

The SiPM gain is defined as the number of elementary charges (electrons) created in

response to the interaction of one photon. Since each cell of the device operates in

Geiger mode, the interaction of one photon produces an electron-hole pair, followed

by an avalanche multiplication. The avalanche multiplication factor is the gain, and it

obviously depends on the bias voltage. For a single cell it is possible to define the gain

as:

Gcell =
Qcell
q

= Ccell
Vbias − VBR

q
(4.5)

where Ccell is the intrinsic capacitance of each cell and q is the elementary charge. The

difference between Vbias and VBR is called overvoltage. The gain grows linearly with
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the bias voltage and depends on the cell dimensions which determine the capacitance

Ccell of a single cell.

4.3.2 Photon Detection Efficiency

Only a fraction of the photons impinging on the sensor will actually trigger an avalanche

and, consequently, produce a detectable signal. The main reasons for such inefficiencies

are geometrical (inactive regions between cells), physical (reflection/absorption by pas-

sive layers), and electrical (photon conversion occurring in regions where the electric

field is not suitable for triggering the avalanche). The overall efficiency of the sensor is

generally referred to as Photon Detection Efficiency (PDE ), and it relates the actual

number of impinging photons to the measured number based on the following [122]:

PDE = QE × εgeom × εGeiger (4.6)

where QE is the quantum efficiency, εgeom is the geometrical factor (i.e. also known as

fill factor) and εGeiger is the probability of a single photoelectron to trigger an avalanche

(also known as trigger probability). The quantum efficiency is the probability of a single

photon to be absorbed and it is given by [128]:

QE = (1−R)(1− e−αx) (4.7)

where 1−R is the transmission coefficient of the air-SiO2-Si system shown in Fig. 4.10

(R is reflection coefficient for the same system as given by the Fresnel formulas [32]).

α is the Si absorption coefficient (which is strongly dependent on the wavelength of

the incident light) and x is the absorption length. The behavior of α as a function

of the wavelength is described in Fig. 4.11. The absorption coefficient is very high

for shorter wavelengths, meaning that a good quantum efficiency can be achieved with

relatively narrow active layers. For improving the quantum efficiency it is essential to

reduce the value of the reflection coefficient. To this purpose an antireflective coating

is deposited on the external surface of every cell. The geometry factor, εgeom, is the

ratio between the cell active area and the total area:

εgeom =
Aactive
Atotal

(4.8)

Increasing the active area of every cell leads to an increasing of εgeom. Because of the

maximization of Cherenkov photons production is in the blue region, the SiPMs tested

in this thesis have been selected to show a peak of the PDE of about 20% for 400nm.
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Figure 4.10: Light refraction at the air-SiO2-oxide-Si interface.

Figure 4.11: Absorption coefficient as a function of wavelength [9].
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Figure 4.12: Nonlinear response of SiPMs with a number of pixels m=576. The light

signal is produced by a fast laser (40 ps pulse length) [134].

4.3.3 Timing performance

For a SPAD cell with a small width of the depletion layer (such as the ones used here),

the development of an avalanche is quite fast (few hundreds of picoseconds). The cor-

responding rise time of the signal is between 1-5 ns depending on the manufacturer (i.e.

junction thickness) and on the transimpedance amplifier used to amplify the current

signal and to change it in a voltage signal readable on an oscilloscope. The avalanche

decay time of every cell is given by the product of Ccell · Rq and the corresponding

recovery time (i.e. the time in which the device cannot detect incident photons) is

<100 ns for every cell and smaller for the overall SiPM. More details on the signal can

be found in section 4.2.3.

4.3.4 Dynamic range

The SiPM dynamic range (i.e. the number of detectable photons to ensure a propor-

tionality between the incident light and the number of fired pixels) depends on the

number of cells m composing the device, the number of incident photons Nph, and the

photon detection efficiency PDE. It is limited at Nph · PDE/m < 1 [122]. This means

that the average number of photoelectrons per pixel should be less than one. The fi-

nite pixel number m results in the saturation of the SiPM signal with increased light

intensity (or the average number of photoelectron per each pixel). Fig. 4.12 shows the

saturation of the SiPM for m = 576. The number of cells fired is given by [122, 135]:

Nfired = m

(
1− exp

(
Npe

m

))
(4.9)
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where Npe = Nph · PDE, with Npe being the number of photoelectrons produced by

the Nph incident photons.

4.3.5 Noise

SiPMs suffer from erroneous counting due to dark noise effects that can deteriorate

their performance. The noise effects can be mainly grouped in three categories:

• dark count: electron-hole pairs created in the depletion layer by random thermal

ionization;

• optical crosstalk: parasitic avalanche triggering by photons created during a pri-

mary avalanche migrating to a neighbouring cell;

• afterpulsing: time-delayed release of a “hot” carrier by a trap level due to imper-

fections in the lattice, leading to a time-delayed second avalanche.

Optical cross-talk has been reported to be significantly reduced for SiPMs featuring

optical trenches (strips of material with different refractive index placed between neigh-

boring cells, which deflect photons away from the active area [136]). Dark noise levels

and SiPM performance in general are heavily dependent on manufacturing quality and

techniques, and on features such as the number of SPADs in the array; nevertheless,

the user can tailor a given device to a particular end by modifying either or both the

operating temperature and the bias voltage. In general, though, SiPMs are operated at

room temperature for simplicity and because the lower dark count obtained by cooling

the device comes at a price of highly increased after-pulsing, due to the longer trapping

time at lower temperatures [137]. Bias voltage, on the other hand, is a more useful

parameter to vary, as quantum detection efficiency, detector response and dark count

rate significantly increase for increasing bias. Increasing the bias voltage increases the

electric field across the depletion layer, hence the carriers acquire the energy needed

for impact ionization in a shorter path, leading to more secondary carriers being lib-

erated; it is therefore more likely that a free carrier (created by an impinging photon,

or by thermal ionization) will result in an avalanche event. From a user’s perspective,

it is important to be able to assess the manufacturing quality of available SiPMs and

exploit the advantages of varying the bias voltage. SiPMs feature characteristics pe-

culiar to the collective behavior of the array. While increasing the number of SPADs
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in the array linearly increases the dynamic range, as more photons can be detected

(provided the photon beam is large enough to cover the whole active area, which is

usually not a problem), it also equally increases the rate of dark count events: high

dynamic range comes at the price of sacrificing single photon detection. To assess

the contribution of all these phenomena on the Cherenkov signal a novel procedure to

characterize SiPMs in terms of their manufacturing quality is described at the end of

this section together with comparative measurements of optical cross-talk [138]. The

chacterization procedure involves monitoring dark count signal and device response for

varying bias voltage.

Dark noise The main source of noise limiting the SiPM performance is the dark noise

rate, which mainly originates from the carriers created thermally in the depletion layer.

In Fig. 4.13 a typical dark noise signal with an overvoltage of 1.5 V is shown. Each

Figure 4.13: SiPM dark noise signal recorded during laboratory tests with an overvoltage

of 1.5 V in the absence of light. The small peaks corresponds to a single cell firing, the

larger one to a double cell.

electron-hole recombination mechanism can be reversed leading to a carrier generation.

When there is a large excess of charge carriers, recombination leads to a decay in the

number of carriers. However, if the number of carriers is small, generation events can

lead to an increase in the number.

We can distinguish 3 ways of recombination [139–141]:

1. Band to band recombination or radiative recombination: electron-hole pairs re-

combine directly from band to band with the energy carried away by photons.

An electron falls from its state in the conduction band into the empty state in

the valence band which is associated with the hole. Its counterpart is the optical

electron-hole pair generation.

77



4. SILICON PHOTOMULTIPLIERS

2. Trap assisted recombination, also called Shockley-Read-Hall effect: electron-hole

pairs recombine through deep-level impurities. An electron falls into a “trap”,

an energy level within the bandgap caused by the presence of a foreign atom or

a structural defect. The electron occupying the trap can, in a second step, fall

into an empty state in the valence band, thereby completing the recombination

process. It is possible to envision this process either as a two-step transition of an

electron from the conduction band to the valence band or also as the annihilation

of an electron and the hole which can meet each other in the trap. The energy

liberated during the recombination event is dissipated by lattice vibrations or

phonons. Its counterpart is thermal electron-hole pairs generation.

3. Auger recombination: an electron and a hole recombine in a band to band tran-

sition, but the resulting energy is absorbed by a third carrier (another electron

or hole). Its counterpart is the impact ionization.

Usually a recombination event needs a third partner to allow conservation of energy and

momentum. This third partner is often a lattice defect, most commonly an impurity

atom, with an energy state deep in the band gap, not close to the band edge. Re-

combination is then determined by these states or deep levels [141]. When an electron

is thermally generated in a pixel of the SiPM array, it triggers an avalanche exactly

as if the pixel would have been fired. Increasing the bias voltage the dark count rate

increases mainly because the dark count is primarily generated by thermal generation

of electron/hole pairs in the depletion region and secondly by thermal bulk diffusion of

electrons to the depletion region.

Afterpulsing Traps may result from the damage caused by an implantation during

the fabrication process of the SiPM. These centers appear as deep levels in the energy

gap of the semiconductor. They trap some avalanche carriers and release them with a

statistical delay. If the delay is greater than the dead time after the previous avalanche

pulse, a released carrier can re-trigger an avalanche and cause a statistically correlated

pulse named an afterpulse. The probability that an afterpulse occurs increases with the

amount of charge that flows through the diode during a Geiger discharge. Thus, the
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afterpulsing probability increases with the increase of the bias voltage. For high over-

voltages the afterpulsing considerably increases the dark noise leading to a distortion

of the distribution of the photons arrival time.

Cross-talk Hot carriers in an avalanche p-n junction can emit photons even in the

visible range, which then fall in the detection range of other pixels. There are 3 different

ways that cross talk can occur, differing in the way the created photon reaches the

neighboring pixel: direct, inside the depletion layer and through reflection. These

mechanisms are shown in Fig. 4.14. A solution to avoid the first cross-talk mechanism

Figure 4.14: Three ways of cross-talk between SiPM pixels: 1) direct, 2) inside the

depletion layer, 3) through reflection.

is to isolate pixels optically by trenches filled with an opaque material as shown in

Fig. 4.15, whilst the others can be reduced by improving the purity of the material

used and especially the quality of the manufacturing process, where it is essential to

avoid defects. All of this depends on the manufacturer, and influences the choice of the

supplier.

4.4 SiPM readout

4.4.1 Readout options

Three main ways to read the output signal of a SiPM following an avalanche exist:

1. Measuring the total charge displaced by the SPADs.

2. Measuring the voltage drop across the SPADs.
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Figure 4.15: (a) Magnification of SiPM array and b) of optical trenches between adjacent

pixels (b). Cortesy of ST-Microelectronics.

3. Measuring the current signal across the SPADs.

Measuring the total charge displaced by the SPADs through a time-gated1 charge to

digital converter is the most common method of analysis, and is based on Eqn. 4.2. The

advantage of this method lies in it being less sensitive than the others to high frequency

electrical noise, as the gate time for charge integration needs be in the order of tens

of nanoseconds to achieve acceptable SNR (Signal to Noise Ratio), thus providing an

in-built time averaging low-pass noise filter. However, it does present the shortcoming

that any charge fluctuations in the gate time due to phenomena other than the signal to

be measured are erroneously included in the integration. In particular, the timescale of

tens of ns is comparable with large afterpulsing contributions in commonly used SiPM

devices [142], marking this readout method as particularly susceptible to afterpulsing

noise errors. From the point of view of the applications, problems arise both when the

SiPM is operated in presence of medium to intense light pulses and when less intense

light or dark noise alone is measured. Indeed, in the first case, intense light pulses

will cause several cells to fire at once, linearly increasing the probability of registering

afterpulsing effects within the gate time. On the other hand, gate time also becomes

very relevant when dark noise is measured: in this case, such errors effectively prevent

the technique from being applied in the high overvoltage regime, when the probability

1Charge signal results from the integration of a total charge recorded in a definite tima inter-

val(i.e.time gate).
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of a second dark count happening within the gate time becomes not negligible (dark

count rate > 10 MHz).

Measuring the voltage drop across the SiPM is usually not chosen as a readout

method, as it shares all the pros and cons of measuring the current signal, but the

equivalent circuit analysis reported in [129] shows it to be intrinsically slower and

hence less precise. Monitoring of the current signal across the SiPM, based on Eqn.4.1,

is instead also used, although more seldom, due to it being more sensitive to electric

noise and requiring more involved data processing if signals overlap: therefore, it only

becomes interesting as an easier to implement alternative to charge integration when

large Signal Noise (SNR) is present, as in the case of medium to high brightness light

pulses, and avalanche events are well spaced. However, not requiring a gate time

for integration, the method is intrinsically faster than charge integration and thus

couples its simpler and cheaper hardware implementation with significant advantages

on afterpulsing noise reduction and better performance in presence of high frequency

dark counts such as those registered in the high overvoltage regime. Application of

current signal monitoring in systems with lower SNR and high event rate awaits the

developments of a suitable data processing algorithm allowing filtering of electrical

noise, fast response, and high precision.

4.4.2 Algorithm for SiPM signal analysis

To effectively use the peak height readout option, an algorithm optimized for high

precision in measuring peak heights and rise times is needed [143]. The algorithm de-

scribed in this thesis is designed to analyze a continuous signal from a SiPM, composed

of several different avalanche events occurring at random times. This signal will be

referred to in the following as a trace. The difficulties in achieving the goals listed

above with existing algorithms lie in the following issues:

• Changing baseline of the signal : for high overvoltages, when the dark count rate

increases substantially, peaks are often superimposed on each other with a time

delay, so that the algorithm needs to identify and measure peaks starting at

different heights.

• Electrical noise: when mainly first order peaks are measured, the signal to noise

ratio can be as low as 5 in the worst cases (low overvoltages and high electronic
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noise), giving an uncertainty of 20% on the peak height if it is measured directly,

leading to the need of a filtering and fitting algorithm.

• Very different peak heights and widths: these features change drastically with

overvoltage and SiPM model, hence the code has to be able to adapt itself to

measuring different features without the user having to vary and optimize the

parameters for every measurement.

• Random event distribution: which presents problems if filtering fully based on

the frequency domain is used.

Ordinary linear filters and analysis codes, based either on the time or frequency do-

main, have serious difficulties in meeting the requirements listed above, therefore the

algorithm developed here uses instead a non-linear approach. It is based on a piecewise

linear fitting approach [144], i.e. on the idea of approximating the investigated curve

with straight lines of different lengths and gradients and optimized endpoint locations,

depending on the features of the analyzed signal. The algorithm leading to the choice of

each segment endpoints, referred to as breakpoints, is what differentiates different piece-

wise linear fitting approaches. Fig. 4.16 shows a comparison between the performance

of the optimized linear filter, of bandwidth 200 MHz, and our nonlinear algorithm per-

formed on an actual experimental trace (rather than the simulated signal), obtained

with SiPM devices in the absence of external light input (dark noise is the only signal).

The traces in Fig. 4.16 were produced in the high overvoltage regime, which is the

most challenging from the point of view of the signal analysis, and whose features vary

significantly from the low overvoltage regime, in which the peaks are wider and neatly

separated, presenting faster, higher peaks which are often superimposed on each other:

i.e. peaks often start before the signal has been able to recover from the preceding

peak and the voltage has dropped back to zero. A detailed description, together with

a comparative performance study of the algorithm mentioned in this section has been

published in a dedicated paper on JINST [143]. The algorithm has been successfully

applied to evaluate the noise effects of the SiPMs used in experiments in this thesis.

The experimental results are described in the following section.
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Figure 4.16: Comparison between the performance of a linear filter and the non-linear

algorithm used. The original oscilloscope trace is shown in dark blue, the filtered trace

obtained with the conventional linear filtering is shown in pink (a); whilst in (b) the points

indentifying the segments found by the non-linear algorithm are pink. The starting and

end points of the peaks as identified by a standard first derivative threshold approach, after

filtering by each code are shown in light blue and yellow respectively. Traces shown for

high overvoltage regimes (Vbias = 33 V, model visible Photonique).[143]
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4.5 Experimental results of SiPM tests

Measurements were performed for the SiPMs of three different suppliers (Photonique,

SensL, ST-Microelectronics) whose main features are described in Table 4.1. The SiPM

light response, the dynamic range, the dark noise rate and the device response were

investigated for varying bias voltage. The analysis includes also a comparative mea-

surement of optical cross-talk. All the SiPMs considered have a total active surface of

1 mm2 to make easier the coupling with the optical fibres. In addition, all models are

equipped with an antireflective coating layer on every pixel and the quasi-neutral region

thickness above the thin junction depletion layer is reduced to enhance the spectral re-

sponse in the blue and near-ultraviolet wavelength ranges. Finally, each elementary cell

is surrounded by a suitable trench filled with opaque material to reduce drastically the

probability of optical crosstalk between neighboring cells. All the SiPMs were operated

at room temperature. Measurements were made at the INFN Laboratories of Catania,

Italy.

# Producer SiPM ID λP
b(nm) PDE at λP

b(%) # cells εgeom (%)

1 ST-Microelectronics Mod. Fa 500 20 400 36

2 ST-Microelectronics Mod. Ha 500 20 589 44

3 Photonique SSPM-0611

(mod UV)

440 20 500 70

4 Photonique SSPM-0701

(mod Vis)

560 40 556 not re-

ported

5 SensL MicroSL-

1035

500 14 576 64

a Not commercially available.
b λP is the SiPM operative wavelength where the PDE is maximum.

Table 4.1: Geometrical and optical characteristics of the SiPM prototypes.

Data acquisition is carried out using the custom-written code described in Sec. 4.4.2

to post-process direct current readings from an oscilloscope, rather than using a charge-

to-digital converter. This allows accurate measurements in the high over-voltage region,

in which dark noise peaks are more closely packed and superimpose severely, and proves

instrumental in the proposed method to measure cell-to-cell homogeneity. Each SiPM
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to be tested was installed on the appropriate control and power supply circuit inside

a light-tight enclosure to shield the ambient light, and connected to a fast, low noise

amplifier AMP 0604 (signal rise time 5 ns, nominal amplification 60) commercialized

by Photonique SA, and to a power supply supplying the bias voltage for the SiPM. The

amplifier was connected to a second power supply, and by a Lemo-BNC cable to a 4

GHz input bandwidth oscilloscope. The setup is shown schematically in Fig. 4.17.

Figure 4.17: Illustration of the experimental setup used to characterize the SiPM dark

noise. The SiPM was installed in light-tight enclosure and the current signal was converted

in a voltage signal readable on the oscilloscope by the transimpedance amplifier.

4.5.1 Dark noise estimation

A qualitative study on the behavior of the noise when modifying the bias voltage has

been performed. This is important as increasing the bias voltage is the main way to

increase the sensitivity of the detector and the signal to noise ratio. To illustrate this,

Fig. 4.18 indicates the behavior of a typical signal as a function of the bias voltage

for a selection of our sample devices. By increasing the bias voltage, the peak height

increases, as is expected: indeed, higher bias voltage leads to more energetic carriers

able to produce more ionizations. Bringing the bias voltage up by 3 V produces an

increase in the signal by a factor of 3. However, it must be noted that the signal rise time

also increases by a similar factor. On the other hand, increasing the bias voltage also

increases the probability of thermal generation of electron/hole pairs in the depletion

region, resulting in an increase in the overall dark count rate. An estimate for the dark

count rate is a crucial quality factor for low light-level applications: in Fig. 4.19 the

value of the dark count rate is plotted against the applied bias voltage for 4 samples

under investigation. All models have a breakdown voltage of about 29.5 V. A typical
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Figure 4.18: SiPM dark noise signals recorded in absence of light for different bias

voltages. Increasing the bias voltage corresponds to an increase in signal amplitude.

value of dark count rate for these devices is 1 MHz/mm2 measured at a bias voltage of

32 V. Increasing the bias voltage by 3 V also produces an increase of the overall dark

count rate of a factor of 3. Since the dark count rate is very high and depends on the

temperature as well as on the overvoltage, a possible solution for reducing the noise is

using a thermoelectric cooler (TEC) to guarantee temperature stability [145].

The linear dependence commonly reported in the literature [142, 146, 147] is con-

firmed in these measurements, which also show the dark count rate of the model UV

SiPM being significantly higher than for the other SiPMs, which have otherwise similar

dark count rates at room temperature. A second set of measurements was performed to

evaluate the importance of the dark noise effect on a pulsed light signal and to under-

stand the device response to fast light pulses. A laser beam, with spot size much larger

than the detector active surface, was directly incident on top of a SiPM enclosed in a

light tight enclosure to avoid external light, as Fig. 4.20 shows. The same SiPM setup

(described in Fig. 4.17) used for measuring the dark noise was adopted. The laser used

in the experiments is A.L.S. GmbH pulsed laser with a wavelength λ = 408 ± 10 nm,

whose features are listed in Table 4.2. The laser power was varied between 10% and

100% and the laser frequency between 10 Hz and 500 kHz and the reponse of the SiPM

signal was recorded.
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Figure 4.19: Dark count rate versus external voltage for four SiPM models under inves-

tigation at room temperature. The dark count rate of the model 3 is significantly higher

than for the other SiPMs.

Figure 4.20: Laser setup used to investigate the SiPM response to a pulsed light. The

laser tip is placed on top of the SiPM head and both devices are placed in a light-tight

enclosure to screen the SiPM from unwanted light.

87



4. SILICON PHOTOMULTIPLIERS

Fixed frequency and variable current To explore the limits of the dynamic range

of the SiPM samples the laser frequency was fixed to 500 kHz and the power was varied

between 0% and 100%. In Fig. 4.21 the SiPMs response is recorded. The results of the

experiment are summarized in Fig. 4.22 for a SiPM sample, where the SiPMs signal is

expressed as a function of the current. Between 80% and 100% of current the amplitude

of the signal has a constant value different for each SiPM. This happens because the

number of photons directed on the SiPM is bigger than the number of SPAD cells and

it causes saturation (i.e. the maximal number of photons that can be simultaneously

detected). Since the dark noise signal (i.e. the signal of a single cell fired) is about 15

mV for all the SiPMs considered, using the information from Fig. 4.22, it is possible

to calculate the number of cells above which the SiPM saturates, by taking the ratio

between the maximum signal and the dark noise signal. This number is shown in Table

4.3 and it increases as the number of cells in the device increases.

Moreover, to further characterize the SiPM models in presence of light signals, the

rise time(tr) and the dead time (td) of the models under consideration were measured.

The measurements were done by acquiring a large statistics (10k repetitions per data

point) of signal peaks. For each signal peaks the time needed for the signal to go from

10% its peak voltage value to the peak itself was recorded and the results, multiplied

by 10/9 to include the peak onset time (from 0 to 10%), averaged to yield the rise

time tr. The dead time td was instead measured by recording the time taken for the

signal to decrease from its peak level back to 10% of it. In both these measurements

Laser head PiL040SMA

Controller EIG1000D

Wavelength 408 ± 10 nm

Spectral width (∆λ) < 7 nm

Pulse width < 60 ps

Peak power in collimated beam (mW) > 140 mW

Optical peak power (PP ) 1300 mW

Repetition rate (f) 1 MHz

Laser type Fabry-Perot

Jitter >3 ps

Table 4.2: Pulsed laser characteristics.
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Figure 4.21: Sequence of SiPM responses to a pulsed light with fixed frequency of 500

kHz and variable current.

SiPM model total number of cells # of cells for saturation

Mod. F 500 83

Mod. H 589 113

SSPM-0611

(mod UV)

500 100

SSPM-0701

(mod Vis)

556 106

MicroSL-1035 576 108

Table 4.3: Number of saturated cell for all SiPM samples for a dark noise signal of 15

mV at 30 V of bias voltage.
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Figure 4.22: SiPM signal as a function of the laser current for a fixed frequency of 500

kHz. The error on the measurements is given by the standard deviation of the measured

peak height

measuring times from and to the signal reaching 10% of its final value instead of 0,

followed by interpolation (in the form of multiplication by 10/9) has been preferred

so as to more easily prevent errors due to noise and implementing the measurement

directly with an oscilloscope measuring function. The results of this investigation are

listed in Table 4.4. Determination of the dead time, together with information on the

Model tr (ns) td (ns)

Mod. H 2.8 49

Mod. F 2.5 44

SSPM-0701

(mod Vis)

4 > 80

SSPM-0611

(mod UV)

2.9 50

SensL 3 47

Table 4.4: Rise time (tr) and dead time (td) of SiPM samples.

dark count rate as shown in Fig. 4.19, can be used to estimate the minimum detectable

signal in terms of number of incident photons on the SiPM needed to cause a single

SPAD cell to activate.
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The probability of a single photon being detected is given by:

Pdet = PDE · η ·
(

1− td ·
νdn
N

)
(4.10)

Where PDE is the photon detection efficiency, expressing the probability of an

impinging photon to actually release a carrier couple and initiate and avalanche; η is

the coupling efficiency, expressing the probability of a photon emitted by the laser (or

other light source) to impinge on the SiPM active surface; N is the number of cells in

the SiPM and νdn the dark noise rate.

In this equation, the dark noise rate νdn is the one measured for the whole SiPM,

as it is done in the measurements of Fig. 4.19, coming from the combined contribution

of all SPAD cells, and needs therefore to be divided by N to yield the dark count rate

for a specific single cell. On average, for each time period 1/(νdn/N), the SPAD cell

will undergo a dead time td; therefore, the term td · νdnN represents the probability of a

single cell being inactive because of dead time at any moment in time.

Thus, the average number of photons required to activate one cell in a SiPM is

given by:

γmin =
1

Pdet
(4.11)

Considering an average recovery time of 40 ns, a PDE of 10 % for 408 nm, a coupling

efficiency η close to 1, a 400 cells device and 10 MHz dark noise rate, then γmin equates

to approximately 10: i.e. the PDE dominates on all other factors, including dark noise.

This result illustrates how further reduction of the recovery time by techniques such as

active quenching would not result in any appreciable improvement in performance when

the SiPM is used in presence of only low intensity light signals: the longer recovery

time is in SiPM sufficiently mitigated by the large number of cells.

Considering that this number of photons need to arrive within one dark noise period,

γmin can then be translated in power, rather than in number of photons. The light

frequency ν is given by:

ν =
c

λ
= 735 THz (4.12)

where c is the velocity of light and λ is the laser wavelength (408 nm). The energy of

a single photon, Eγ is:

Eγ = h ν = 4.8 · 10−19 J (4.13)
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Therefore the minimum detectable signal of a SiPM Pmds, in terms of power is given

by:

Pmds = γmin ·
Eγ

νdn/N
= 12 pW (4.14)

Equation 4.14 rests on the assumption that no significative light signal is imping-

ing on the detector, so that the dominating contribution to the dead time estimation

comes from dark noise. For significative light input, SiPM saturation starts to become

important and can lead to significant decrease in detection efficiency, due to many cells

being found in their dead time immediately after a large incoming light signal.

To avoid saturation several techniques could be used as increasing the distance

between the laser head and the SiPM or using neutral density filter to reduce the

number of photons impinging on the device. Another useful option is to use a SiPM

with a larger active area (i.e. 3.5 mm2) but paying the cost of an increase (at least

of one order of magnitude) of the noise effects and a worse fibre-SiPM coupling. In

addition the noise signal of every SiPM in absence of light and for an operational voltage

of 30 V was measured and it ranges within 15 and 17 mV. Taking in consideration Fig.

4.22 it is easily observed that for a current of 10% we have a signal of about 200 mV,

i.e. 10 times larger than the dark noise that, therefore can be considered negligible in

standard light operations.

4.5.2 SiPM and PMT comparison for BLM applications

The results presented in this section allow to characterize the SiPM models tested

and assess the suitability of SiPM detectors for fibre optic Cherenkov based BLM

applications.

The requirements for BLM vary depending on the particular application, but can

generally be summarized in 4 main categories: response time, sensitivity, dynamic range

and cost. As it has been done when discussing the selection of the best suitable fibre

for BLM applications (cf. section 3.5), it is possible to divide such applications in two

main groups with distinct requirements: machine protection and machine optimization.

Response time is important in both cases, but becomes particularly crucial for ma-

chine protection applications, as high levels of losses might need action to be performed

immediately to prevent failures or equipment damage. The actual requirement for re-

sponse time varies from machine to machine depending on bunch and train frequency,
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but for ALICE a response time of faster than 10 ns is advisable to be able to distinguish

between different bunches in the same train.

On the other hand, sensitivity and dynamic range are most important when machine

optimization applications are concerned. Indeed,the ability to detect even very small

losses and being able to finely track small changes are instrumental for this kind of beam

diagnostics. Applications such as BLM at CLIC, at CERN, require dynamic ranges in

excess of 106 [148] as well as medium sensitivities to be able to detect losses as small

as 10% the bunch charge (thus in the tens of pC range). For application in ALICE,

however, dynamic ranges as small as 100 are sufficient, and sensitivities as high as a

few fC are desirable so as to be able to relax the requirements on fiber diameters and

hence costs. Finally, detector cost also needs to be taken into consideration, especially

for applications where several systems are required.

Table 4.5 lists the time response, gain, collection efficiency and dynamic range both

for the SiPM analyzed in this chapter and typical PMTs as sold by Hamamatsu.

Parameter SiPM PMT

Time response tens ps hundreds ps

Dynamic range 102 102

Gain 105 ÷ 106 106 ÷ 107

Photon Detection Effic. BLUE 30% 20%

Photon Detection Effic. GREEN 50% 40%

Photon Detection Effic. RED 40% <6%

Table 4.5: Typical operational parameters of the SiPMs tested in this work and commer-

cial PMTs from HAMAMATSU.

When all these factors are considered, SiPMs outperform traditional PMTs both

in response time and cost, while featuring similar sensitivity (due to the their higher

photon detection efficiency and only slightly lower gain). Dynamic range is thus the only

major drawback SiPMs as compared to traditional PMTs, which can feature dynamic

ranges as high as 106, against the about 100 of most SiPMs with a total number of

cells of about 500.

Selection between these two detectors needs therefore to be made on a case by case

basis, with the PMTs remaining the detector of choice mostly for those applications

requiring very fine losses monitoring (i.e. high dynamic range). For applications in
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ALICE, where such high dynamic ranges is not required, SiPMs constitute therefore

the best available option and have thus been used in this work.

4.6 Conclusion

Silicon photomultipliers (SiPMs) are photodetectors made of an array of Single Photon

Avalanche diodes. They work in Geiger regime and have low operative voltage.

The ones selected in this thesis have breakdown voltages of 28-29 V and operative

voltages of 30-32 V (for our application). In addition they have a Photon Detection

Efficiency of about 20% in the UV-visible range where the Cherenkov photon production

is maximum. A circuit of passive quenching has been used to quench the avalanche in

current-mode output together with a fast amplifier. A complete description of SiPMs

structure and their features is given in the first part of this chapter.

The second part is focused on the noise effects to understand their potential contri-

bution to the light signal. To this purpose the dark noise, the optical crosstalk and the

afterpulsing were analyzed. A C++ code was created to measure peak heights and rise

time. The algorithm is designed to analyze a continuous signal from SiPM composed

of several different avalanche events at random times.

A comparison between a commonly used linear filter and the code was performed

showing the better performance of the last one on experimental traces in absence of

external light input in the high overvoltage regime that is the most challenging from

the point of view of the signal analysis.

By using the algorithm test measurements on the dark noise effect were performed

at the INFN laboratory in Catania, Italy. Five models of SiPMs from different manu-

facturers were tested to find the suitable one. All of them had an active area of 1 mm2

to be easily coupled with the selected optical fibres.

Increasing the bias voltage the peak height increases improving the detector sen-

sitivity and the signal to noise ratio. However the rise time also increased and the

overall dark count rate. A typical value of dark count rate for all the devices was of

1 MHz/mm2 measured at a bias voltage of 32 V (except the UV SiPM that showed

values of dark count rate higher than the others).

A second set of measurements was realized to evaluate the importance of the dark

noise effect on a fast pulsed light signal. The devices were irradiated with a laser light
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at 408 nm. In the measurements the frequency of laser was fixed and the current was

changed to explore the limits of the dynamic range. The signal height increase with

the current and it becomes constant from 80% and 100% of current, clearly indicating

the saturation of the detectors.

The number of cells above which the detector saturates has been calculated for every

sample and it increases increasing the total number of cells. In addition an estimation

of the rise time has been made and the Mod. F of ST-Microelectronics shows the best

performance.

Finally, the main features of SiPM and PMT are compared as to understand the

advantages of using SiPM instead of PMT to fulfill the beam loss requirements at

ALICE.
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5

Optical fibre beam loss monitor

5.1 Introduction

The properties of Cherenkov light emitted inside fibres combined with the light guide

conditions and the performance of SiPMs can be used for detecting and localizing

losses in harsh environments such as accelerators. The high optical fibre radiation

hardness, the fast response of the SiPM associated to the sensor and the compact

sensor dimensions make it a good candidate for beam loss monitoring. The optical fibre

sensor described in this chapter has been designed and successfully tested at ALICE

(Accelerators and Lasers In Combined Experiments), Daresbury Laboratories, UK. Its

purpose is to avoid operational failures and for allowing real time machine surveillance

and radiation protection as previously mentioned in section 1.4.

In this chapter a complete overview of the sensor from the feasibility study to the

the experimental results is reported. Section 5.2 describes the possible configurations

considered for the beam loss monitor; section 5.3 the experiments performed to charac-

terize the first arm of the sensor and section 5.4 the potential configurations considered

for the second arm and the experimental results. In this section the configuration using

loops in the fibre to induce controlled attenuation is described in detail, being the one

adopted as the beam loss configuration together with the experiments performed at

ALICE to demonstrate the suitability of such a configuration. Finally the sensitivity

of the beam loss monitor is calculated.
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5.2 Optical fibre sensor design: possible configurations

Different novel configurations have been considered in order to achieve an optical fibre

beam loss monitor able to resolve losses with a spatial resolution sufficient to discrimi-

nate between adjacent accelerator lattice elements. In ALICE, distance between adja-

cent elements is no smaller than about 10 cm therefore, in the remainder of this work,

a spatial resolution of 10-12 centimeters will be assumed as the monitor requirement.

These different novels configurations are discussed in this part of the thesis.

All of them are based on 2 parallel sensors running along the section of the accel-

erator to be monitored.

When charged particles showers penetrate the optical fibres they create photons

through the Cherenkov effect. These photons are collected at the end of the fibre by

SiPMs. Each SiPM signal is amplified and independently read by a fast oscilloscope to

which the amplifiers are directly connected.

In all configurations the first fibre is used to carry a reference signal and is called the

reference fibre. Its geometrical features are chosen to maximize the Cherenkov photons

produced in the range between 450-550 nm, in which range the detector has a high

PDE of about 20%.

The second arm of the sensor will be referred to as the second fibre and its purpose

is to localize beam losses.

Many configurations have been considered for this second fibre. All of them are

based on the principle that the number of Cherenkov photons reaching the SiPM at

the end of the second arm will be smaller than the number reaching the SiPM in the first

arm by a factor depending on the controlled attenuation of the beam passing through

the second arm. The comparison between the relative strengths of the two signals will

determine the position of the loss after a previous calibration of the sensor in lab. In

contrast to the beam loss configuration described in [105, 149, 150] and in section 1.2,

in which a distributed sensor based on a long fibre located all along the vacuum pipe is

used for detecting beam losses, in this thesis a smart structure (i.e. a small optical fibre

sensor easily integrable in the less accessible parts of the accelerators) is considered to

measure and localize beam losses with a resolution within 10-12 cm.

In order to have different attenuations and compare the signals, three different

configurations have been considered for the composite fibre:
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• different intrinsic fibre attenuations

• fibre splicing

• fibre bending

Fig. 5.1 shows the three configurations.

Figure 5.1: Beam loss monitor configurations described in this thesis. a. Intrinsic fibre

attenuation; b. Fibre splicing; c. Bent fibre.

The experiments performed at ALICE to characterize the first arm of the sensor and

its response as a function of the accelerator parameters are described in the following

section. The experiments performed on the second arm and the possible configurations

above mentioned are reported in later sections.

5.3 First arm experiment at ALICE

The test of the first arm of the sensor (i.e. the reference fibre, a straight fibre connected

to a SiPM at the end) was installed at ALICE at the location shown in Fig. 5.2.
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Figure 5.2: a. ALICE location where the first arm experiment was installed along the

EMMA injection line. b. Magnification of the experiment location. The beam was ex-

tracted by a Be window mounted on the DN40K flange visible in the photo.

The main goals of the experiments were:

• observation of the Cherenkov signal inside the fibre;

• test of the real time detector response;

• optimization of the Cherenkov effect as a function of the fibre angle.

At the location shown in Fig. 5.2 a thin Be window was mounted on an extraction

line after a dipole element. In normal operation, with the dipole turned on, the beam

is deflected in the dipole to continue along the beam line. When the dipole is turned

off, the beam continues in a straight path through the dipole, to exit the beam line

through the beryllium window. The window allows beam extraction to atmosphere

without corrupting the accelerator vacuum. FLUKA simulation were performed to

estimate the optimum thickness of the Be window to use in this experiment and the

best location for the fibre in front of the window: Fig. 5.3 shows the scheme of the

simulated geometry.

Three different thicknesses of the window with a circular diameter of 35 mm were

considered in the simulations: 0.1 mm, 0.25 mm, and 0.4 mm. In the simulations,

optical fibre detectors made of silica and with a core diameter of 400 µm were considered

and located 15, 30 and 45 cm from the window, as shown in Fig. 5.3.
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Figure 5.3: Geometry of the setup simulated using Fluka to select the right thickness of

the Be window and to identify the best location for the fibre. A circular Be window with

a diameter of 35 mm was considered and 3 different thickness were simulated. To simulate

the extracted beam profile different detecting surfaces were included in FLUKA in front of

the window at different distances and vertical locations.

The fluence 1 of the charged particle beam after the interaction with the Be window

was calculated for energies of 10 and 20 MeV. The results are illustrated in Fig. 5.4.

The plots in Fig. 5.4 can be integrated over a disk of specified diameter at a 15

cm distance from the window (where the fibre will be located), considering the cylin-

drical symmetry. The integration yields the number of secondary charged particle per

impinging primary crossing the disk of specified diameter. This integration shows that

99% of the beam fluence is confined across a disk of about 5 cm diameter. Integration

of the fluence across this disk yields thus a value proportional to the signal which will

be read in the fibre.

Analysis of the simulations shows that the difference between the 0.1 mm of thick-

ness and the 0.4 mm, at 15 cm distance from the window, is only a factor 4 at 10

MeV. Therefore, for accelerator safety reasons the Be window of 0.4 mm was used in

this experiment. The suitable distance for positioning the fibre is 15 cm as simulations

show a significant decrease in the differential fluence at 30 cm and further decrease at

45 cm (for 10 MeV).

1The fluence is radiative flux integrated over time. It is defined as the number of particles that

intersect a unit area per primary particle.
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Figure 5.4: Fluence of a charged particle beam after the interaction with a Be window.

The fluence is calculated for 2 values of primary beam energy (10 and 20 MeV) and for

three different Be window thicknesses (0.1, 0.25 and 0.4 mm).
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In addition it is not practically possible to reduce the distance below 15 cm due

to severe space limitations at the available location, which is already congested with

equipment.

5.3.1 Apparatus

The accelerator beam used for this experiments consisted of electrons, whose energy

threshold for Cherenkov production is about 192 keV for pure silica fibres with a re-

fractive index of 1.463. For energies above 6 MeV (as in the case of ALICE beam) the

energy lost by electrons in the fibre can be neglected, the electrons can be assumed

to travel constantly at the speed of light, and hence the Cherenkov light intensity is

given only by the number of electrons hitting the fibre and their path length inside the

material.

Due to the small length (5 meters) of optical fibre considered in this experiment, the

attenuation of the Cherenkov light inside the first arm of the sensor (i.e. homogenous

fibre) can be considered negligible (i.e. <3%).

A dedicated apparatus positioned along the accelerator path was realized for testing

the first arm of the sensor, with the fibre mounted a distance of 15 cm after a Be window

of 0.4 mm thickness. A motor controlled YAG screen was placed in front of the window

for determining the exact location of the beam.

The apparatus for controlling the position and orientation of the fibre (see Fig.

5.5) was mounted on an optical table just downstream the Be window. The fibre

was positioned on a rotational stage whose angle and vertical position were remotely

controlled by stepper motors. A Faraday cup internal to the accelerator was used for

measuring the bunch charge inside the accelerator.

The fibre was connected at one end to the detector using a system able to give

reproducible coupling efficiency by precisely centering the tip of the fibre on the active

surface of the SiPM. To achieve this, a custom-machined mechanical coupler is used,

featuring a fine mechanical tolerance (< 100 µm) with respect to fibre displacements

from the centre of the detector active surface. The electronics of the system was situated

on the bottom of the optical table for minimizing beam irradiation and ensuring reliable

operation.
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Figure 5.5: Illustration of the mechanical setup mounted along the accelerator path for

investigating the collection efficiency of the Cherenkov photons created inside the fibre by

changing the fibre angle.

5.3.2 Signal observation

Without any beam passing through the fibre, the detector signal is due only to dark

noise. As soon as the beam travels across the Be window and hits the fibre, the detector

response, shown in Fig. 5.6, is clearly visible above the dark noise.

The signal amplitude is proportional to the bunch charge of the beam. Comparing

the dark noise signal before and after the irradiation in the example shown in Fig.

5.6, it was observed that the light signal was from 10 to more than 100 times bigger

than the detector noise. Dark noise and SiPM performance in terms of PDE is heavily

dependent on the operating temperature and bias voltage. In this experiment the SiPM

was operated at room temperature and the bias voltage was increased to 10-15% above

the breakdown value to improve the PDE.

5.3.3 Optimization of the Cherenkov signal by changing the fibre an-

gle.

The Cherenkov effect in optical fibres is highly directional and there is an optimum angle

for maximizing the collection efficiency [151] (cf. section 2.3.2). In this experiment, the

angle of the fibre was changed by rotating the stage using 3 steps of the stepper motor
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Figure 5.6: Output signal recorded before and after the passage of the accelerator beam

on the fibre. In absence of beam the YAG screen does not scintillate (a. top) and the only

signal is the detector dark noise of about 10-15 mV (a. bottom). When the beam is on,

a spot is visible on the YAG screen (b. top). Removing the screen the SiPM response at

the passage of the electron beam through the fibre (b. bottom), with a fibre angle of 56◦

with respect to the e−beam and bunch charge of 25 pC is of 300 mV.
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(corresponding to 5.4◦ to each turn) in both clockwise and anticlockwise directions.

The detector response was recorded on the oscilloscope and the behavior of the signal

amplitude with the rotation angle is shown in Fig. 5.7.

The black line is the theoretical curve shown in Fig. 5.7; it is obtained by integrating

over the full range of impact parameters. Since the fibre cross section is much smaller

than the beam size, the whole cross section is impacted by the electrons of the beam;

therefore the integration was carried out considering the ALICE beam as consisting of

electrons impinging on the fibre with every possible value of the impact parameter. The

Figure 5.7: Maximization of the Cherenkov angle as a function of the signal amplitude

in both directions (red line with data points marked as triangles) compared with the

theoretical curve (black line). A discrepancy between the theoretical and experimental

curves between -30◦ and +30◦ is visible. The theoretical curve exhibits two peaks for -5◦

and +5◦ and zero signal in between these peaks (where there is a sharp drop to zero,

because the angle of incidence of the photon on the wall of the fibre is less than the critical

angle). Instead the experimental curve shows a small peak because of beam interactions

with the metallic posts that support the fibre.

experimental points, shown in Fig. 5.7, exhibit a maximum in the signal amplitude at

an angle of 49◦ in both directions, corresponding to the maximum collection efficiency

of Cherenkov photons. The error on the measurements is 1◦ due to a parallax error

with respect to the readout system of the angles.
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The data are in good agreement with the theoretical results shown previously, that

indicate the same angle for the maximum collection efficiency. A discrepancy between

the theoretical and experimental curves between -30◦ and +30◦ is visible in Fig. 5.7.

The theoretical curve exhibits two peaks for -5◦ and +5◦ and zero signal in between

these peaks, where there is a sharp drop to zero, because the angle of incidence of the

photon on the wall of the fibre is less than the critical angle. However, the experimental

curve shows a small peak: this is probably because of beam interactions with the

metallic posts that support the fibre. Scattering off the metallic posts produces a

multidirectional shower of additional secondary electrons detected by the sensor.

5.3.4 Sensor response as a function of the bunch number

For testing the detector response in different situations, the number of bunches was

changed by modifying the ALICE injector laser shutter aperture time. The mode

locked laser produces electron bunches with a time spacing of 12 ns from each other.

By changing the shutter time, the number of bunches was changed from 0 to 100,

and the detector response was observed. In Fig. 5.8 a recorded sequence of oscilloscope

traces shows the detector response for 2, 3 and 40 bunches. It can be seen from Fig. 5.8

that there is a one to one relation between the number of bunches and pulses generated

on the signal. Since the beam bunches were separated by 12 ns, the fact that each

bunch produces a well distinguishable peak indicates that the rise time of the detector

is less than 12 ns. However, whilst it is possible to count the number of bunches, it is

not possible to measure their charge. To explain this statement, it is noted that the

peak height is proportional to the Cherenkov light impinging on the SiPM, which is in

turn proportional to the charge crossing the fibre. Moreover, the peak height should

be measured from the difference between the voltage at which the peak starts and the

voltage reached at the peak maximum elevation. Hence, with reference to Fig. 5.8, it

is seen that the first peak (which starts at 0V) shows the largest height; peak height

decreases then with the second peak and the third, reaching a steady value beyond this

number. Therefore, after the first peak, peak height is no more longer proportional to

the impinging Cherenkov light on the SiPM, but also depends on the history of the

signal, preventing the measurement of bunch charge which is instead possible with the

first peak. This phenomenon is explained by the SiPM saturation and SiPM cells dead

time. When a cell fires, creating an avalanche, it takes about 35 ns [152] for the cell to
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Figure 5.8: SiPM response to 2, 3 and 40 bunches passing across the optical fibre. Note

that the voltage and time scales are different in the second picture. The increasing over-

shoot of the signal is due to the amplifier capacitance that is not optimized for increasingly

longer signal recovery times.
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recharge its capacitance and be ready to fire again. If a photon impinges on the fibre

within this dead time, either no avalanche is created, or a smaller avalanche is created,

which produces a smaller signal (i.e. shallower peak). This is what happens when two

bunches closer than 35 ns hit the fibre in sequence: the light from the second bunch

is not fully detected, as a fraction of the photons hit cells still within the dead time.

Light from subsequent bunches hitting the fibre will be confronted with even fewer

active cells, until a dynamic equilibrium is established between the recovery time of

the cells and the number of impinging photons, as can be seen beyond the third bunch

shown in Fig. 5.8.

5.3.5 Sensor response as a function of bunch charge

The response of the sensor to variations in bunch charge was characterized as follows.

The transmitted intensity of the photoinjector laser was varied by adjusting a polarizer

to modify the bunch charge between 6.3pC (10% transmitted laser intensity) and 63pC

(100% transmitted laser intensity).1 A Faraday cup inserted in the accelerator beam

line just before the Be window was used to measured the bunch charge. The experi-

mental points are shown in Fig. 5.9 together with a linear fit to illustrate the linear

behavior of the bunch charge as a function of laser intensity. The corresponding signal

amplitude of the detector was measured for three different fibre angles as a function of

the laser intensity: the results are shown in Fig. 5.10. Each data point shown in the

figure was acquired as the mean of an approximately gaussian distributed population

of 1500 events. The error on the measurement, given by the standard deviation of the

distribution divided by
√

1500 is comparable with the dimension of the data points.

The signal increases linearly between 0.1V and 1V for incident angles of 60◦ and

56◦, whereas it has a different behavior, linear only for low bunch charge, for an angle

of 49◦ (corresponding to the peak angle for the collection efficiency). This is because

the detector saturates. The finite number of SiPM pixels determines the dynamic range

of the SiPM, and it leads to a nonlinearity of the SiPM response when the number of

impinging photons multiplied by the detection efficiency is sufficiently high compared

to the number of cells. In these conditions, the probability of two photons creating

an electron-hole pair in the same cell is non-negligible: as a result, the number of

1The maximum bunch charge depends on the performance of the laser, and on the condition of the

photocathode, which degrades over time.
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Figure 5.9: ALICE bunch charge as a function of the laser intensity. The straight line fit

of the experimental points gives an indication of the linear dependence of the bunch charge

on the laser intensity.
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Figure 5.10: Detector signal amplitude as a function of the laser intensity and the bunch

charge passing through fibre for three different incident angles. The signal shows saturation

for an incident angle of 49◦ due to the limited dynamic range of the detector. The error

on the measurements is comparable with the size of the points showing the experimental

data.
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cells firing (i.e. the signal obtained) underestimates the number of incident photons.

Saturation effects become important when the number of electron-hole pairs produced

(i.e. incident photons multiplied by detection efficiency) approaches the total number

of pixels (e.g. 400). In the case of this experiment, the signal to noise ratio is high

enough to allow reducing the signal: if necessary, the problem of saturation can be

easily solved just by introducing a small separation between the fibre tip and the active

surface of the detector, or by inserting a filter between them, so that the number of

incident photons is reduced.

5.3.6 Sensor quality factor

The sensor sensitivity indicates how much the sensor output signal changes when the

bunch charge of the beam passing through the fibre varies. More specifically, it is given

by the slope of the characteristic curve ∆S/∆qfibre where qfibre indicates the charge

passing through the fibre and S the corresponding signal amplitude. At the optimum

angle of incidence of 49◦ the characteristic curve is shown in Fig. 5.10. The slope

should be calculated on the first part of the curve near a bunch charge of 6.3 pC, where

saturation does not occur.

However, since the electron beam has a width that is large compared to the diameter

of the fibre, for the measurements are required to determine the actual amount of charge

(for a given known total bunch charge) passing through the fibre. For measuring the

sensitivity the fibre was vertically translated over 11.5 mm by moving the stepper motor

connected to the vertical stage where the fibre was mounted. The angle of the fibre

was kept fixed, so that the angle of incidence of the beam was 49◦. It was not possible

to move the fibre vertically over a larger range due to space constraints around the

equipment. With a transmitted intensity of the photoinjector laser of 10%, the signal

observed on the oscilloscope was roughly constant at about 295 mV (see Fig. 5.10).

Since the fibre core diameter is 0.4 mm, the beam was distributed over a range at

least 28.75 times larger than the fibre core, but it is reasonable to assume that the

beam spread was much larger, and thus the estimate provided for the sensitivity is a

conservative one. Assuming a bunch charge of 6.3 pC, and a beam spread uniformly

over 11.5 mm the charge passing through the fibre was about 200 fC. In the following

analysis charge homogeneity is assumed, because the height of the signal read during

11.5 mm of vertical translation of the fibre was approximately constant, only showing
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some reduction at the end of the range. Although the charge in the bunch clearly

extends beyond the range of the scan, it is assumed that the charge falls to zero outside

the scan range: this leads to a conservative estimate of the sensitivity. The signal

height S read on the oscilloscope is given by:

S = kqfibre = kρdfibre (5.1)

where qfibre is the charge passing through the fibre, k is the sensor sensitivity, ρ is the

charge density of the ALICE beam and dfibre is the fibre diameter. qfibre is proportional

to the laser intensity (as shown in Fig. 5.10) that, in turn, is proportional to the bunch

charge of the beam in ALICE, Qtot, (as shown in Fig. 5.9). Qtot is the value given by

the Faraday cup and it can be expressed as:

Qtot = ρ∆y ⇔ ρ =
Qtot
∆y

(5.2)

where ∆y is the vertical scan of 11.5 mm. Substituting Eq. 5.2 in Eq. 5.1 the signal S

is:

S = k
Qtot
∆y

dfibre ⇒ k =
S∆y

Qtotdfibre
(5.3)

where S/Qtot is the slope of the linear part of the curve marked with green squares in

Fig. 5.10 (at the maximum angle of 49◦): this gives k = 1346 mV/pC. The resolution

of the sensor R is defined as the smallest change of current that produces a measurable

signal variation, for an angle of 49◦. Since the SiPM is an array of cells the smallest

signal is the one produced by a single cell (i.e. 15 mV). Using k = 1346 mV/pC, the

resolution of the sensor is the ratio of the smallest signal over the sensitivity k, i.e.

R = 11 fC. This value varies following the curves in Fig. 5.10 for different angles of

incidence.

The sensitivity measured by k includes effects associated with the electronics used

to amplify and display the signal from the SiPM. A standard way to characterize the

intrinsic sensitivity of a radiation sensor, independent of the detector electronics, is in

terms of the quality factor, i.e. the charge generated in the sensor (in our case, the

SiPM) per unit radiation dose (in this case, in the fibre, in rads). The quality factor

for the detector described here, can be estimated as follows. We assume that the rate

of energy loss per electron in the silica fibre is 0.4 keV/m [153]. The fibre has diameter

400 µm and the angle of incidence is 49◦; then the distance traveled through the fibre
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by an electron with zero impact parameter is approximately 610 µm; so the energy

deposited per incident electron is 244 keV. The minimum detectable charge variation

of 11 fC, i.e. the detector resolution, is assumed to be distributed along 10 cm of fibre

length, corresponding approximately to the typical length of the accelerator section

over which the losses are expected to be localized. Thus the radiation dose is:

D =
E

m
≈ 2.7× 10−9 J

0.028 g
≈ 10 mrad (5.4)

where E is the energy deposited by incident electrons, and m is the mass of the fibre.

The resolution of 11 fC is based on a signal produced by a single cell, therefore the

charge generated in the SiPM from 11 fC of charge passing through the fibre is:

Qc = CcellVop = 120 pC (5.5)

where Ccell = 4 pF is the capacitance per cell, and Vop = 30V is the bias voltage across

the SiPM. The quality factor of the detector is then:

Qc
D

= 12 nC/rad (5.6)

A comparison of the quality factor in the fibre BLM with other types of detector [1] is

shown in Table 5.1. The Cherenkov fibre shows a quality factor of the same order of

Table 5.1: Comparison between the quality factors of different beam loss detectors as

given by [1] and the Cherenkov fibre.

Detector Quality factor

SEM detector 100 pC/rad

Ionization chamber 50-500 nC/rad

Cherenkov fibre 12 nC/rad

LAMPF detector 1000 µC/rad

magnitude as some of the ionization chambers previously used for beam loss monitoring

at ALICE (and widely used on other accelerators). This confirms that the Cherenkov

fibre can be useful as a beam loss monitor: however, it should be remembered that

the geometry of the fibre is very different from that of a typical ionization chamber.

In particular, the volume of the fibre is small compared with an ionization chamber.

Further tests have been performed to characterize the performance of the Cherenkov
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fibre beam loss monitor second arm during regular ALICE operations and they are

described in the next section together with a calculation of the sensor sensitivity of the

second arm of the sensor.

5.4 Second arm configurations

In the following subsections the configurations considered for the development of the

second arm of the beam loss monitor are described and discussed with a special focus

on the configuration based on controlled attenuation using bends in the fibre (that

appears the most promising, based on results presented in this thesis).

5.4.1 Intrinsic fibre attenuations

Every fibre has an intrinsic attenuation whose specific curve as a function of the wave-

length is generally displayed in the fibre datasheet. In fig. 5.11 the attenuation of the

fibre BHF48-200 (whose properties are listed in Table 2.1) is shown.

Figure 5.11: Attenuation of the fibre BHF48-200 (Table 2.1) as a function of the wave-

length. For about 400 nm the trasmission/m is 99%.

This fibre is a pure silica fibre and it has an attenuation of about 90 dB/km at 400

nm (typical for the Cherenkov effect). In principle, this attenuation can be used for

evaluating and localizing losses by comparing the difference of the output signals.

In the configuration shown in Fig. 5.1a., two parallel fibres of about 2 meters in

length run parallel to each other. When the Cherenkov photons, created by a beam
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loss passing through the fibres, travel a certain distance L (which is the distance the

point at which the losses occurred and the end of the fibre where the signal is detected

by the SiPMs) the attenuation of the beam will depend on the attenuation curve of the

fibre that depends on the fibre material.

To optimize the difference between the two signals, the so called reference fibre

is chosen to have the minimum attenuation in the UV regime where the Cherenkov

production is maximized (i.e. the beam have a transmission coefficient of about 99%/m,

in other words the beam can be considered not attenuated because of the short length of

the fibres used for the sensor), whilst the second fibre is chosen to have an attenuation

such as to produce a difference in the signal and therefore with a minimum value of the

attenuation in the IR (infrared) regime.

Despite the wide commercial availability of fibres with a very low attenuation in the

infrared, an important issue has to be taken into account when selecting the right fibre.

As explained in chapter 3 the only fibres suitable for being used in harsh environments

due to their high radiation hardness and, therefore, with a much longer lifetime are:

• pure silica core and cladding fibre with high OH− content;

• pure silica high OH− content core fibre with fluorine doped silica coating.

This is an important limitation to the choice of the suitable fibres.

Because of the material of these fibres the attenuation curves of the models tested

in this thesis do not differ appreciably from the curve shown in Fig. 5.11.

The respective transmission factors at about 400 nm are expressed in Table 5.2.

Since the goal of the sensor is to measure the beam losses in 2 meters of fibre

with a resolution of about 10-12 cm, the resolution of this fibre configuration has been

calculated for all the values of the transmission coefficients shown in Table 5.2.

The attenuation of a beam inside a fibre depends on the traveling distance L,

therefore the output signal S1 can be expressed as:

S1 = S0 · βL ⇒ L = ln
S1
S0

1

lnβ
(5.7)

where β is the transmission coefficient, S0 is the signal without attenuation, L is the

distance between the beam loss point and the detector (2 meters in our case). Therefore

116



5.4 Second arm configurations

Table 5.2: Transmission coefficients of the fibre tested in this thesis for a wavelength of

about 400 nm. The pure silica (Si) fibre have a similar transmission coefficient than the

Fluorine doped fibres.

# Item β, transmission coefficient/m (%) core/cladding material

1 AFS105/125Y 96 Pure silica Si

2 HCG-M0200T 98 Pure Si

3 OptranWF 99 Si/Fluorine doped Si

4 HCP-H0200T 98 Si/Hard polymer

5 BHF48-200 98 Si/Fluorine doped Si

6 BFH48-400 98 Si/Fluorine doped Si

7 PJR-FB500 90 Plastic

the sensor resolution (i.e. the variation of L with respect to the measured signal strength

is given by:
dL

dS1
=

1

S1lnβ
=

1

S0βL lnβ
(5.8)

If the signal strength S1 is measured in the number of cells fired in the SiPM de-

tector, then the minimum possible variation in the number of cells is ∆S = 1. The

corresponding variation in length is:

∆L =
1

S0βL lnβ
(5.9)

The quantity ∆L represents the spatial resolution of the detector. Inspection of equa-

tion 5.9 shows that the resolution can be improved (i.e. minimized) either by increasing

the initial signal S0, by decreasing the transmission ratio β or by operating at a greater

distance d.

However, the signal S0 which can be achieved is limited by the saturation effects in

SiPM to about 100 cells, and the operating distance to suit all applications should be

as small as 2 m. Within these constraints, it is possible to plot the resolution of the

detector as obtained from equation 5.8.

Fig. 5.12 shows the resolution as a function of the signal S0 expressed as number

of SiPMs cells fired for the fibres listed in Table 5.2.

The horizontal straight line indicates the target resolution of about 10 cm and the

vertical dashed line shows the maximum number of cells that can be fired to avoid

SiPM saturation.
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Figure 5.12: Attenuation of the output signal in terms of the traveling distance d as a

function of the input signal S0 expressed as number of SiPMs cells fired for the fibres listed

in Table 5.2. Notice that for low attenuation, i.e. short fibres, S0 = S1. The horizontal

straight line indicates the sensitivity we would like to reach of about 10 cm and the vertical

dashed line shows the average number of cells that can be fired to avoid SiPM saturation.
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Only fibre 7 is able to reach a resolution of about 8 cm for a maximum signal of 100

cells. Unfortunately this fibre is a plastic fibre and even if it has been used for prototype

testing it cannot be used for real applications due to the low radiation hardness of the

plastic.

None of the silica fibres are able to reach a resolution of 10-12 cm using a total

length of 2 meters, even for high signals of 100 cells (close to the detector saturation).

For lower signals the resolution is even worse. Due to these reasons this configuration

can only be used when a worse resolution is required, always taking in account the

saturation of SiPM: it does not fulfill the requirements of the beam loss monitor design

previously described. Finally, as the number of cells before saturation increases with

the total number of cells in the device, a possible way to improve the resoluation could

be to use large active area devices with a higher number of total cells to increase the

resolution.

5.4.2 Fibre splicing

In this configuration the reference fibre is the same one described in section 5.4.1 whilst

the second fibre is realized by splicing sections of a fibre identical to the one in the first

arm with sections of a different fibre with larger attenuation (see Fig. 5.1b). The fibres

with the same refractive index (n = 1.46 for silica), different OH− content (to change the

attenuation) and different core diameters, are spliced together using a tapered splicing

to gradually decrease the core/cladding dimensions.

This way, the number of Cherenkov photons reaching the SiPM at the end of the

second arm will be smaller than the number reaching the SiPM in the first arm by a

factor depending on how many sections of the more attenuating fibre were crossed and,

therefore, on the position of the loss.

Fusion splicing is a technique to join two fibres ends. Optical power loss at the

splicing point is known as splice loss. Fusion splices are made by “welding” the two

fibres together usually by an electric arc. In this sensor configuration, fibres with dif-

ferent numerical apertures and core diameters are spliced together causing high losses

at the splicing point. These losses can be significantly large when a fibre with a smaller

diameter is directly joined to a fibre with a larger diameter and can lead to an attenu-

ation of the beam that is too high for the beam loss monitor application in one single

section [154]. To reduce these losses, instead of using a butt-joint splice (as shown in
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Fig. 5.13a,where the fibres are joined by simply butting together the two ends of the

fibres with different features), a tapered splice is preferred. In this case the welding is

performed by gradually decreasing the larger fibre diameter to meet the smaller one,

as shown in Fig. 5.13b.

Figure 5.13: Optical fibre splicing methods. (a) Butt-joint splice. The fibres with differ-

ent geometrical features are welded together by butting the two ends. This method tends

to produce high losses when fibres with larger diameters are joined to fibre with smaller

ones. (b) Tapered splice. The fibre welding is performed by gradually decreasing the larger

fibre diameter to meet the smaller one.

Splicing losses Splicing results in different levels of loss at the joint. The factors that

cause this attenuation fall into two categories: intrinsic and extrinsic losses. Intrinsic

losses are independent of how well the splicing is performed and they are generally

caused by manufacturing faults such as:

• core eccentricity (i.e. the core center and the cladding center are not in the same

place);

• core ellipticity (i.e. the core is oval instead of circular);
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• numerical aperture (NA) mismatch (i.e. large losses passing from a larger NA

fibre to a smaller NA);

• core diameter mismatch (i.e. large losses passing from larger core to smaller ones).

On the other hand extrinsic losses are caused by the mechanics of the splicing itself.

Frequent causes of extrinsic loss attenuation at the joints include:

• misalignment of fibre ends caused by improper insertion techniques;

• poor cleaving and poor polishing techniques resulting in poor end face quality;

• contamination caused by dirt or airborne dust particles.

Since the fibres listed in Table 2.1 have large core/cladding diameters and large numer-

ical apertures with respect to standard multimode step index fibre (with core/cladding

of 62.5-105/125 µm and NA of 0.11) the major problems in obtaining minimal loss and

durable splicing, were mainly due to numerical aperture mismatch and core diameter

mismatch. The loss occuring when transmitting from a fibre of core radius R1 to one

having a core radius R2 (with R1 < R2) [155] is:

Ld = −10 log10

(
R2

R1

)
(5.10)

Similarly the transmitted losses due to a numerical aperture mismatch (with NA1 <

NA2) are given by:

LNA = −10 log10

(
NA2

NA1

)
(5.11)

Experimental tests A schematic of the experimental setup used for testing the

splicing losses is shown in Fig. 5.14.

A laser “pigtailed”1 with a fibre of 50 µm core (the red fibre shown in Fig. 5.14) was

connected directly (without any splicing) to a power meter. The power as a function

of laser current was measured to provide a reference line. Then, three Si high radiation

hardness fibres with different core diameters (62.5, 105 and 200 µm) were spliced within

the original fibre. Splicing was performed using a Fujikura splicer FMS-45PM [156].

1A pigtailed laser is a laser where the fibre is pre-aligned to the laser during the manufacturing

process.
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Figure 5.14: Schematic of the experimental setup used to measure the splicing losses. A

pigtailed laser with a pre-inserted fibre of 50 µm core is spliced to different fibres and the

losses are measured by a power meter before and after the splicing.

Before the splicing, two fibre protection sleeves were inserted to protect the optical

fibres sections exposed at the splice. After removing the protective coatings and jackets

the bare fibre sections were cleaned by alcohol to remove dirt or dust particles. The

fibres were then inserted in a high precision cleaver previously cleaned and they were

“cut”1. To produce a perpendicular cleaved end the smoothness of the cleaver blades is

very important. After the cleaving, the fibres were ready to be spliced. At this point,

the variation of the measured laser power with current was measured, and compared

with the reference line. The laser power vs current curves are shown in Fig. 5.15, and

the percentage of transmitted light with the different spliced fibres is given in Table

5.3. Due to technical limitation of the splicer and the cleaver is was not possible to

Table 5.3: Fraction of transmitted light with different spliced fibres, relative to the un-

spliced fibre (with diameter 50 µm).

Spliced fibre core diameter (µm) Transmitted light (%)

50, unspliced 100

62.5 73

105 46

200 7

test fibres with a core diameter bigger than 200 µm. The 200 µm fibre was the most

promising for increasing the collection efficiency of Cherenkov photons but due to the

1The cleaver does not cut the fibre. It merely nicks the fibre and then pulls or flexes it to cause a

clean break. The goal is to produce a cleaved end that is as perfectly perpendicular as possible.
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Figure 5.15: Measured power versus laser current for different spliced fibres. The black

squares show the reference line (50 µm core, without any splicing).

difficult optimization of many parameters of the splicer, the splicing with a fibre with

a smaller core was extremely difficult to realize. The poor interface quality results in

losses of some tens of dB: therefore, the amount of transmitted light was very limited.

In addition, removing the external plastic buffer for performing the splicing made the

200 µm fibre very fragile even if the protection sleeves were inserted and many times

the composite fibre was damaged only by moving it on the optical table.

Therefore a beam loss monitor using alternating sections of 200 µm fibre with some

other fibre would be extremely difficult to install and prone to mechanical failures.

The fibre with diameter 105 µm seemed to be a better solution than the fibre with

core diameter 200 µm. However, the loss of 54% of the light with only two interfaces

between fibres is very large for purposes of the beam loss monitor (which would require

many interfaces over a 2 meters distance).

To overcome this problem, it was considered to construct the second arm using

fibres with similar radius, i.e. 62.5 µm and 50 µm. However, the smaller numerical

aperture associated with the small diamter reduces the acceptance angle and, therefore,

the Cherenkov Collection Efficiency. This would be an issue for monitoring losses in
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relatively low energy beams1 or with low intensity, with energy close to the Cherenkov

threshold energy (0.192 MeV for electrons), due to the reduced number of Cherenkov

photons produced and collected inside the fibre. Though for machines such as ALICE,

where the beam energy is well above threshold, this may not in itself be a strong lim-

itation. Industrial fabrication splicing processes could overcome the intrinsic fragility

of the composite fibre resulting from the use of large core fibres and the technical lim-

itation of our splicer by replacing the plastic buffer around the region of each splicing

point and improving the splicing quality, although it would add significantly to the cost

of the beam loss monitor.

5.4.3 Bended fibre

The last configuration described in this section makes use of bending losses in an optical

fibre to localize the position of beam losses. Due to its reliability and reproducibility,

this configuration is the one adopted for the prototype of an optical fibre beam loss

monitor considered in this thesis.

The operating principle is the same of the previous configurations. Two parallel

fibres run parallel to each other: one is used as reference fibre for evaluating the losses

and the other one, the composite one, is looped in several places (depending on the

number of loss points) and attenuates the beam so that by comparison between the two

output signals, it is possible to localize the losses as shown in Fig. 5.1c. Every bending

loop gives a fixed attenuation whose value can be changed by changing the bending

radius.

Optical fibre bending losses Optical fibres suffer radiation losses at bends or curves

at their paths. This is due to the energy in the evanescent field (i.e. the part of the

fibre mode traveling in the cladding) at the bend exceeding the velocity of light in the

cladding and hence inhibiting the light guide mechanism [157], which causes light to

be radiated from the fibre as shown in Fig. 5.16. The loss occurs because the part of

the mode inside the cladding is required to travel faster than part of the mode inside

the core to maintain a wavefront perpendicular to the direction of propagation. Thus

part of the mode in the cladding needs to travel faster that the velocity of light in the

1According the Cherenkov formulation (cf. Eq. 2.19 low energy beams generate less photons).
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Figure 5.16: Radiation loss at a fibre bend. The part of the mode in the cladding is

required to travel faster than the velocity of light in order to maintain a plane wavefront.

Since it cannot happen the energy contained in this part of the mode is lost [157].

medium. As this is not possible, the energy of this part of the mode is lost through

radiation.

An equivalent description of the phenomenon of bending losses can be formulated

in terms of geometric optics, if large core diameter, multi-mode fibres are used. Light

rays propagating in the fibre core through total internal reflection will be lost at a

region where the fibre is bent due to the decreased incidence angle, when this becomes

smaller than the critical angle for total internal reflection.

A complete theory for the prediction of the power transmittance after a given num-

ber of loops cannot be found in the literature. In fact, proposed theories, as well as

experimental results, are often in contradiction [158–163].

The simplest approach to bending losses is to assume that the power trasmittance

only depends on the bending radius, and is thus independent of beam properties and

history (i.e. the number of loops previously encountered). However, such approach

fails to account for the fact that the light rays which are lost in the bending process are

the ones whose incidence angle with the core/cladding interface is already close to the

total reflection critical angle. These rays are progressively lost when the first bending

regions are met. The rays which are not lost at this stage are the ones propagating

quasi-parallel to the fibre axis, whose incidence angle to the core-cladding interface is

hence small, and keeps below the critical angle also when the fibre is bent. These latter
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rays will not be lost no matter how many bending turns are present along the fibre: a

saturation effect of the bending losses can therefore be expected. This reasoning brings

about a more complex approach, described by a power transmittance depending not

only on the bending radius, but also on the properties of the light beam and the number

of loops already encountered by the radiation.

A full theory of bending losses which allows to reliably predict the values of the

changing transmission coefficients given the number of previously encountered loops is

not yet available in the literature. For the purpose of the beam loss monitor application,

however, it is not necessary to derive this theory. Instead, it is possible to empirically

measure the transmission coefficients and use the measurement to calibrate the monitor

and thus predict the position of the losses.

To provide a more quantitative discussion, it is noted that in current literature the

bending losses are expressed with a loss coefficient Ω measured in dB per unit length.

This coefficient is considered to be only a function of the bending radius, Rbend, in

the simplest approach, and depends instead also on history and light beam properties

in the more sophisticated theories. In this work, however, it is more convenient to

express losses through the coefficient α, defined as the fraction of power transmitted

by a single loop. The coefficient α can be expressed in terms of Ω by multiplying Ω by

the circumference of a single loop (so as to get the losses expressed in dB/loop), and

then transforming the dB expression in decimal expression with a division and power.

The two coefficients Ω and α are therefore related by the expression:

α = 10

(
2πRbendΩ

10

)
(5.12)

It should be noted that, as expected, α → 1 when Rbend → ∞, as when this is

the case Ω → 0, so nullifying the exponent in eqn. 5.12. If α can be assumed to be

a constant only depending on Rbend, the total transmittance after N loop αN is given

by:

αN = αN (5.13)

Otherwise, using the more sophisticated theory, the coefficients α depend on the

number of loops previously encountered, and can thus be expressed as αi for the ith

loop. The total transmittance after N loops αN can therefore be expressed as:

αN =
∏
i≤N

αi (5.14)
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Laboratory results The bending losses were tested in the laboratory using a laser

source and a power meter. The laser was a semiconductor pigtailed laser with a pre-

inserted fibre with 105 µm core diameter, operating in the visible regime (630 nm).

To increase the length of the laser fibre an additional fibre (indicated with the

number 1 in Table 5.2) with the same diameter was spliced to the original one with

nominal splicing losses of 0 dB. The fibre tip was connected to a power meter and the

laser power was measured before the bending (i.e with a straight fibre) and after the

bending.

A scheme of the setup is shown in Fig. 5.17. To measure the bending losses eight

Figure 5.17: Scheme of the setup used for measuring the bending losses. The bended

fibre was coiled around metallic cylinders with different diameters ranging from 6 to 30

mm and the the laser power was measured before and after the bending.

different metallic cylinders were used with diameters ranging from 6 to 30 mm and the

transmitted power for one fibre loop was measured as a ratio between the laser power

before and after the bending. The results of these measurements are reported in Fig.

5.18. The transmitted power changes significantly only for loop diameters of 6, 8 and

10 mm with a variation of 87%, 95% and 98%, respectively. The same measurement

was performed while changing the number of loops between 1 and 5 for cylinders with

diameters of 6, 8 and 10 mm. The measurements are shown in Fig. 5.19.

Fig. 5.19 also shows the best fit on the plot of curves obtained assuming a constant

transmittance, following equation 5.13. It is immediately seen that it is only possible to

satisfactorily fit the law described in equation 5.13 to the first set of data, for very small

bending radius, corresponding to very small losses. In fact, in accord with the more

sophisticated theory expressed by equation 5.14, the bending losses change not only
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Figure 5.18: Transmittance expressed as the ratio of the laser power measured after and

before the bending, as a function of the loop diameters between 6 and 30 mm. The error

bars of 2% are due to the fluctuations of the semiconductor laser current.

Figure 5.19: Transmitted power as a function of the number of loops for cylinders with di-

ameters of 6, 8 and 10 mm. The error bars are due to the fluctuations of the semiconductor

laser current as measured on the power meter.
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with the bending radius, but also with the amount of bending previously experienced

by the traveling beam.

Using equation 5.14 it is then possible to calculate the transmission coefficients αi

for each loop. The result of these calculation is shown in Fig. 5.20. The plot shows that

Figure 5.20: Transmission coefficients αi calculated for each loop in the experiment, for

bending radii of 6, 8 and 10 mm. The transmission coefficients αi increase with increasing

number of loops due to the fact that skew rays are lost soon and meridional rays propagate

instead to the end of the fibre, resulting in saturation, i.e. a plateau in transmission.

the transmission coefficients αi increase with increasing number of loops, as expected

by the more sophisticated theory, due to the fact that skew rays are lost soon and

meridional rays propagate instead to the end of the fibre, resulting in saturation, i.e.

a plateau in transmission. For this experiment, this plateau occurs very soon, already

past the 3rd loop, for this experiment, due to the properties of the laser beam and

the high quality of optical coupling between the laser light and the fibre in the pigtail

configuration. Therefore, the experiment shows that the more sophisticated theory is

best suited for the description of the bending losses.

To complement this data, one more set of measurements was performed by wrap-

ping up a single loop of fibre on two cylinders with the same diameters and sequentially
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increasing the distance between them as shown in Fig. 5.21. The results of the mea-

Figure 5.21: Scheme of the setup used for measuring the transmitted power as a function

of the distance between two single loops with the same diameter. The fibre was coiled

around two metallic cylinders with the same diameter and the distance between the two

cylinders was increased with a step of 15 cm every measurement. Thus the the laser power

was measured on the power meter by keeping constant the laser current.

surements are summarized in Fig. 5.22. It is seen that, as expected, the distance

between loops does not influence the transmission coefficients, which therefore depend

only on bending radius, number of previous loops and properties of the beam.

Fig. 5.22 also shows the level of transmitted light expected from the transmission

coefficients measured in the previous experiment and reported in Fig. 5.20. This value

is obtained, for this experiment in which 2 loops are used, multiplying the transmission

coefficients α1 and α2 according to equation 5.14.

Whilst the fit for the 10 mm bending set of data is very satisfactory, the expected

value for the 8 and 6 mm sets are lower than the measured ones. However, when

the measurement uncertainty, shown in the error bars of Fig. 5.19, is applied to the

transmission coefficients, resulting in an uncertainty of more than 5%, it is seen that

the two measurements are compatible.
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Figure 5.22: Transmitted power as a function of the distance between two loops with

the same diameter. The distance was increased with a step of 15 cm. The solid line are

obtained with a linear fit of the data, whilst the dashed lines represent the theorethical

prediction obtained with the product of the transmission coefficients as calculated using

the data reported in Fig. 5.20 in Eq. 5.14.

5.5 Second arm experiment at ALICE

The transmission coefficients αi derived from the data in Fig. 5.20 show that using

bending losses for inducing a different attenuation in the different arms is a feasible

design. However, these coefficients cannot be immediately applied to the same fibre

setup applied in the accelerator environment with Cherenkov generated light, as the

properties of the guided light beam will be different from the case of the industrially

coupled pigtailed laser light. Therefore, another experiment was performed at ALICE

to determine the transmission coefficients for the case of Cherenkov light.

This experiment was performed at the same location described in Fig. 5.2, and the

bending configuration described in section 5.4.3 was employed. The fibre used for the

test was a 105 µm core diameter fibre with a length of 50 meters for both arms: 8

m of fibre were present downstream of the impinging electron beam location and the

remaining 42 m were upstream the beam. Two SiPMs where mounted on both fibre

tips of both arms. The dedicated setup mounted at about 15 cm from the Be window

is shown in Fig. 5.23. A wheel provided with 8 long arms a metal cylinder (in red in
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Figure 5.23: Scheme of the dedicated setup built for localizing the losses by using a

bended fibre configuration. Two fibres with a length of 50 m were installed on the wheel.

The reference fibre was coiled around the wheel whilst the other was bent following the

red cylinders using a single loop with diameters of 8 or 6 mm. The spacing between each

loop was 15 cm.
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Fig. 5.23) at the end of each arm was installed just in front of the Be window with

an angle of about 49◦ to maximize the Cherenkov production inside the fibres. The

fibre could be wound around the metallic cylinders so as to generate up to 8 different

fibre segments separated by identical bending loops. By rotating the wheel it was thus

possible to expose to the electron beam (extracted through the Be window) a different

segment of the fibre, corresponding to a sequentially increasing number of bending

loops.

Two sets of seven cylinders were tested with diameters of 8 and 6 mm, respectively.

Only 7 of the 8 fibre segments were used in order to be able to use the eighth segment

to conveniently place the fibre ends which were then fed back (through the middle of

the wheel) to the SiPM detectors.

Both sensor arms were mounted on the wheel: the reference fibre (coiled around

the wheel without any bending) and the second fibre, wound in a single loop on every

cylinder with a spacing of 15 cm between each cylinder. The use of both sensor arms is

necessary in order to have a reference to the signal amplitude with which to calculate

the transmission coefficient. Indeed, due to mechanical tolerances, it was not possible,

when rotating the wheel, to place the new fibre segment in the exact same spot as

the previous segment, hence the intensity of the electron beam crossing the fibre was

slightly different for each segment. However, since the reference fibre was mounted

exactly behind the composite fibre, it showed at each point a signal proportional to the

number of electrons crossing both fibres.

The wheel was rotated clockwise and anticlockwise by a stepper motor and the

platform sustaining the wheel was translated up and down by another motor located

on the bottom. Five webcams were mounted to monitor the wheel rotation and to

measure the stage translation. The stepper motors were guided remotely from the

accelerator control room by a special PCB board made on purpose for this experiment.

The 2-layer board, whose electric scheme is shown in Fig. 5.24, was designed using Eagle

10 and printed by a dedicated fast prototyping CNC milling machine. The accelerator

beam incident on the fibre (at 49◦ with respect to the beam), had an energy of 12

MeV. A single bunch with 40 pC of bunch charge was used. The dark noise of both

SiPMs recorded before the irradiation was of 20 mV. The wheel was rotated between

measurements so that the beam was impinging on a different loop every time and the
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Figure 5.24: a)Electric scheme of the dedicated PCB board assembled to drive the stepper

motors of the fibre setup. The red and blue areas refer to electric traces milled on opposite

sides of the board. The design of the PCB board was made by using Eagle 10. b) Photo of

the actual power board used to drive the stepper motors in the setup installed at ALICE.

signals coming from the SiPMs coupled to the two fibres were recorded. The signals

detected for the two fibres are reported in Fig. 5.25.

Each data point shown in the figure was acquired as the mean of an approximately

gaussian distributed population of 1500 events. The error on the measurement, given

by the standard deviation of the distribution divided by
√

1500 is comparable with the

dimension of the data points.

From the data in Fig. 5.25 it is possible to calculate the total transmission coefficient

αN by simply calculating the ratio between the second and the reference fibre. This is

done in Fig. 5.26. This figure shows the calibration data for the beam loss monitor, as

the coefficients αN will then be used to derive the position of the loss once the ratio

between the second (looped) fibre and the reference fibre signal is obtained. Finally,

for comparison with the data reported in Fig. 5.20, the αi coefficients corresponding

to Cherenkov produced light are shown in Fig. 5.27. As expected (cf. section 5.4.3),

the transmission coefficients increase with increasing number of loops, however they

do not reach the saturation plateau as soon as it was the case for laser light (see

Fig. 5.20) This is due to the less collimated nature of Cherenkov produced light, for

which a considerable portion of the intensity is constituted of non-meridional rays (see

discussion in sections 2.3 and 2.3.3). Furthermore, the difference in the transmission
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5.5 Second arm experiment at ALICE

Figure 5.25: Variation of the SiPM signals as a function of the number of loops (i.e. the

fibre attenuation). Errors on the measurement are comparable with the size of the data

points.

Figure 5.26: Variation of the total fibre transmission αN as a function of the number of

loops.

135



5. OPTICAL FIBRE BEAM LOSS MONITOR

Figure 5.27: Variation of the transmission per loop, coefficient αi, as a function of the

number of loops.

factors may also be due to the presence of a thick coating and to an external acrylate

buffer used to protect the fibre from irradiation effects during the final tests at the

accelerator [159, 162].

In Fig. 5.28 the difference between the two signal is shown for 3 loops (i.e. a

distance of 45 cm) and a cylinder diameter of 8 mm.

Figure 5.28: Oscilloscope traces recorded during the passage of the accelerator beam

through a bended fibre with 2 loops and the reference fibre. The comparison between the

two signals gives the distance at which the loss is located (45 cm in this case). The pink

signal is the reference fibre and the blue one is the bended fibre.

Sensitivity measurement Because of technical limitations of the setup installed

for the first experiment at ALICE (see section 5.3.6) the vertical scan made by the
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fibre to calculate the sensitivity was only of 11.5 mm. A better setup overcoming the

previous limitations was installed during the second experiment. The detailed scheme

of the setup is shown in Fig. 5.29. Instead Fig. 5.30 shows the photos of the real

setup installation mounted at ALICE. With this setup it was possible to translate the

Figure 5.29: Scheme of the improved setup using for measuring the sensor sensitivity.

The fibre was mounted on top and was translated up and down through a distance of 60

mm. A rotator (in yellow) in the picture was used to position the fibre at the best angle

to maximize the Cherenkov efficiency.

fibre by about 60 mm, covering the entire beam diameter. The fibre used was a 50 m

long 105 µm diameter fibre angled at about 49◦, with respect to the accelerator beam.

Two meters of fibre were mounted downstream and the remaining 48 m upstream. For

measuring the sensitivity the fibre was vertically translated over 60 mm by moving the

stepper motor connected to the vertical stage where the fibre was mounted.

The accelerator beam incident on the fibre had an energy of 12 MeV and a single

bunch charge of 40 pC. The resulting experimental curves are plotted in Fig. 5.31.

To calculate the sensitivity, the area A under the curves was measured by Riemann

integration 1. This area divided by the diameter of the fibre gives the signal that would

be measured if the entire bunch charge were incident on the fibre in a single shot. The

sensitivity is therefore:

S =
A

QD
(5.15)

1The Riemann integral is the limit of the Riemann sums of a function as the partitions get finer.

If the limit exists then the function is said to be integrable (or more specifically Riemann-integrable).

The Riemann sum can be made as close as desired to the Riemann integral by making the partition

fine enough.
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Figure 5.30: Photos of the real setup mounted at ALICE. a. Setup back. The Be window

and the YAG screen are visible in the background. The fibres are mounted on the wheel

rotated by a stepper motor. The step of the motor is read by a webcam located just in

front of the wheel. b. Setup front. The metallic cylinders with 6 mm diameter mounted

on the wheel’s edges are visible.

Figure 5.31: Experimental curves to determine the fibre sensitivity. The signal height is

plotted as a function of the fibre vertical scan over a distance of 60 mm for the downstream

(a) and upstream (b) fibre of 8 m and 42 m respectively. A Gaussian fit is applied to the

2 curves.
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where Q=40 pC, the accelerator bunch charge and D the diameter of the fibre. The

areas A under the curves are 19613 mm mV and 12027 mm mV for the downstream

and upstream fibre respectively. Using Eq. 5.15 the respective sensitivities are 4669

mV/pC (downstream) and 2863 mV/pC (upstream). For a signal of 40 mV (2.5 times

the dark noise signal) the minimum charge passing trough the fibre, qmin is shown in

the Table 5.4. From qmin it is possible to calculate the attenuation of the fibre after

Table 5.4: Sensitivity and minimum charge passing through the fibre for the downstream

and upstream sections of the fibre.

Fibre Sensitivity (mV/pC) qmin (fC)

Downstream 4669 8.5

Upstream 2863 13

42 m. The attenuation is given by the ratio between the downstream and upstream

section.

Attenuation (%) =
qmin(down)

qmin(up)
= 65% (5.16)

The experimental data was compared with the fibre datasheet after 42 m. The result

is shown in Fig. 5.32. The two attenuations have exactly the same value. This gives

Figure 5.32: Datasheet attenuation value as a function of the fibre distance. The inter-

section between the green lines gives the value of the attenuation after 42 m of fibre.

an indication of the high quality of the SiPM-fibre coupling shown in Fig. 5.33.
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Figure 5.33: SiPM-fibre coupling system. The fibres are mounted by a FC/PC adapter

to the top of the SiPMs fixed on a small optical board. The SiPMs are mounted on the

power board connected to the power supply and the oscilloscope by LEMO-BNC cables.

5.6 Beam loss monitor experimental test

5.6.1 ALICE beamline experiment

Having identified the transmission coefficients αN corresponding to the Cherenkov cre-

ated light, it was possible to perform an experimental test for the actual complete beam

loss monitor setup.

To this purpose, both the reference and the composite fibres were inter-wound and

coiled around the accelerator vacuum pipe immediately after a lattice element (either

dipole or quadrupole), as shown in Fig. 5.34. Both fibres run parallel to the beam line

in between elements. However, these straight sections between elements are placed at

a distance of about 20 cm from the vacuum pipe, so that any loss occurring in these

sections will result in a negligible light signal. This allows the detector to monitor

only the losses occurring at the very point in which the fibres are coiled around the

vacuum pipe and thus identify the element causing the loss. The metallic cylinder

around which the composite fibre is wound is visible in each of the straight sections

between investigated elements. The cylinder diameter is 6 mm.

It is noted that the fibres are coiled around the vacuum pipe at an angle of about 45◦

with respect to the pipe axis, so that the Cherenkov light production can be maximized

for losses in the horizontal plane. If a rotation of 90◦ around the beam pipe axis is

applied to the coils shown in the figure, the setup is then maximized for losses in
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Figure 5.34: a) Location of the experiment installed along ALICE beamline. b) Photos

of the actual installation of the BLM at ALICE. (left) Both the reference fibre and the

composite fibre are coiled around the vacuum pipe past the lattice elements to be investi-

gated, and run parallel to the beam line (although at a distance from it, so as to prevent

spurious signal) in between elements. (right) Magnification of the fibre coil and bending.

The metallic cylinder around which the composite fibre is winded is marked with a yellow

circle.
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the vertical plane. However, for the experiment reported in this work, the horizontal

plane has been preferred to make use of the ability of dipoles to steer the beam in the

horizontal plane, as described in the following.

For further multiplication of the produced light, each fibre was coiled 3 times around

the pipe: resulting in a factor of 3 increase of signal. The upper limit on signal mul-

tiplication by successive windings is given by the time response of the amplifier and

recovery time of the SiPM. Indeed, too many windings would result in a significantly

different path length, hence causing in the light signal to be spaced enough to give rise

to distinct peaks on the detector. For an amplifier rise time of 2 ns, this corresponds

to a path difference of about 40 cm, or little more than 3× 45◦ windings on a 38mm

diameter pipe.

To artificially generate losses at the investigated points, the current in the dipole or

quadrupole magnet was changed, hence changing the corresponding magnetic field, so

as to either steer the beam against a side of the vacuum pipe (in the case of dipoles), or

defocus the beam to the point that it was lost against the vacuum pipe homogeneously

past the quadrupole.

Winding the fibres at 45◦ around the pipe also means that on one side of the loop,

losses will produce Cherenkov light travelling mostly in the downstream direction (in

the direction of the Cherenkov beam); while on the other side of the loop, losses will

produce Cherenkov light travelling mostly in the upstream direction. A smaller part

of the signal in both cases is expected to travel in the opposite direction, because of

the geometry of electron showers due to losses. The described setup also allows to test

this behaviour, as past a dipole element it is possible to steer the beam so as to create

losses located mainly on the upstream or downstream part of the fibres.

Fig. 5.35 shows the data collected during this experiment: the signal on each

fibre generated by off-tuning a given element. The elements corresponding to 3 and

5 bending loops are dipoles. For these elements 2 data points are available, referring

respectively to losses created mainly in the upstream and downstream region of the

fibre, as discussed above. The data behavior agrees with the expectations, as the

lower signal corresponds in both cases to the beam being lost in the vacuum pipe side

corresponding to upstream traveling fibre.

Due to the nature of the mechanism used in artificially generating losses, it was

not possible to calibrate the level of losses after each element, hence the signal in the
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reference fibre also varies very much from point to point.

Each data point shown in the figure was acquired as the mean of an approximately

gaussian distributed population of 1500 events. The error on the measurement, given

by the standard deviation of the distribution divided by
√

(1500) is comparable with

the dimension of the data points.

Figure 5.35: SiPM signal for both reference and composite fibre during beam loss moni-

toring operation. The lattice elements corresponding to 3 and 5 bending loops are dipoles,

all others are quadrupoles. For these elements 2 data points are available, referring respec-

tively to losses created mainly in the upstream and downstream region of the fibre. Error

on the measurement are of the same size as data points.

From the data in Fig. 5.35 it is possible to calculate the total transmission coeffi-

cients αN for each loop. This is done in Fig. 5.36 (data points), which shows also a

comparison of these coefficients with the equivalent coefficients obtained for the direct

electron beam extraction experiment using the fibre stretched on the moving wheel

(section 5.5).

The coefficients for the two experiments are compatible within a 10% error. Fur-

thermore, apart from the data point corresponding to the upstream signal in the first

dipole (3 bendings) the αN coefficients corresponding to the beam loss operation ex-

periment are on average about 5% lower than in the case of the direct beam extraction

experiment. This effect, although slight quantitatively, is compatible with the nature of

the losses, which happen in multi-directional showers rather than as a monodirectional
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Figure 5.36: Total transmission coefficients αN for the beam loss monitor operation (data

points) and for direct electron beam extraction, cf. Fig. 5.26 (solid line). The bending

diameter 6 mm. The coefficients are compatible within 10% error.

beam, and thus result in the creation of more skew rays, and hence increased opacity

of the bending loops.

5.6.2 Performance of the measuring scheme

The data relative to the ALICE beamline experiment, collected to plot Fig. 5.36,

can also be used as an example of real field measurement, and used to estimate the

performance of the monitor in an actual application.

Definitions To do this, each pair of data points (reference fiber and bended fiber)

has been analyzed like it would be in the real application, and attributed to a given

loop number by comparing its transmission ratio with the transmission ratio for the

ideal case, as plotted in Fig. 5.26. This procedure allows to estimate the purity and

efficiency of the monitoring procedure. Purity and efficiency are defined for each loop,

and will be indicated for the ith loop with Puri and ηi. Indicating with S the total set

of measurements, with Nji the number of measurements coming from events due to the

loop i but attributed to the loop j, with Ni the total number of events due to loop i,

so that Ni =
∑

j Nji, purity and efficiency can be defined as follows.
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Purity is the ratio between the events attributed to loop i which indeed come from

loop i and the total number of events attributed to loop i:

Puri =
Nii∑
j Nij

(5.17)

Efficiency is instead defined as the ratio between the events attributed to loop i

indeed coming from loop i and the total number of events coming from loop i:

ηi =
Nii∑
j Nji

(5.18)

Measuring scheme To attribute a given measurement pair to a loop, the transmis-

sion ratio between the signal in the bended fibre and the signal in the reference fibre is

compared to the values found experimentally, i.e. the coefficients αN reported in Fig.

5.26.

In a first procedure, which maximizes efficiency and measurement speed by not

discarding any data, the measurement pair is then attributed to the loop with the

closest αN coefficient. This results in measurements which lie close to midway between

two loops thresholds, and are hence not very reliable, to not be discarded, and hence

hinder the purity of the result.

An alternative procedure is also used, which sacrifices efficiency and speed to purity

by discarding ambiguous results. In this technique, a threshold 0 ≤ ϑ ≤ 0.5 is chosen,

so that any transmission ratio which lies at a distance greater than ϑ · ‖αN −αN−1| (or

respectively ϑ · ‖αN − αN+1|) from αN is discarded1.

Experiment Purity and efficiency for each loop, as calculated with the data collected

in the ALICE beamline experiment and analyzed with the procedure just described is

shown in Fig. 5.37.

Analysis of Fig. 5.37 shows that both purity and efficiency sensibly decrease as

the loop number is increased, as an effect of the strongly decreasing resolution of the

monitoring principle, due on the decreasing separation between transmission ratios

corresponding to neighbouring loops. This trend is true but for the last loop of the

efficiency plot, which features a performance increase with respect to the second last.

This effect is due to the fact that there is no lower transmission ratio threshold for the

1Note that the two procedures are therefore equivalent for ϑ = 0.5.
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Figure 5.37: Purity (a) and efficiency (b) for each loop, calculated on the data collected

in the ALICE beamline experiment, and analyzed with the procedure described in the text,

for values of ϑ = 0.5;, 0.45 and 0.4.

last loop, meaning that even values which would have normally fallen in the following

loop (hence hindering efficiency) are instead correctly attributed to the final loop.

Discussion The analysis reported in Fig. 5.37 provides some insight in the achievable

resolution of the monitor. The resolution depends on the number of loops, and is

maximized for low number of loops (0, 1 or 2). If up to 2 loops are used, both purity

and efficiency are perfect (100%), and monitor operation is reliable and precise. The

resolution is in this case only limited by consideration on the particular application,

e.g. how much cross talk is there between loops (due e.g. to loss particles having a

clear line of sight to two loops and hence being detected in both), and not by intrinsic

limitation of the loop detection scheme. Operated in this way, one setup (i.e. fiber,

SiPM and amplification and readout electronics) has to be used for each 3 points to be

monitored.

The number of locations to be monitored by the same setup can be increased (hence

lowering the overall cost of the monitoring solution) by using a greater number of loops.

In this case, however, purity and efficiency are no more perfect and they need to be

taken into account in the estimation of performance.

The most appropriate parameter to consider depends on the application of the

monitor. The beam loss monitor presented can be used for both the purposes of machine

protection and diagnostics.
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For machine protection, apart from the magnitude of the loss, which is always only

estimated by the signal on the un-bended fiber (cf. experiment described in section

5.3), it might be important to prevent continued losses in specific locations of the

beam pipe (e.g. where sensitive electronics might be located). For this purpose, it is

important that losses in the location of interest are reliably detected as coming from

that region and not a neighboring one. This performance parameter is directly related

to the efficiency as defined above. Purity is relevant only insofar as high purity avoids

false flags. This kind of operation would therefore be conducted in the high efficiency

operation mode (i.e. with no discarded data) and its reliability is directly linked to the

efficiency as reported above.

For machine diagnostics, it can be more important to identify which optics element

is creating the loss. Therefore, high purity is more important than efficiency, as time

needed for the measurement is likely not to be an issue. This kind of operation would

therefore be conducted in the high purity operation mode (i.e. with discarded data)

and its reliability is directly linked to the purity as reported above.

It should be noted that the asymptotic behavior of the total transmission coefficient

(cf. Fig. 5.26) is intrinsic to the scheme used, and can therefore not be avoided. Its

effects can be made less severe by increasing the bending radius, but this leads to

worse loop resolution (i.e. poorer purity and efficiency performance). This poorer

performance can be acceptable if time is not an issue and a sufficiently long statistics

can be acquired. Otherwise more detectors have to be used. In the limiting case of

only three sections (i.e. 2 loops) for each fibre, the monitor tested in this work shows

perfect purity and efficiency.

This experiment successfully demonstrates determination of the losses location and

intensity by a comparison of reference and composite fibre signal and concludes the

study presented in this thesis.

5.7 Conclusions

To design and build an optical fibre beam loss monitor fulfilling the beam loss require-

ments at ALICE described in section 1.4, different configurations have been considered

and tested. In this chapter a complete overview of the potential designs and of the

experiments perfomed in the laboratpry and at ALICE is reported.
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The general configuration of the beam loss monitor presented here is based on two

fibres running parallel to each other whose ends are coupled to SiPM detectors. One

fibre, the reference fibre, is used to evaluate the losses maximizing the Cherenkov photon

collection efficiency and the other one, called the second fibre, is made in such a way

that the number of photons reaching the SiPM is smaller than the number reaching

the SiPM in the first arm by a factor depending on the ability to attenuate the beam

passing through the second fibre. The comparison between the relative strength of

the two signals determines the position of the losses. The first arm was tested at

ALICE to observe the Cherenkov signal, to test the real time detector response and

to optimize the Cherenkov effect as a function of the fibre angle. A dedicated setup

was used mounted in front of a Be window located along the accelerator path. The

Cherenkov signal was observed as soon as the beam was turned on. The SiPM dark

signal is completely negligible in comparison to the Cherenkov signal. An angle of

49◦ was found to optimize the Cherenkov collection efficiency for the fibre used in the

experiment. The angle was in excellent agreement with the simulated results obtained

in section 2.3.3 by the C++ code written for the purpose of simulating the collection

of Cherenkov photons.

Due to the SiPM rise time being shorter than the bunch spacing, it was also possible

to resolve the bunches. In addition the first arm response shows a linear proportionality

to the bunch charge for two different angles and a saturation for the peak angle of 49◦

due to the limited dynamic range of the detector.

To have a different attenuation in the second arm of the sensor, three different

configurations have been studied based on the intrinsic attenuation, and attenuation

induced by splicing and bending the fibre. The first one, that uses two fibres with

different intrinsic attenuations, does not allow to have a resolution of 10 centimeters

and therefore could not achieve the target performance. The second one, that uses

splicing between two different (in terms of dimensions and attenuation) fibres to induce

attenuation results in a sensor too fragile and not reliable enough due to the technical

difficulties of splicing large diameter fibres. The third configuration, however, uses the

bending losses in a fibre with the same properties as the one used in the reference

fibre, to induce an additional attenuation. The bending radius can be varied (within

a certain range larger than the critical radius) to obtain the level of bending losses

suitable to the beam loss requirements. Moreover the distance between the bending
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loops can be modified by the user to increase the resolution. In the configuration used

in the experiments a resolution of 10-12 cm was obtained but it is possible without

further complications to have even better resolutions. This configuration, adopted in

the final design of the beam loss monitor prototype, was tested in lab by a laser to

understand the bending behavior. The transmittance as a function of the loop diame-

ters and of the number of loops was found. In addition the transmission coefficients for

every single loop and diameters of 6, 8 and 10 mm were calculated to understand the

maximum number of bending loops to install. After these experiments the bent fibre

configuration was tested at ALICE. Instead of a naked fibre as the one used in lab, a

double coated fibre suitable for harsh environments was used. The fibre was wound

in 6 loops separated by 15 cm and bending diameters either of 6 mm or 8 mm. The

variation of the SiPM signals as a function of the number of loops was recorded and

the transmission of the fibre (total and for single loops) was calculated as a function of

the number of loops. As expected the transmission coefficients increase with increasing

number of loops but they do not reach a saturation plateau as in the case of the laser

light due to the less collimated nature of the Cherenkov light and to the presence of

a double coating that increases the pressure during the bending, reducing the trans-

mission. From these measurements it was possible to calculate the sensitivity of the

sensor, equal to 4669 mV/pC for the downstream (i.e. beam direction) fibre.

In the final experiments performed at ALICE the beam loss monitor was tested in

a beam loss standard configuration along the vacuum pipe. The reference fibre and the

second fibre were inter-winded and coiled around the accelerator after a lattice element.

The fibres are coiled at 45◦ with respect to the pipe axis to maximize the Cherenkov

production. To artificially generate losses the current of the lattice elements (dipoles

and quadrupoles) was changed. The total transmission coefficients for each loop were

calculated and a comparison between the data point of the two experiments was made.

The coefficients are compatible, to within a 10% error. This effect is consistent with the

nature of the losses which happen in mutidirectional showers than as monodirectional

beam resulting in more skew rays and hence in an increase opacity of the bending loops.
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Conclusions

The objective of the research that has been described in this thesis is to design, build

and characterize an optical fibre beam loss monitor, using the Cherenkov effect, for

ALICE, the accelerator based at the Cockcroft Institute, UK. The work done at each

stage of development of the beam loss monitor has been described in detail: in this

section, we summarize the important results.

Cherenkov effect The Cherenkov effect in optical fibre has a number of properties

that need to be considered in beam loss monitor application. These include instanta-

neous response, signal dependence on the angle of incidence of the impinging particles

and insensitivity to neutral particles. In addition charged particles produce a signal

only if they are sufficiently relativistic. All these properties affect the response of the

detector to beam losses in the accelerator and are described in Chapter 1 (following

the original formulation given by Cherenkov, Frank and Tamm).

When the Cherenkov effect is used in optical fibres, the production and collection of

Cherenkov photons inside the fibres strongly depends on the fibres geometrical features:

core/cladding refractive index, numerical aperture and critical angle. A geometrical ap-

proach using vectors is used to describe this phenomenon and the derived equations

are then used in a C++ code written specially for the purpose of calculating the opti-

mization of the Cherenkov efficiency as a function of the fibre features. The C++ code

gives the number of collected photons as a function of the incidence angle of electrons

and the impact parameter, for different fibre numerical apertures. The probability of
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photon survival is maximized when the impinging particles cross the fibre at an angle

that ranges between 35◦ and 50◦ for the selected fibres.

Radiation effects of optical fibres The first and most important consideration

when developing a beam loss monitor for accelerators is its survival in environments

of high radiation. Therefore an important issue is the choice of the fibre material.

Pure silica core/pure silica cladding fibres and pure silica core/fluorine doped core

fibres are considered the best choice because of their high radiation hardness of 109

rad, the highest of all the commercially available optical fibre materials. Despite their

radiation hardness and long lifetime, when fibres are exposed to radiation their intrinsic

attenuation acquires an additional term called Radiation Induced Attenuation (RIA).

RIA creates new absorption bands mainly in the UV and VUV spectral regions that

modify the transmission properties of a fibre. In addition radiation exposure modifies

the mechanical properties of a fibre producing an effect called densification. It also

produces a similar effect on the refractive index called compaction. These phenomena

lead to fibre lifetime reduction and to mechanical fractures that can drastically reduce

the fibre performances for doses of 106-109 Gy. The origin of these effects is still unclear

and different theories have been developed in the last 30 years and more. In Chapter

2 some of them are discussed together with their most important implications.

Silicon photomultipliers Because of the instantaneous response of the Cherenkov

effect, a fast and reliable photodetector is of fundamental importance to detect the

Cherenkov photons at the end of the fibre. Silicon photomultipliers are considered a

valid alternative to standard photomultipliers because of their low dark count, high

photon detection probability (especially in the blue range where the Cherenkov pro-

duction is higher), fast time response and low after pulsing.

The SiPMs features are described in details in Chapter 3 with a special focus on the

dark noise effects to understand and evaluate the contribution of the noise on a light

signal. A C++ code was created on purpose to measure the noise peak heights and

detectors rise time. Test measurements on the dark noise effect were performed at the

INFN of Catania, Italy on five models of SiPMs from different manufacturers to select

the one with the best performance in terms of dark noise and rise/recovery times.

All SiPMs have an active area of 1 mm2 to be easily coupled with the selected optical
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fibres. Increasing the bias voltage the peak height increases improving the detector

sensitivity and the signal to noise ratio. However the dark count rate also increases. A

typical value of dark count rate for all the devices was of 1 MHz/mm2 measured at a

bias voltage of 32 V (except the UV SiPM that showed values of dark count rate higher

than the others).

A second set of measurements was carried out to evaluate the importance of the dark

noise effect on a fast pulsed light signal. The devices were illuminated with a laser

light of 408 nm wavelength. In the measurements the frequency of laser was fixed and

the current was changed to explore the limits of the dynamic range. The signal height

increased with the current and became constant from 80% and 100% of current, clearly

indicating the saturation of the detectors. The number of cells above which the detector

saturates was calculated for every sample and it was found to increase with increasing

total number of cells. In addition an estimation of the rise time was made. The model

F of ST-Microelectronics showed the best performance and was selected for the final

prototype tested at ALICE.

Optical fibre beam loss monitor Three different configurations of beam loss mon-

itor were designed and tested to fulfill the beam loss requirements at ALICE. The

general configuration is based on two fibres running parallel to each other. Each fibre

is coupled at the end to a SiPM detector of the same model so that the Cherenkov signal

generated in each fibre at the passage of the relativistic charged particles is indepen-

dently read. One fibre (i.e. the reference fibre) is chosen to maximize the Cherenkov

effect light production. The second fibre is designed to attenuate the signal so that

it is smaller than the one coming from the reference fibre. In this way a comparison

between the strength of the two signals will determine the loss position.

The reference fibre was tested at ALICE using a dedicated setup. As a result of this

first test the Cherenkov effect was observed and its collection efficiency was optimized

for an angle of 49◦ depending on the features of the particular fibre used in the exper-

iment.

The angle was in excellent agreement with the theoretical simulations reported in Sec-

tion 2.3.3. In addition due to the short SiPM rise time it was also possible to resolve

the electron beam bunches with time spacing of 12 ns.
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The first arm response is linear to the bunch charge for two different angles and satu-

rates for the peak angle of 49◦ due to the limited dynamic range of the detector.

For the second arm three configurations have been tested: one based on the intrinsic

attenuation; another based on splicing sections of fibres with different properties; and

a third based on bending the fibre to induce controlled attenuation. The first one using

two fibres with different intrinsic attenuations, does not allow a resolution of 10 cen-

timeters and therefore cannot be used at ALICE. The second one, that uses the splicing

between two different (in terms of dimensions and attenuation) fibres to induce atten-

uation results in a sensor too fragile to be used in harsh environments and not reliable

enough due to the technical limitations of the splicing setup for large diameter fibres.

The third configuration uses the bending losses in a fibre with the same properties as

the one used in the reference fibre, to induce an additional attenuation. The bending

diameter can be varied (within a certain range larger than the critical radius) to obtain

the level of bending losses suitable for the beam loss requirements. Also the distance

between the bending loops can be modified by the user to increase the resolution.

In our configuration a resolution of 10-12 cm was obtained, but it is possible with-

out further complications to have even better resolutions. This configuration, adopted

in the final design of the beam loss monitor prototype, was tested in the lab with a

laser to understand the bending behavior. The transmittance as a function of the loop

diameters and of the number of loops was measured. In addition the transmission

coefficients for every single loop and diameters of 6, 8 and 10 mm were calculated to

understand the maximum number of bending loops to install. After these experiments

the configuration using looped fibre was tested at ALICE. Instead of a naked fibre as

the one used in lab, a double coated fibre suitable for harsh environments was used

with bending diameters of 6 and 8 mm, and 6 loops with a distance of 15 cm between

each other. The variation of the SiPM signals as a function of the number of loops was

recorded and the transmission of the fibre (total and for single loops) was calculated as

a function of the number of loops. As expected, the transmission coefficients increase

with increasing the number of loops but they do not reach a saturation plateau as

in the case of the laser light due to the less collimated nature of the Cherenkov light

and to the presence of a double coating that increases the pressure during the bending

reducing the transmission. From these measurements it was possible to calculate the

sensitivity of the sensor, which was found to be 4669 mV/pC for the downstream (i.e.
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beam direction) fibre.

In the final experiments performed at ALICE a fully functional beam loss monitor was

successfully tested on a section of beam line. The reference and the second fibre were

inter-wound and coiled around the beam line after a lattice element. The fibres are

coiled at 45◦ with respect to the pipe axis to maximize the Cherenkov production.

To artificially generate losses the current of the lattice element either a dipole or a

quadrupole was changed. The total transmission coefficients for each loop were calcu-

lated and a comparison between the data of the two experiments was made. The values

found for the coeffcients agree to within 10%. The agreement is compatible with the

nature of the losses, which in the case of Cherenkov radiation happen in mutidirectional

showers rather than as monodirectional beam (as in the case for a laser), thus resulting

in more skew rays and hence in an increase opacity of the bending loops.

As for the time performance of the monitor, this is mainly limited by the signal am-

plifier bandwidth and by the recovery time of the SiPM detector. The signal amplifier

used in this work leads to a signal rise time of a few ns, whilst the SiPM properties lead

to a recovery time, following any significant signal rise, of some tens of ns (cf. chapter

41 The rise time intrinsic in the Cherenkov effect itself is instead negligibly small (about

100 ps, cf. section 4.1) compared to the limit posed by the electronic readout.

For operation in an accelerator environment, therefore, the limit of operation for

reiterated signals is given by the recovery time of few tens of ns. If successive events are

closer than this, the signal resolution dramatically decreases due to SiPM saturation to

the point that it can only be stated that a loss occurred, but it is not possible to evaluate

either its magnitude or its position (cf. Fig. 5.8). Therefore, inter train measurements

are easily possible at ALICE, where train frequency is 6 Hz, whilst bunch to bunch

evaluation is limited to operation modes in which bunch spacing is longer than about

50 ns.

As far as accelerator protection applications are concerned, the latency time intrinsic

in the system is of the order of 1 to few ns. In order to evaluate the possibility to use

the monitor for beam abort, the time needed for the light to travel in the fiber and from

the resulting electric signal to reach the injector need to be evaluated on an application

1For smaller signal, the recovery time can be significantly lower as the number of cells in the SiPM

is large enough to allow another detection whilst some of its cells are still recovering, by using the signal

from the cells which did not fire for the first event.
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6. CONCLUSIONS

specific basis. For instance, for applications in ALICE, which has a revolution time of

about 230 ns this monitor is fast enough to operate a beam abort before the beam is

able to make complete revolution.

Outlook The beam loss monitor developed in this thesis has been successfully tested

at ALICE, UK with an beam energy of up to 27 MeV and a bunch spacing of 12 ns.

The fibre used for the prototype was a step index, 105 µm core, pure silica fibre. In

its general features the beam loss monitor can be easily adapted to other accelerators

with different beam energies even if some improvements need to be made.

In the case of higher energy machines the saturation of the SiPMs needs to be taken

into account. This issue can be overcome using SiPM with higher active surface and

modifying the coupling between fibres and detectors. Larger active surfaces mean an

increase of the dark noise rate of at least one order of magnitude and this can interfere

in the signal readout making difficult to distinguish the signal from the dark noise after

many bends especially when many bunches (or pulses) are present. Therefore a Peltier

cell to cool off the detectors and to decrease the dark noise has to be considered, leading

to a not negligible increase of the cost of the sensor. Also lowering the dark noise by

cooling results in an increase of the afterpulsing that needs to be evaluated. Another

solution to avoid SiPM saturation could be to modify the coupling between fibre and

detectors inserting filters to reduce the number of photons arriving on the device.

To increase the Cherenkov photon collection efficiency larger fibres can be considered

for the beam loss monitor. In this case they need to be tested in the lab to understand

the optimum bending radius and the transmission coefficients. Finally to achieve res-

olutions smaller than 10-12 cm the distance between the bending loops can be varied

by the user.
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