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Introduction

- Colui tra voi, o uomini, è sapientissimo, il quale come
Socrate conosciuto ha ch’ei non vale nulla in sapienza -

Platone, Apologia di Socrate

This thesis describes a research and development activity focused on an
advanced photon detector, the LHCb Pixel Hybrid Photon Detector, and on
the integration of the optical system of the Ring Imaging Cherenkov (RICH)
detectors of LHCb.

LHCb is an experiment in high energy particle physics that will operate at
the Large Hadron Collider at CERN, the European Organization for Nuclear
Research. The author participated into the CERN Doctoral Program during
his Dottorato di Ricerca.

The interest of a research on photon detectors is motivated by their role
in scientific research as well as for their applications in various fields. Highly
sensitive detectors of near infrared, visible or ultraviolet photons are employed
in fundamental research in astronomy as well as in high energy physics and
high energy astrophysics. They play an important role in analytical instru-
mentation for biochemistry and pharmaceutical industry. Photoluminescence
spectroscopy is a powerful tool for material science, in which fast and sensitive
detectors are crucial. Combining the detectors with scintillating materials per-
mits application in X-ray spectroscopy. Devices with higher sensitivity, speed,
large active areas and high spatial resolution have beneficial impact on medical
imaging diagnosis tools, like X-ray tomography and fluoroscopy. It suffices to
mention the reduction of the radiation dose absorbed by the patient allowed
by faster and higher sensitivity detectors.

In the first chapter a description of the LHCb experiment is given, followed
by a discussion of the properties of Cherenkov radiation. Two Ring Imaging
Cherenkov detectors are used in LHCb as crucial components of the particle
identification system. The requirements on their photon detection and optical
systems are discussed.
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The LHCb Pixel Hybrid Photon Detector (HPD) was developed to sat-
isfy the stringent requirements on sensitivity, speed, active area coverage and
spatial resolution of the LHCb RICHs. It is a vacuum tube equipped with an
advanced hybrid pixel detector as anode. A review of the hybrid photon detec-
tion technology is given in the second chapter. The principles of silicon hybrid
pixel detectors are then described and the LHCb Pixel HPD detailed. The
results of an experimental characterization of the LHCb Pixel HPD detection
performances are given at the end of the chapter.

The characteristics of the first prototypes of the LHCb Pixel HPD were
evaluated in a Ring Imaging Cherenkov detector, in which the requirements of
the target application were partially reproduced. The third chapter describes
the experiment and the results.

The photon detectors will have to operate in the stray magnetic flux density
of the LHCb magnet. The magnetic effects could spoil the spatial resolution
of the devices. A satisfying solution to this problem was investigated, imple-
mented and tested, as described in the fourth chapter.

The optical systems of the LHCb RICH detectors consist of large arrays of
mirrors with high reflectivity. The mirrors and their supporting structure have
to be optically precise and mechanically stable. Moreover they have to be thin
and light in order not to deteriorate the performance of the experiment. The
last chapter describes the solutions developed for the LHCb RICH 2 optical
system in order to satisfy these requirements.
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Chapter 1

LHCb Ring Imaging Cherenkov
detectors

1.1 The LHCb experiment at CERN Large

Hadron Collider

1.1.1 The LHCb experiment

The LHCb experiment (Fig. 1.1) has been conceived [1, 2] to study with high
precision the CP violation and other rare phenomena in decays of B mesons
produced by the Large Hadron Collider (LHC) at CERN. LHC will be a copious
source of B mesons and then an optimal environment to host an experiment
dedicated to the physics of the b quark. In order to exploit this feature, LHCb
must have a highly performing event selection (trigger) system, based on the
detection of particles with high transverse momentum (tracking) and displaced
secondary decay vertices, and π −K (pion-kaon) separation capability [3, 4].
The required particle identification performance is provided to LHCb by its
two Ring Imaging Cherenkov (RICH 1 and RICH 2) detectors.

The layout of the LHCb experiment is shown in Fig. 1.1. It is a single arm
forward spectrometer, with the LHC storage ring beam pipe passing through
the apparatus. The b hadrons produced in the proton-proton collisions at the
LHC energy (14 TeV) are concentrated at small polar angles [1] with respect to
the beam axis. This justifies the configuration adopted for LHCb. A coordinate
system is defined with the origin on the interaction point, z along the beam
axis, x toward the centre of the accelerator ring and y pointing upward. The
experiment covers an acceptance solid angle ±300 mrad wide on the bending
(horizontal) plane and ±250 mrad wide on the non-bending (vertical) plane.
It consists of a dipole magnet and several detectors. The magnetic field is
oriented vertically and has a maximum value of 1.1 T.
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2 Chapter 1. LHCb Ring Imaging Cherenkov detectors

Figure 1.1: Side view of the LHCb detector (non-bending plane).

The Vertex Locator (VELO) surrounds the interaction point. It provides
precise measurements of the particle tracks close to the interaction and allows
the determination of secondary vertices. The RICH 1 detector and the Trigger
Tracker (TT) follow it, and are located upstream the magnet. Other three
tracking stations (T1, T2 and T3) are located downstream the magnet and
complete the tracking system1. The following detectors are RICH 2 and the
first station of the Muon Detector (M1-M5).

The Scintillating Pad Detector (SPD), the Preshower (PS), the electro-
magnetic (ECAL) and the hadronic (HCAL) calorimeters sit between muon
stations M1 and M22. The two RICH detectors and their specifications will
be discussed in Section 1.3.

Positive identification of π and K by the RICH detectors is essential to
distinguish between the final states of many decay modes of the B meson. This
allows to reduce the uncertainties in the measurements of the various decay
rates from which the CP asymmetry parameters are extracted. An example

1The trajectories of charged particles are sampled by these detectors. The momentum of
the charged particles is measured by the bending radius in the magnetic field of the dipole.

2The calorimeters measure the energy of the particles. Electrons and gamma photons are
absorbed in the ECAL, hadronic particles in the HCAL. Muons have low interaction cross
section and traverse the entire detector. They are detected in the tracker and in the Muon
Detector.
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Figure 1.2: Mass spectrum of B0
d → π+π− candidates before any particle identifi-

cation is applied (from [3]).

of the importance of the RICH system is the measurement of CP asymmetry
of B0

d → π+π− decays. It requires the rejection of the background due to the
decay events with the same two-body topology: B0

d → K+π−, B0
d → K−π+

and B0
d → K+K−. As it can be seen in Fig. 1.2 the signal from B0

d → π+π− is
overwhelmed by the backgrounds if particle identification is not applied.

The trigger [5] is one of the biggest challenges of the LHCb experiment. It
is designed to select the B mesons through the presence of particles with large
transverse momentum pT and the existence of secondary vertices. LHCb will
operate at an average luminosity of 2×1032 cm−2s−1. With this luminosity the
frequency of bunch crossing containing interactions visible by the detectors is
∼10 MHz. Events are first filtered (Level-0 trigger) by requiring at least a
lepton or a hadron with pT exceeding 1 to 3 GeV/c. This reduces the event
rate to ∼1 MHz. At the second trigger level (Level-1) data from the VELO and
the TT station are combined with the Level-0 data, reducing the event rate
to 40 kHz. These are analyzed by the High Level Trigger (HLT) which uses
data of all the detectors and select events with a rate of 200 Hz. Data of the
events passing the HLT decision are stored to disk. While the Level-0 trigger
is implemented in full custom electronics, the Level-1 and HLT are software
triggers sharing the computational power of a farm of 1800 CPUs.
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1.1.2 The Large Hadron Collider at CERN

The Large Hadron Collider (LHC) is designed to accelerate and collide two
counter propagating beams of protons or heavy ions [6, 7, 8]. Proton-proton
collisions are foreseen at an energy E of 7 TeV per beam and with a design peak
luminosity3 L = 1032 cm−2s−1. The 14 TeV maximum interaction energy is one
order of magnitude larger than that of the most energetic collider operated up
to date4. The increase in luminosity is motivated by the decrease of the cross
section in proportion to 1/E2, related to the decrease of De Broglie wavelength
(∝ 1/E). Each of the two proton beams consists of bunches of 1.15×1011

particles. At peak energy their ultra relativistic speed differs by the speed of
light for less than 10−8. The bunch crossing rate is 25 ns and the inter-bunch
spacing is 7.5 m. The transverse size of the collision area is ∼16 µm.

The main elements of the LHC are 1232 bending dipoles (Fig. 1.3). Each
dipole is 14.3 m long and contains two vacuum pipes, one for each beam. The
bending magnetic field (8.4 T) is generated by a current of 11700 A flowing
into superconductive coils operating at 1.9 K and surrounding the vacuum
pipes (Fig. 1.4). Liquid helium cryogenics is employed in the entire machine.
LHC is planned to start operation in 2007 and it is being installed at CERN in
the ∼27 km long underground tunnel, in which the LEP collider was formerly
located.

The experimental test of supersimmetry [9] and of the Higgs mechanism
(Higgs boson [10, 11]) for the explanation of mass are among the goals of
the ATLAS (A Toroidal LHC Apparatus [12, 13]) and CMS (Compact Muon
Solenoid [14]) detectors that will operate at LHC. The LHCb experiment is
dedicated to CP violation and the physics of the B meson. The ALICE (A
Large Ion Collider Experiment [15]) is dedicated to the physics of quark-gluon
plasma and will exploit the LHC capability to collide heavy (Pb) ions.

CERN is the European Organization for Nuclear Research, the world’s
largest laboratory5 for research in particle physics. Its mission is to serve
science in conceiving and providing research tools, expertise and infrastructure
for research. The results of its research and technological development activity
are entirely of public domain. Twenty European countries, the Member States,

3The cross section σ [cm2] is used to express the probability of interactions between
elementary particles. Given two colliding beams the rate of interactions Rint is given by
Rint = σL, where L [cm−2s−1] is the collider luminosity. L = N1N2/(A∆t) where N1 and
N2 are the particles in each beam crossing a section A during a time interval ∆t.

4Fermilab’s Tevatron, a 1 TeV proton-antiproton collider. The HERA (Germany)
electron-proton collider reaches ∼310 GeV. The CERN Large Electron Positron (LEP) col-
lider reached 104 GeV before its shut down at the end of 2000.

5The laboratory is located at the border between Switzerland and France, close to the
city of Geneva.
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fund and make use of the laboratory through their research institutions. Italy
is the fourth contributor to CERN yearly total budget of around 700 million
euros.

CERN accelerators are used by scientists of external research institutions
for their experiments. The experiments use particle detectors to investigate the
phenomena occurring in the interactions of highly energized particles of matter.
These include the artificial creation of unstable particles that quickly decay in
stable particles. CERN joins the collaborations realizing the experiments and
participates in the construction and running of the detectors.

The realization of advanced accelerators and detectors pushes technological
development and the advances have strong impact on society6. Progresses in
material science, vacuum technology, cryogenics, superconductive materials
are continuously realized, in partnership with industry. Computer science and
data networking science are stimulated by the needs of collection, real time
processing and analysis of the experimental data7.

CERN promotes advanced education and training. The research activity
described in this thesis was realized in the framework of the CERN Doctoral
Program, open to doctoral students of Member States.

1.2 Cherenkov detectors

1.2.1 Cherenkov radiation

An electrically charged particle crossing a medium causes the emission of
electromagnetic radiation when traveling with a speed larger than the phase
velocity of light in that medium. This radiation is called Cherenkov radia-
tion after the accurate experimental characterization of its properties done by
P. Cherenkov [16]. A model describing the properties of the radiation was first
published by Frank and Tamm [17]. The three shared the 1958 Nobel Prize for
physics [18] for their discoveries. Cherenkov radiation is at the basis of various
particle identification techniques in the field of high energy physics [19, 20].

Figure 1.5(a) represents the charged particle traveling in a medium of index
of refraction n and the emission of a photon by Cherenkov effect.

6Accelerators and detection technologies are currently employed in medicine for diagnosis
(X-ray Computed Tomography, Positron Emission Tomography), therapy (radiotherapy,
hadrontherapy) and production of radio-pharmaceuticals.

7The http protocol was invented by Tim Berners Lee at CERN in 1989. It was chosen not
to patent the invention. The first GRID protocols were created and are being developed at
CERN. GRID computing is a new computational model to provide transparent, extensible
and secure access to all resources distributed in a computer network, including computational
power.
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Basic properties of Cherenkov radiation can be derived by the conserva-
tion laws of momentum and energy. The total energy and momentum of a
relativistic particle are given by

E = mc2 =
√

p2c2 + (m0c2)2 (1.1a)

p = mv = m0γβcûv (1.1b)

respectively. In previous equations m and m0 are the mass and the rest mass
of the particle, while

β =
v

c
(1.2a)

γ =
1√

1− β2
(1.2b)

are the speed of the particle relative to the speed of light in vacuum c and the
Lorentz factor. Vector ûv is the unit vector of the particle vector velocity.

E1, p1 and E2, p2 are the energies and momenta of the particle before and
after the emission of the photon. The relative loss of energy of the particle is
very small: the energy of the photon in the visible or UV spectrum is negligible
with respect to the energy of the relativistic particle. In the same way it is
p2 ' p1 = p.

Eq. (1.1a) expansion in series, truncated to first order, gives:

E2 ' E1 +
∂E

∂p
·∆p = E1 + c2p1

E
· (p2 − p1) . (1.3)

Introducing the expression of energy and momentum of the photon, the
conservations laws for the process are

E1 = ~ω + E2 = hν + E2 (1.4a)

p1 = p2 + ~k. (1.4b)

After substitution in Eq. (1.3), it results:

~ω = c2 p

E
· ~k. (1.5)

The dispersion law of the medium written in terms of the wavenumber is:

k = n(ω)
ω

c
. (1.6)



8 Chapter 1. LHCb Ring Imaging Cherenkov detectors

θc

E ,p1 1

θc

ω
ω

c

v

kω,

p
2

E  ,
2

(a) (b)

n

n(   )
n(   )

Figure 1.5: (a) The emission of a Cherenkov photon by a charged particle. (b) The
geometrical construction for a determination of the Cherenkov angle.

and final substitution of Eq. (1.6) into Eq. (1.5) gives:

cos θc =
1

n(ω)β
. (1.7)

The Cherenkov angle is the angle θc between the velocity vector of the charged
particle v and the momentum vector k.

A classical electrodynamics treatment [21], [22] gives the same result. In
this approach the traveling charged particle generates a perturbation of the
dielectric medium that can be described with a transient electric polariza-
tion P(x, t). Cherenkov radiation is then resulting as the far field superposi-
tion of the field irradiated by the continuous of dielectric dipoles constituting
the medium. Eq. (1.7) is the condition of constructive interference.

An intuitive insight in this approach is given by Fig. 1.5(b). The spher-
ical waves originating at the passage of the particle and propagating with
speed c/n, coherently interfere on a conical surface. The angle between the
trajectory of the particle and the direction of propagation of the wave front
satisfies Eq.(1.7).

Three important properties of Cherenkov radiation are expressed by Eq. (1.7):

• In order to have the emission of photons the speed of the charged
particle has to be larger than a threshold speed :

β > βthresh =
1

n(ω)
. (1.8)

The particle has to be faster than the phase velocity of light in the
medium.

• The emission angle of a photon of a given wavelength is determined
by the speed of the particle and by the index of refraction of the
medium at that wavelength.
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• For a given photon wavelength there exists a maximum (saturation)
emission angle defined by the condition β = 1:

θsat = arccos
1

n(ω)
. (1.9)

The number of photons emitted in the spectral range dE per unit length
of radiator is given by the Frank-Tamm relation:

d2N

dEdx
=

αZ2

~c
sin2 θc(E) (1.10)

in which Z is the charge of the particle in units of e and α is the fine structure
constant:

α =
e2

4πε0~c
=

1

137
. (1.11)

The energy spectral distribution of Cherenkov radiation would be constant
if there were not dispersion. This is put in evidence in Eq. (1.10) by the
dependence of the emission angle on the energy of the photon.

In a Cherenkov detector the photons are recorded by conversion into electric
charge, i.e. in an electric signal, after collection and focusing with some optical
system.

To determine the number of detectable photoelectrons one has to consider:

• the losses due to absorption in the radiator medium in which photons
propagate;

• the reflection losses in the optics to collect and focus the photons;

• the conversion efficiency of the photon detectors employed.

Neglecting the angle variations due to the medium dispersion and assum-
ing that the dielectric loss angle is very small8, the total number of detected
photoelectrons is obtained integrating Eq. (1.10) over energy:

Npe = N0Z
2L sin2 θ. (1.12)

where L is the length of the radiator medium and N0 is the detector response
parameter :

N0 =
( α

~c

)
∆E = 370[(eV · cm)−1] ·∆E (1.13a)

8The integration range [E1, E2] in Eq. (1.13b) is below the plasma frequencies so that for
the dielectric permittivity ε = εr − εi ' εr, being εi � εr.
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∆E =

∫ E2

E1

R(E)T (E)QE(E)dE. (1.13b)

∆E is the factor taking into account the losses due to reflections on light col-
lecting optics (R), the optical transmission losses (T) and the detector quan-
tum efficiency (QE). E1 and E2 are a lower and upper limit of the range of
sensitivity of the photon detectors.

As an order of magnitude calculation, let us assume R = 0.9, T = 1. With
a typical quantum efficiency curve of the HPD photon detector (Fig. 2.21,
page 56) one obtains ∆E ' 0.5 and N0 ' 185 cm−1. Considering N2 as
gas radiator (n ' 1.0003) it results θsat = 24 mrad and from Eq. (1.12) the
average number of photoelectrons expected per meter of radiator length would
be Npe ' 11 m−1.

The former calculation shows the need of a photon detection system that
is highly efficient for single photons.

The photon emission yield can also be expressed as a function of wavelength
since:

sin2 θc(λ) = 1− cos2 θc(λ) = 1− 1

n2(λ)β2
. (1.14)

Taking into account Planck-Einstein’s relation E = hν one gets

dE =
∂

∂λ

(
hc

λ

)
dλ = −hc

λ2
dλ. (1.15)

Substitution of the previous two equations into Eq. (1.10) gives the number
of photons per unit of photon wavelength:

d2N

dλdx
=

2παZ2

λ2

(
1− 1

β2n2(λ)

)
. (1.16)

Referring to symbols introduced in Eq. (1.13), the average number of
expected photoelectrons generating from photons in the wavelength interval
(λ, λ + dλ) is given by:

d2Npe

dλdx
=

d2N

dλdx
R(λ)T (λ)QE(λ). (1.17)

The distribution of photoelectrons as a function of the photon emission
angle is:

d2Npe

dθdx
=

d2Npe

dλdx

dλ

dθ
=

d2Npe

dλdx

βn2 sin θ
∂n
∂λ

(1.18)

in which the index of refraction and its derivative must be evaluated at the λ
corresponding to θ from Eq. (1.7).
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Finally, integration of Eq. (1.17) over wavelength gives:

Npe = 2πZ2αL

∫
λ

1

λ2

(
1− 1

n2(λ)β2

)
R(λ)T (λ)QE(λ)dλ (1.19)

which, compared to Eq. (1.12), takes into account the dispersion of the medium.
Eq. (1.19) will be used in the following chapters for calculating the expected
number of photoelectrons generated in the experiments.

1.2.2 Particle kinematics and particle identification

The relative speed β of a relativistic particle can be determined from the scalar
version of Eq. (1.1b):

p = mv = mcβ = m0cγβ. (1.20)

It results:

β =
1√

1 +
(

m0c
p

)2
. (1.21)

By choosing the units such that c = 1 and consequently expressing mass
in GeV/c2 and momentum in GeV/c, the following truncated expansion of
Eq.(1.21) can be used when m0 � p:

β =
1√

1 +
(

m0

p

)2
' 1− 1

2

(
m0

p

)2

. (1.22)

From Eq. (1.20) the rest mass of a particle can be determined once its
momentum and its β are known9. The identification of the particle is achieved
once its rest mass is known. The relative uncertainty σm0/m0 of the rest mass
due to the uncertainties of the momentum (σp) and Cherenkov angle (σθ)
measurements can be obtained from Equations. (1.7) and (1.20):

σm0

m0

=

√
γ2 tan2(θ)σ2

θ +
σ2

p

p2
. (1.23)

Fig. 1.6 shows the Cherenkov angles, for two species of particles and in
two different radiators, as a function of momentum. It illustrates the principle
of particle identification by Cherenkov radiation. The type of particles, the
momentum range, the difference in emission angle and the angular resolution
govern the choice of the radiators.

9The momentum is determined by the curvature of the particle track in a known magnetic
field. The relative speed is determined by the Cherenkov angle using Eq. (1.7).
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Figure 1.6: Cherenkov emission angle vs. particle momentum. Plots refer to two
types of particles (pions and kaons) and two radiators (C4F10 nd CF4). The thresh-
old onset of Cherenkov radiation as well as the asymptotic value of the Cherenkov
angle for β → 1 are shown. The error bars give an indication of the error on the
measurement of the Cherenkov angle (1 σ).

1.2.3 Common gas radiators and indexes of refraction

Eq. (1.7) and Eq. (1.10) show that an accurate knowledge of the index of re-
fraction of the radiator is essential for the operation of a detector of Cherenkov
radiation.

Gas radiators are often used. A single pole Sellmeier formula can describe
the index of refraction with enough accuracy in many of these cases:

(n− 1) · 106 =
A

λ−2
0 − λ−2

. (1.24)

Values of the constants for a few gases are given in Table 1.1.

For an isotropic molecular gas at low density (n ' 1) it can be shown [24]
that (n2−1) is proportional to the gas density ρ. Given that (n2−1) ' 2(n−1),
the index of refraction at pressure p [Pa] and temperature T [K] is obtained
from:

(n(p, T)− 1) · 106 =
A

λ−2
0 − λ−2

· p

101325
· 273.15

T
. (1.25)
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Gas A λ0 [nm]
N2 0.053191 74.36
O2 0.027583 97.28
Ar 0.050854 73.82
CO2 0.068681 80.10
CF4 0.12489 61.8
C4F10 0.25324 73.6

Table 1.1: Values of parameters of Eq. (1.24) for some common gases at 0 ◦C and
101325 Pa, from ref. [23].

1.2.4 Types of Cherenkov detectors

Cherenkov detectors can be based on one or more of the discussed properties
of Cherenkov radiation. Three types of detectors can be distinguished on this
basis [20]:

1. Threshold detectors: charged particles with relative speed greater
than βthresh radiate Cherenkov photons. The threshold can be set by
tuning the index of refraction of the radiator medium, for example
by changing the pressure of a gaseous radiator.

2. Differential detectors: optical focusing and masking of the radiation
are used to select particles with velocities in a given range.

3. Ring imaging Cherenkov detectors [25, 26]: Cherenkov photons are
focused onto position sensitive photon detectors in ring like pat-
terns, whose radii depend on the Cherenkov angle. Hypothesis on
the particle identity are tested against the ring radius.

The Cherenkov photons are generally focused on the photon detectors by
the proximity focusing technique or by reflection on mirrors with quadric sur-
faces. The basic principle of Ring Imaging Cherenkov detection is shown in
Fig. 1.7.

1.3 LHCb Ring Imaging Cherenkov detectors

1.3.1 General description

The LHCb experiment has two RICH detectors providing positive kaon identi-
fication capability over the wide momentum range 2-100 GeV/c. Two detectors
(Fig. 1.8) are used due to the strong correlation between the momentum and
the polar angle of the decay products in B decays [3]. The RICH 1 is lo-
cated upstream the magnet (Fig. 1.1). It covers the full angular acceptance
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Detector
radius R

radius R/2

Radiator

Photons

p

p

Figure 1.7: Scheme of the Ring Imaging Cherenkov detection technique. Particles
cross the radiator with different speeds and Cherenkov photons are emitted along
the tracks at the angle given by Eq. (1.7). They are reflected on a mirror and
focused onto position sensitive photon detectors. The radii of the rings projected on
the detectors depend on the particle speed.

of the experiment and is optimized for lower momentum (2-60 GeV/c) par-
ticles. RICH 2 follows the magnet, receding from the interaction point. Its
coverage is limited to a solid angle of 120 mrad×100 mrad (horizontal and
vertical dimensions) where the highest momentum particles (16-100 GeV/c)
are abundant.

The LHCb RICH detector complex uses 3 radiators. A 5 cm thick silica
aerogel (n'1.03 at 400 nm) and a 0.85 m thick C4F10 gas radiator (n'1.0014
at 400 nm) are employed in RICH 1. RICH 2 has a 2 m thick radiator volume
of CF4 gas (n'1.0005 at 400 nm).

RICH 1 and RICH 2 share a similar optical design as shown in Fig. 1.9.
Spherical reflective surfaces focus the Cherenkov photons onto the photodetec-
tors. In order to have the detection planes outside the acceptance of the spec-
trometer, a second surface of flat mirrors is interposed between the spherical
mirrors and the photodetectors. Each RICH has two planes of photodetectors.

Both RICH 1 and RICH 2 are located in the fringe field of the LHCb
magnet. The photon detectors are contained inside magnetic shielding boxes
of high magnetic permeability iron. The design of the boxes is such that the
peak magnetic flux density inside them is less than 2.5 mT in RICH 1 and less
than 1.0 mT in RICH 2.
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Beam pipe
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Figure 1.9: RICH 1 (left) and RICH 2 (right) detectors schemes. Scales are differ-
ent, RICH 1 is viewed from the side (x), RICH 2 is viewed from the top (y). The
spherical and flat mirrors collect and focus the Cherenkov photons on the photon
detectors. Plates of fused silica in front of the photodetector housings seal the gas
vessels (not shown).
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1.3.2 Reconstruction of the Cherenkov angle: sources
of uncertainty

The photon hit position on the detection plane and the corresponding track
information are used to reconstruct the Cherenkov emission angle. The photon
hit is geometrically traced back to the middle point of the track in the radiator,
assumed as the emission point. In general, the performance of RICH detectors
relies on the accuracy of the tracking system for the measurements of particle
momentum and coordinates (cf. Section 1.2.2).

The identification of the particle is based on the calculation of a likelihood
function for each particle type hypothesis, namely:

Px =
∑

i

ln

[
1 +

1√
2πσθ

exp

(
−(θi − θx)

2

2σ2
θ

)]
(1.26)

where θi is the angle reconstructed for the i-th hit, θx is the angle expected
under the given particle type hypothesis and σθ is the angular resolution. The
particle type maximizing the conditional probability is assigned to the track.

The particle identification efficiency is affected by the angular resolution
of the detector (σθ). This is limited by basic factors even assuming an ide-
ally perfect optical system. The spatial resolution of the photon detectors has
been chosen as 2.5 × 2.5 mm2 based on a balance with the other sources of
uncertainty. A smaller pixel size would give little benefit and imply increased
complexity and cost. The different sources of uncertainties are listed in Ta-
ble 1.2 for the two RICH detectors.

The photons are actually emitted all along the trajectory in the radiator
and with a range of energies, i.e. a range of emission angles (cf. Eq. 1.7).
Both informations are not available for the reconstruction and this gives rise
to the emission and the chromatic error. The finite detector pixel size and
the tracking error affect the determination of the photon hit position and the
calculation of the angle. Finally the expected angle θx is determined using the
momentum measured by the tracking system, then the identification algorithm
is also affected by the error of the momentum measurement, even if this does
not enter explicitly Eq. (1.26).

1.3.3 Radiation length and interaction length

As is generally true for all particle detectors apart from calorimeters, the RICH
detectors should not introduce any matter that might influence the motion of
the particles. The interactions between a particle and matter result in angular
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Uncertainty RICH 1 RICH 2
Aerogel C4F10 CF4

σemission
θ [mrad] 0.29 0.69 0.31

σchromatic
θ [mrad] 1.61 0.81 0.42

σpixel
θ [mrad] 0.62 0.62 0.18

σtrack
θ [mrad] 0.52 0.40 0.20

σtotal
θ [mrad] 1.82 1.29 0.58

Table 1.2: The various contributions to the uncertainty of the Cherenkov angle
reconstruction in the LHCb RICH detectors.

scattering and energy loss. They are quantified by the radiation length X0
10

and by the interaction length λ0
11. The multiple scattering angle θms is given

by

〈θ2
ms〉 ∝

dx

X0

. (1.27)

The particle might undergo showering in addition to scattering or, in the case
of kaons and pions, interact with nuclei before traversing the complete tracking
system. The number of reconstructed events would therefore decrease and the
occupancy of the detector systems increase. The detector efficiency in selecting
and measuring the rates of the interesting B mesons decays would be affected.

The amount of material which is not required for the Cherenkov radiation,
the dead detector material, should be much smaller than the radiator material
itself when measured in units of radiation and interaction length. The total
fractional radiation length of the Cherenkov radiators is 0.059 in RICH 1 and
0.02 for RICH 2.

The total radiation length for RICH 2 has been defined to be less than
0.124 of X0. This number, comparatively large with respect to the fraction
due to the radiator, can be tolerated as RICH 2 is the last detector in front of
the calorimeter complex and the muon chambers. It corresponds to a relative
energy loss of 1− e−0.124 = 11.7%.

The specification is stricter for RICH 1, requiring a total radiation length
less than 0.08 of X0 [2]. The contribution of the radiators is predominant for
RICH 1.

10The radiation length quantifies the energy losses due to electromagnetic interaction. It
is defined as the average length of material over which high energy electrons lose energy
by bremsstrahlung to 1/e of the initial value. Bremsstrahlung means braking radiation:
electrons emit photons and lose energy being accelerated (deflected) in the Coulomb field of
the nuclei in the material.

11The interaction length quantifies the interactions of hadronic particles with nuclei. It is
defined by analogy with the interaction length but considering elastic or inelastic interactions
with nuclei due to the strong force.
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1.3.4 Specifications on the photodetectors and the op-
tical system

The particle identification performance critically depends on the number of
detected photons for each particle and on the accuracy of the determination
of the photon hit position. The photodetectors must provide single photon
detection capability with high quantum efficiency and a spatial resolution of
2.5×2.5 mm2. The large total photodetection surface (∼2.6 m2) of the LHCb
RICHs has to be covered with array of photodetectors with the largest possi-
ble fraction of active area. The photodetectors must operate in the residual
magnetic field inside the shielding boxes without loss of detection efficiency
nor spatial resolution. These stringent requirements are satisfied by the LHCb
Pixel Hybrid Photon Detector (Chapters 2, 3 and 4).

The large mirror surfaces have to be highly reflective to avoid photon losses.
In addition, the optical system has to be perfectly aligned for an accurate
reconstruction of the Cherenkov angle (cf. the discussion of Eq. (1.26)). The
mirror support system must therefore allow a precise alignment and long term
stability. On the other hand the mirrors and their supports must be extremely
light to satisfy the constraint on the amount of material introduced by the
RICH detectors in the LHCb acceptance (Section 1.3.3). The reader is referred
to Chapter 5 for further details.
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Chapter 2

The LHCb Pixel Hybrid Photon
Detector

2.1 Single photon detectors

The LHCb Pixel Hybrid Photon Detector is an advanced type of Hybrid Pho-
ton Detector, specially developed to fulfill the requirements of the LHCb RICH
detectors. It is a position sensitive detector with single photon sensitivity.
Fig. 2.1(a) shows a picture of the device. The location of the photon entering
the device active window can be determined with an equivalent pixel size of
about 2.5× 0.31 mm2.

This chapter gives a description of the LHCb Pixel HPD. The aim is to pro-
vide a rather self contained discussion of the working principles of the HPD,
of its anode assembly and of the performance figures. The motivations for
an in-depth experimental characterization of this novel device will be given.
Section 2.2 gives a general description of the Hybrid Photon Detector technol-
ogy. The LHCb Pixel HPD is detailed in the following section, with special
attention to the advanced pixel hybrid detector constituting the tube anode.

The results of the experimental activity are presented at the end of this
chapter as well as in the following chapters 3 and 4.

It is worthwhile to introduce the Hybrid Photon Detectors as compared to
some other technologies capable of detecting single quanta of light: vacuum
tubes and semiconductor detectors. In traditional vacuum devices (electron
tubes) the photon is absorbed by a sensitive photocathode and an electron is re-
leased by photoemission. This charge signal must be amplified to a detectable
level. The primary electron is first accelerated by an electrostatic field. Then
secondary emission of electrons in special structures is used to achieve multi-
plication of the number of charge carriers. A cascade multiplication process
provides extremely high gain, reaching commonly 105-106. A chain of dyn-

23
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odes, electrodes coated with special semiconductors, or micro-channel plates
are employed in the photomultiplier tube (PMT) and in Image Intensifiers.

The technology of vacuum tubes is mature. The PMT was invented at RCA
in 1936. Significant progresses in PMTs date to the 1960s, but the technology is
still evolving and remains advantageous in many applications. Developments
of photocathode technologies are ongoing: GaAsP cathodes deposited with
Ultra High Vacuum Molecular Beam Epitaxy reach peak quantum efficiencies
of almost 50% [1]. Position sensitive photomultipliers (Multi Anode PMTs)
recently appeared, offering imaging capabilities together with single photon
sensitivity. A recent breakthrough is the flat panel MaPMT with a 5×5 cm2

active area in a square package only few mm thick and a dead area of less than
1 mm around the periphery 1.

During last decades various type of semiconductor devices capable of single
photon detection have been investigated and developed [2] and research is
actively ongoing. Excellent photon-electron conversion efficiency is offered by
silicon, but signal amplification by avalanche multiplication in the material is
required to obtain a detectable signal from the single e-h pair generated by
the absorption of a photon. The performance of these devices is limited by the
amplification of the thermally generated charge and of the reverse bias current,
often requiring cryogenic cooling for proper operation. Recent developments
like the electron bombardment CCD provide better immunity to noise and
imaging capability, but they are limited in readout speed.

A Hybrid Photon Detector (HPD) is an electron tube. The basic con-
cept dates back to 1957 but significant advances were achieved in the 1990s
exploring the advantages offered by silicon sensors [3, 4]. Single photon count-
ing capability, large dynamic range, position sensitive photon detection were
pursued. Fig. 2.1(b) illustrates the operating principle of an HPD. A photo-
cathode is deposited on the internal surface of a transparent entrance window.
The electron resulting from the absorption of a photon traversing the window
and reaching the photoemissive layer is then accelerated in a high potential
drop (∼15-25 kV) electrostatic field. The energized electron hits a silicon sen-
sor acting as the anode of the HPD. Charge carriers in the silicon sensors are
generated by this electron bombardment and constitute the detectable signal.

While the technologies of the photocathode and of the electron optical sys-
tem are inherited from vacuum tubes, the silicon anode is the specific charac-
teristic of a HPD. It gives the HPD a single-photon resolution2 much improved
over the traditional vacuum tubes (Section 2.2.3). The hybrid denomination
comes from this combination of the two technologies. If the silicon sensor is a
pixel sensor, the HPD is a position sensitive device with imaging capabilities,

1Hamamatsu Photonics, http://www.hamamatsu.com
2The capability to determine the number of photons in a given light pulse.
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Figure 2.1: The LHCb Pixel HPD. 2.1(a) Photograph of the device.
2.1(b) Schematic view. The continuous line is a sketch of the average electron
trajectory. The dashed line represents qualitatively the trajectory of an electron
with a non zero emission angle with respect to the normal to the photocathode.
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given the one to one correspondence between the electron emission point and
the position of the hit on the anode. Other important drawbacks of PMTs
are overcome by the HPDs like the low photoelectron collection efficiency and
small active area relative to the device area. The active area of the LHCb
Pixel HPD reaches 83% of the total front section. HPDs are fast detectors,
with a typical pulse duration of few ns.

2.2 Hybrid Photon Detectors

2.2.1 Photocathodes

The first stage of the photon detection is achieved at the photocathode, where
the photon is adsorbed and an electron, the photoelectron, emitted by the
material by photoelectric effect (cf. Fig. 2.1(b)). There are two types of pho-
tocathodes. Opaque cathodes are deposited on a metal electrode inside the
tube. Electrons are emitted from the illuminated surface. Semi-transparent
cathodes are deposited on the inner side of an entrance window and photo-
electrons are emitted from the opposite surface with respect to the incoming
photons. Only a fraction of the photons is absorbed. Typical photomultipli-
ers, Image Intensifiers and HPDs have semi-transparent photocathodes. The
following discussion will focus on the most widely used semi-transparent pho-
tocathodes.

The photoemissive material is usually a semiconductor and it is vacuum
evaporated and deposited as a thin layer on the window. The photoemission
process can be described as a three stage process:

• a photon is absorbed and excites an electron in the material

• the excited electron diffuses in the material losing part of its energy

• the electron reaching the surface of the photoemissive layer has a suffi-
cient residual energy to escape from the material.

Each of the three steps is a random process. Consequently not all the
photons reaching the photocathode cause the emission of a photoelectron. The
ratio of the number of electrons emitted to the number of incident photons of
a given energy is the quantum efficiency, QE, of the cathode. Typical values
of quantum efficiencies rarely exceed 25%, even if some materials may reach
50% and more. The conversion efficiency can also be measured by the radiant
sensitivity (responsivity)

S [A/W] =
ik[A]

P [W]
, (2.1)
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the ratio between the photocurrent ik and the power P of the incident monochro-
matic electromagnetic radiation. The two quantities are related by equation:

QE =
hν

e
S =

hc

eλ
S. (2.2)

The absorption process can be described by equation

dΦ(ν, z)

dz
= −α(ν)Φ(ν, z) (2.3)

where Φ(ν, z) is the flux of photons of frequency ν at depth z in a semi-infinite
layer of the material, or the intensity of the electromagnetic radiation. The
absorption coefficient α(ν) strongly depends on the photon frequency as well
as being characteristic of the material. It is related to the optical extinction
coefficient k = Im

[√
εr

]
by:

α = 4π
k

λ
. (2.4)

In direct band gap semiconductors the optical absorption coefficient is given
by [5]:

α ∝
√

hν − Eg (2.5)

where Eg is the energy band gap of the material.
The absorption of the photon results in an excited electron in the con-

duction band. It then diffuses while losing energy. Limiting the discussion
to semiconducting photocathodes, the excited electron can interact with the
material only by phonon scattering. The energy loss of each phonon interac-
tion of the order of 0.05 eV, and this allows the electron to diffuse relatively
long distances. If the thickness of the photocathode is small enough they can
reach the surface of the photoemissive layer. An average escape depth of the
excited electrons can be defined. For a typical photon energy of few eV and
a mean free path between two consecutive phonon interactions in the range
2.5-5.0 nm, the escape depth can be up to some tens of nanometers in semi-
conducting photocathodes.

The electrons reaching the surface can escape into the vacuum if they have
enough residual energy to overcome the surface potential barrier. The height
of the barrier depends on the material and on the characteristics of the surface.
Therefore also the photocathode deposition conditions may influence it. The
electron affinity EA=E0-Ec is the difference between the vacuum level and
the base of the conduction band. At room temperature only valence band
electrons can give a significant photocurrent. The incident photon must carry
an energy sufficient for a valence band electron to overcome the band gap and
the electron affinity barrier. Therefore the photon energy must be larger than
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a typical photoemission threshold given by:

Wph = E0 − Ev = Eg + EA. (2.6)

where E0 is the energy level of the free electron in vacuum and Ev is the top
of the valence band.

It follows from the earlier discussion that the photoelectrons escape the
photocathode with randomly distributed initial energy and angle with respect
to the normal to the layer. The distributions of energy and angle change with
the material and with the photon energy. Multiple inelastic collisions during
diffusion and scattering at the surface barrier generate more or less complicated
distributions. The emission angle is not correlated with the direction of the
incoming photon. The kinetic energies are distributed in the range from 0 eV
to a maximum determined by the energy of the absorbed photon hν:

Ek,max = hν −Wph. (2.7)

Commonly used semiconducting photocathodes are silver-oxygen-caesium
(AgOCs), antimony-caesium (SbCs), bi-alkali (SbKCs, SbRbCs) or multi-alkali
(SbNa2KCs) compounds. Gallium arsenide GaAs(Cs) and GaAsP(Cs) have
become more recently of wide spread use owing to their higher quantum effi-
ciencies. Caesium is evaporated in the last step of the process on the previously
deposited p-doped semiconducting layer. This causes the bending of the en-
ergy levels at the surface due to the formation of a p-n junction. Therefore
the difference between the vacuum energy level and the in-depth value of Ec,
that is the efficient electron affinity, is reduced. This is essential to make
photocathodes sensitive in the visible range of the spectrum.

Multi-alkali photocathodes are polycrystalline semiconducting layers with
Eg=1.3-1.4 eV. They have nearly zero electron affinity (NZEA). A phonon
energy value of Eph = 0.027 ± 0.002 eV was reported [5]. A typical curve of
the multi-alkali spectral response is given in Fig. 2.2, together with some other
photoemissive materials. The radiant sensitivity peaks at λ=420 nm, reaching
70 mA/W. The quantum efficiency has a maximum around 250 nm, reaching
25%.

2.2.2 The electron optical system and the point spread
function

The photoelectron that escapes the photocathode into the vacuum region of
the tube is accelerated and focused onto the HPD sensor by a static electric
field. Accelerating voltages of 15-25 kV are employed in HPD tubes. The
field configuration is determined by a set of electrodes kept at well designed
voltages
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Figure 2.2: Radiant sensitivities of some photoemissive semiconductors as functions
of incident radiation wavelength. Curves of constant quantum efficiency are shown.

Three different types of HPDs can be distinguished on the basis of the
geometries of the accelerating field and the corresponding shape of the electron
trajectories. Proximity focused HPDs operate with a uniform field parallel to
the tube axis z3. Assuming zero initial velocity, the photoelectron trajectories
coincide with the field lines parallel to z. The electronic image on the anode
has the same size of the cathode. Such devices need only one bias voltage and
are compact.

Careful design of a set of electrodes kept at various voltages realizes an
electronic lens, allowing to focus the photoelectrons on an anode smaller than
the cathode. The trajectories may or may not intersect, resulting in the cross
focusing or in the fountain shaped geometry respectively. In all cases a one
to one correspondence between the emission points and the hit points can be
preserved. The photon hit position can be determined if a pixel silicon sensor
is employed as detecting anode, obtaining a position sensitive (imaging) device
like the LHCb Pixel HPD.

From the earlier (Section 2.2.1) discussion on the distribution of the photo-
electron initial energy, it follows that the photoelectron trajectories originating
from a given point on the photocathode surface are actually mapped onto an
extended region surrounding the average hit position on the anode. This is

3Cylindrical symmetry of the devices is assumed.
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also sketched in Fig. 2.1(b). The ideal point to point correspondence between
cathode and anode is affected and an intrinsic limit is set to the spatial resolu-
tion of HPDs and similar devices. The point spread function is the distribution
of the hit points on the anode corresponding to a fixed emission point. It will
be quantified by its RMS spread on two perpendicular directions on the anode
surface.

The mapping function between cathode and anode and the point spread
function are determined by the choice of the electrode geometry and voltages.
A design minimizing the latter may not be satisfactory on the aspect of the
geometrical correspondence, so a compromise choice is often required. The
design is invariably computer aided and implies a trial and error optimization
of the calculated field map and photoelectron trajectories until the mapping
functions and the point spread function satisfy the requirements.

2.2.3 The Hybrid Photon Detector anode. Silicon de-
tectors

The detection of the photoelectron is done with a silicon sensor acting as the
HPD anode. The silicon sensor is a reverse biased, fully depleted p-i-n silicon
detector. The kinetic energy of the incoming photoelectron is released in the
silicon, resulting in the generation of electron hole pairs. Charge carriers drift
in the sensor inducing current signals in the readout circuitry connected to the
pixel pads. The principle is illustrated in Fig. 2.3.

A description of the signal formation and detection mechanisms are given
in the following. Signal generation in the silicon detector is first described, fol-
lowed by a discussion on the signal amplification. The flip-chip bump bonding
technology is then presented. It allows the combination of the sensor and of
the readout electronic in a hybrid pixel detector. A hybrid pixel detector is
used for the LHCb Pixel HPD anode.

Charge generation

Electrons penetrating the silicon sensor with energies in the keV range are
scattered in the material by inelastic collisions with electrons and by elastic
collisions with the shielded nuclei. The inelastic collisions may involve:

• ionization of atoms at deep energy levels. A chain of ionization events
develops with an increasing number of free electrons sharing the initial
energy. Part of the initial energy is also spent in the creation of phonons.

• Generation of X-rays. The rearrangement of the electron shells causes
emission of an X-ray photon that can in turn excite other electrons.
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Figure 2.3: A schematic illustration of a pixel silicon detector.

• Absorption in the valence band.

• Excitation of volume and surface plasmons.

The first two processes result in the excitation of electrons in the conduction
band, while the elastic collisions scatter the electrons by large angles.

In [6] a model is given for the dependence of the electron energy loss as
a function of penetration depth. It is shown that it does not depend on the
material once the depth and the energy are normalized to the penetration
range and to the initial energy. The experimental results on penetration depth
R are well described by:

R = 3.98 · 10−6 E1.75
el

[ g

cm2

]
(2.8)

for an incoming electron energy Eel in the 5-50 keV range. The energy is
expressed in keV and the depth is normalized with the density of the material
in previous equation. It follows that for 20 keV electrons in Si (ρ=2.33 g/cm3)
is R ' 3.2 µm. The photoelectron is completely stopped and its energy released
in a thin layer below the entrance surface, resulting in the formation of electron-
hole pairs as discussed before. This process is sometimes called charge injection
by electron bombardment.

The scattering at wide angles of the energetic photoelectron entering the
silicon detector may cause the back-diffusion (back scattering) of the incident
photoelectron in a significant fraction of events (10-25%). In this cases the
initial energy is only partially released in the material. Moreover, the electrons
excited in the material can acquire an energy sufficient to escape from the
surface (as in secondary emission). Both processes cause a reduction of the
number of carriers released in the detector by a photoelectron hit.
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An average energy ε for the creation of an electron-hole pair can be defined:

ε =
E

< N >
(2.9)

with E the energy released and N the number of pairs. Independently of
materials and radiation type [7, 8] it is roughly ε = 2.8Eg + r [eV], where
0.5 < r < 1.0 eV. The average pair creation energy is larger than the band-
gap Eg because of two main reasons. Momentum conservation may require the
simultaneous emission of a phonon. Other processes are possible requiring less
energy than Eg. The value for silicon is:

ε(Si) = 3.63 [eV]. (2.10)

A 20 keV photoelectron stopped in silicon releases on average 5510 e-h pairs.
For comparison, a minimum ionizing particle4 releases 112 keV across 300 µm
of Si, corresponding to ∼30000 e-h pairs created along the track crossing the
entire thickness of the detector.

The electrons excited by the primary one lose their energy by inelastic
phonon scattering or pair creation. This cascade process results in a statistical
fluctuation of the number of generated carriers. The variance of the fluctuation
is proportional to the average number of pairs by the Fano factor F [10]:

σ2
N =< ∆N2 >= F· < N > = F · E

ε
. (2.11)

Typical values of F are in the range 0.08-0.13 and F=0.115 in silicon. See [11]
and references therein for a model of scattering in semiconductors and a deriva-
tion of Eq. (2.11).

The fluctuation of the generated charge constitutes an intrinsic source of
noise. The relative spread with respect to the average number of carriers is
readily found to be:

(HPD) → σN

< N >
=

√
F

< N >
=

0.33√
< N >

. (2.12)

A similar fluctuation of the number of carriers occurs for secondary emission
at the first dynode of the chain of a photomultiplier tube. In the case of
secondary emission from a dynode, however, the number of emitted electrons
follows a Poisson distribution5. Then the relative variance of the number of

4A heavy charged particle with (βγ ' 3) giving the minimum specific energy loss of
dE/dx = 1.6 [(MeV cm2)/g], Ref. [9].

5No solid theoretical background has been found for this [12], but it is a customary
approximation of the measurements.
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Figure 2.4: A pulse amplitude spectrum measured on a HPD under very low illu-
mination, giving on average < N >∼ 2.8 photoelectrons (from Ref. [14]).

carriers N in a photomultiplier is given6 by:

(PMT) → σN

< N >
=

1√
< N >

. (2.13)

In the case of the HPD (Eq. 2.12) one has < N > ' 5000. The typical
value of the secondary emission coefficient in dynodes, to be introduced in
Eq. (2.13), is in the range 5-157. The reduction of relative spread due to the
Fano factor adds up to the smaller relative spread intrinsic to the single step
gain mechanism of the HPD. Consequently a typical pulse amplitude spectrum
of a HPD has well separated and sharp peaks corresponding to the events
with different number of electrons hitting the sensor. An example is given in
Fig. 2.4, showing the excellent photon counting capability of the HPD [13].
The background of the amplitude spectrum is due to the partial release of
energy in a fraction of events because of back scattering.

Signal induction and motion of charge carriers

The charge q generated in the fully depleted sensor drifts in the electric field in
the intrinsic (depleted) region. During the drift of q a charge Q(t) is induced
on the pixel pad (electrode) and a current i(t) = dQ/dt flows in the readout
circuit connected to the pad. The current pulse is induced during the drift
process and constitutes the output signal. It begins with the injection of
the carriers and terminates when all drifting charges are neutralized at the

6If N is a Poisson distributed stochastic variable of mean µ, from Pµ(N) = e−µ µN

N ! follows:
< (N− µ)2 >= µ.

7Modern negative electron affinity GaP(Cs) dynodes may reach values of 60-100.
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electrodes. The time integral of the current flowing in the external circuitry is
equal to the charge q.

The current pulse is resulting from the motion of electrons and holes and the
two contributions can be independently determined [10]. In our case the charge
is injected in a layer close to the n+ implantation. The electrons drift toward
the implantation layer rapidly reaching the insensitive undepleted region. The
component of the current due to the electrons is a fast pulse with a duration
much shorter than the one due to the holes. These drift across the entire
thickness of the depleted detector, recombining when reaching the p+ pads
(Fig. 2.5(a)).

The charge and currents induced on a set of electrodes at the boundaries of
a region in which a point charge is drifting, can be determined by the Shockley-
Ramo theorem. An interesting review and a straightforward demonstration
based on conservation of energy are given in [15]. The theorem states that the
charge Q and the current i induced by a moving charge q on the j-th electrode
of a given set are determined by:

Q = −qφ0(x) (2.14)

i = qv · E0(x). (2.15)

v is the instantaneous velocity of charge q located at x.

φ0(x) and E0(x) = −∇φ0(x) are the electric potential and field that would
exist at point x under the following conditions: electrode j at unit potential,
all other electrodes at zero potential and all space charges removed. They are
called weighting potential and weighting field. A corollary of the theorem is
that the charge (current) induced does not depend on the potentials applied
to the electrodes but only on the geometry of the problem and on the position
(motion) of the charge.

In order to get at least a qualitative understanding of the importance of
the theorem to determine the induced current pulse, let us consider an ideal
situation condition like the one shown in Fig. 2.5(a). It represents a two
dimensional section of a structure similar to two conducting parallel plates,
separated by a distance d. The lower plate is segmented in smaller adjacent
electrodes of size D, separated by gaps. The electrodes at the bottom are
kept at potential −V with respect to the plate situated above. The field in
the region between the plates is uniform in the ideal approximation of an
infinitesimal gap between the electrodes.

The weighting potential relative to electrode j is the solution of Laplace
equation with the boundary conditions: electrode j at unit potential and all
others at zero. A solution may be found, for example, by considering the



2.2. Hybrid Photon Detectors 35

V

xa b

j kD

E d

i(t) z

(a)

(t)ij

b

a

t

(b)

Figure 2.5: 2.5(a) Scheme for the evaluation of the currents induced on electrode
j by a point charge drifting along paths a or b. 2.5(b) Current pulses corresponding
to drift along a or b (qualitative).

potential partial Fourier transform with respect to x, obtaining:

φ0(x, z) =
1

2π

∫
D sin

(
kD
2

)(
kD
2

) sinh (zk)

sinh (dk)
ekxdk. (2.16)

The previous function is plotted in Fig. 2.6. Cuts along the depth in the
detector z, at different displacements with respect to the center of electrode j,
are plotted in Fig. 2.7.

Let us consider a point charge q drifting with uniform speed8 along the
paths labeled a and b in Fig. 2.5(a).

The curve labeled +0 in Fig. 2.7 gives the weighting potential with respect
to z along path a. The z-component of the gradient of the weighting poten-
tial increases going closer to electrode j. Therefore the induced current (cf.
Fig. 2.5(b)) shows a rise toward the end of its duration, according to Eq. (2.15).
The drifting charge is neutralized at its arrival at the electrode and the integral
of the current pulse is equal to q. Consider now the drift along path b. The
weighting potential along b is labeled with +62 in Fig. 2.7 and its gradient
changes sign approaching electrode k. This corresponds to the bending of the
weighting field lines originating from j and terminating onto k. Consequently
the current induced on j has the evolution labeled with b in Fig. 2.5(b). The
integral of the current is zero, still corresponding to the total charge collected
at electrode j in this ideal case.

8This is a simplification. The motion would be uniformly accelerated in vacuum. It
would be with constant speed only in a semiconductor and in absence of space charge. In
the case of non zero space charge the velocity increases with the electric field rising along z.
This actually enhances the peaking shape of the current pulse.
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Figure 2.6: Weighting potential in the two dimensional geometry of Fig. 2.5(a).
Eq. (2.16) is plotted for d=300 µm and D=62.5 µm. The center of electrode j is at
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Figure 2.7: Cuts along z of the weighting potential of Fig. 2.6 at different dis-
tances (indicated in µm in the legend) from the center of the considered electrode
(x=125 µm in Fig. 2.6).

In the real case a set of holes is released by the photoelectron hitting the
detector. Lateral diffusion of the cloud of charge drifting in the detector causes
sharing of charge between pixels, as shown in Fig. 2.8. The integral of the
current pulse of the adjacent pixel is equal to the collected fraction of the
charge. An estimate of this effect is given in Section 2.3.5 for the case of
interest.

The module of the electric field in the bulk of the reverse biased silicon
detector, as a function of depth z, can be written:

E(z) = E0 +
eNeff

ε
z (2.17)

where e is the electron charge, Neff is the volume density of donors in the n-
bulk and ε is the dielectric permittivity of the material. E0 is a constant term
depending on the applied reverse bias voltage Vb and detector thickness d9:

E0 =
1

d

[
Vb −

1

2

eNeff

ε
d2

]
. (2.18)

9The right term between parenthesis in Eq. 2.18 is the depletion voltage. It is propor-
tional to Neff . To achieve full depletion at reasonable voltages, it is compulsory to use
high resistivity silicon with a low level of impurities. Sufficient purity can be obtained only
growing the crystal with the Fused Zone method.
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Figure 2.8: Concentration profile p(x,z) of the injected holes at different depths
z in the silicon sensor while drifting toward the pixel pads and laterally diffusing.
Drift is from z=0 µm to z=300 µm. The dark polygons next to the x axis are a
qualitative sketch of two adjacent p+ pads.

Solving the equation of motion of a point charge with mobility µ in the
field given by Eq. (2.17), one obtains the transit time necessary to cross the
full detector:

ttr =
ε

µeNeff

ln

[
1 +

eNeffd

εE0

]
. (2.19)

z = 0 was assumed as the initial position of the charge.
While drifting under the action of the field, the cloud of carriers diffuses

laterally. The transverse charge density distribution is Gaussian with a RMS
spread σx increasing with time t:

σx =
√

2Dt (2.20)

D =
kT

e
µ. (2.21)

Eqn. (2.21) is Einstein’s equation relating the diffusion coefficient D to mobility
µ.

It is of interest to plot the transit time of holes as a function of the reverse
bias voltage. The result is shown in Fig. 2.9 together with the transverse
lateral spread due to diffusion during a time interval of the same duration.
The parameters valid for the LHCb Pixel HPD silicon sensor were used in the
computation. They are listed in Table 2.3 on page 47. These considerations
and the earlier discussion on Ramo-Shockley theorem show that the reverse
bias voltage has a strong influence on the current pulse shape, duration and
amplitude.
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Figure 2.9: Transit time and lateral diffusion of holes in a silicon sensor, as a
function of the reverse bias voltage. The curves were calculated from Eq. (2.19)
and (2.20), assuming the LHCb Pixel HPD silicon sensor parameters (Table 2.3).

Readout electronics: charge amplification, pulse shaping and noise
model

The current pulse from the detector must be amplified and processed in order
to be detected. A canonical analog front end commonly used for particle
detectors is shown in Fig. 2.10. The silicon detector is modeled by a reverse
biased diode, Ib is the reverse current and Cd the capacitance.

Considering the response time of the amplifying circuit, the current pulse
signal is(t) can be considered of infinitesimal duration and total integral equal
to the injected charge Qs, i.e. is(t) = Qsδ(t). The signal pulse is applied to the
input of a charge sensing amplifier (CSA), via the decoupling capacitance Cs.
The CSA integrates the pulse current on the feedback capacitance Cf . This
allows the response to be independent from Cd:

V2 =
Q

Cf + Cf+Cd

A0

' Q

Cf

, (2.22)

where A0 is the CSA low frequency gain.
The CSA is followed by a shaper section, indicated in the figure by its

transfer function Wτ (s). It can be assumed that the CSA has a much higher
bandwidth than the following shaper and then it can be simply modeled by a



40 Chapter 2. The LHCb Pixel Hybrid Photon Detector

Rb

V1

W (s)τ

Vb

A0

Vo

Cf

CssR

Cd

Ib

is

V2

+

−

Figure 2.10: Circuit schematic of a front end amplifier for a silicon detector.

constant gain A0. The shaper integrates the output of the CSA, allowing the
formation of a pulse with a peak value proportional to the input charge. A
differentiating behavior is also needed to restore the output baseline to ground,
in order to process the following pulses avoiding the buildup of pulses at the
output.

The simplest shaping function can be realized by cascading a single pole RC
integrator (low pass filter) and a single pole CR differentiator (CR high pass
filter). The output pulse peak amplitude is maximized choosing the same time
constant τ for the two stages. For the present discussion, it is then assumed:

Wτ (s) =
sτ

(1 + sτ)2 . (2.23)

The unit step response of this system is

w(t) =
t

τ
e−

t
τ u(t), (2.24)

reaching its peak value e−1 at instant t = τ . From Eq.(2.22) it follows that
the output pulse amplitude is:

vox = vo(τ) =
Q

eCf

. (2.25)

Noise rejection is provided by the band-pass response function. The equiv-
alent circuit for the noise analysis is shown in Fig. 2.11. There are two thermal
noise equivalent sources ib

2 and es
2, related to the bias resistor Rb and the se-

ries resistor Rs respectively. The shot noise of the reverse current in the silicon
detector is modeled via source id

2. The noise of the preamplifier section is
modeled via two series generator en

2 and ef
2, the latter representing the flicker
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Figure 2.11: Noise model equivalent of the circuit shown in Fig. 2.10. Refer to the
text for a detailed description.

noise. The parallel resistance Rb and the series impedance Rs + 1/(sCs) were
not included because with a proper design they must be negligible with respect
to the preamplifier input impedance.

The power spectral densities of the stochastic signal sources are:

id
2 → qeIb (2.26)

ib
2 → 2kT

Rb
(2.27)

es
2 → 2kTRs (2.28)

en
2 → Pen (2.29)

ef
2 → Af

|f | . (2.30)

They are independent sources of white noise, apart from the flicker noise with
the characteristic 1/f power spectral density.

Let us consider the id
2 and the en

2 sources. The covariance of the output
vod due to source id

2 is obtained integrating over frequency the square of the
trans-impedance characteristic times the input power spectral density, namely:

< v2
od >' qeIb

C2
f

∫ +∞

−∞

τ 2

(1 + (2πfτ)2)2
df =

qeIbτ

4C2
f

. (2.31)

In a similar way the covariance of the output von due to source en
2 is

obtained by:

< v2
on >' A2

0Pen

∫ +∞

−∞

(2πfτ)2

(1 + (2πfτ)2)2
df = Pen

A2
0

4τ
. (2.32)

It is customary to express the output noise covariance by the equivalent
noise charge (ENC), defined as the input charge that gives an output pulse
amplitude equal to the RMS noise. Considering Eq. (2.25), the ENC contri-
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butions of the shot and electronic noise are:

Q2
od = e2C2

f < v2
od >=

e2

8
2qeIbτ (2.33)

Q2
on = e2C2

f < v2
on >' e2

8
2Pen

C2
eq

τ
. (2.34)

Following a similar procedure for all the other sources of noise, the overall
ENC is determined:

Q2
ENC =

(
e2

8

) [(
2qeIb +

4kT

Rb

)
τ +

(
4kTRsC

2
d + 2PnC

2
eq

) 1

τ
+ 8AfC

2
eq

]
(2.35)

where Ceq = Cd + (1 + A0)Cf is the equivalent capacitance at the input.
While the parallel noise sources contribute proportionally to the integra-

tion time, the effect of the noise sources in series with the input is inversely
proportional to τ . Moreover the latter increases with the overall capacitance
at the preamplifier input. In a realistic situation this would include all stray
and wiring capacitances.

A plot of previous equation with realistic values for the numerical coeffi-
cients is given in Fig. 2.12. From the earlier analysis and referring to the figure,
it follows that:

• the minimum of th ENC is obtained for an optimal value of integration
time. The parallel and the series noise are equal in this case.

• The series and 1/f noise contributions get smaller reducing the equivalent
capacitance at the input; the minimum ENC consequently reduces.

• The optimal integration time reduces as the equivalent capacitance is
reduced. This means that the system may have a faster response (larger
bandwidth.

Summarizing the previous discussion, the reduction of the equivalent input
capacitance is the necessary condition to obtain a detection system with higher
sensitivity and speed.

2.2.4 Hybrid pixel detectors. Flip chip bump bonding

The state of the art in pixel detector technology is the hybrid pixel tech-
nique [17], used also for the LHCb Pixel HPD anode assembly. The technique
is illustrated in Fig. 2.13. A pixel silicon sensor is overlaid on a readout chip.
The two chips are mechanically and electrically connected by the flip-chip
bump bonding technique. A matrix of small solder bumps connects the two
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Figure 2.12: Equivalent noise charge vs. integration time calculated from (2.35).
The voltage noise and 1/f noise curves are plotted for two different values of capac-
itance. Optimum integration time and ENC consequently reduce (from Ref. [16]).
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Figure 2.13: Illustrations (not in scale) of the flip chip bump bonding technique.
Each pixel pad of the silicon sensor (on top) is connected to an input pad on the
readout chip (bottom) via a metallic bump.
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chips, providing an electrical path between each of the sensor pixels and the
corresponding readout circuitry.

Hybrid pixel detectors offer many advantages. The sensitivity is favored
by the reduction of the stray capacitance (cf. Section 20). Signal charge
much below ∼1000 electrons can be efficiently detected with proper low noise
electronic design. The entire detector area is sensitive to incoming particles,
with uniform sensitivity across the surface and no dead gap between pixels.
The device is position sensitive due to its fine pixelization. Spatial resolution
can reach 10 µm, being limited by charge diffusion. Moreover, the minimum
attainable pitch and dimension of the interconnecting metallic bumps is of the
order of ∼25 µm at the present time. A full mixed signal readout chain can
be realized on the readout chip, providing the device with digital readout.

The bump bond connections can be made of SnPb solder10. The technolog-
ical steps [18] can be summarized as follows. Windows in the passivation layers
are opened at the desired locations of the sensor and the readout wafers by
lithographic techniques11. Under bump metallizations (Ni) and the solder are
then electroplated. The solder is normally grown thicker on the readout wafer.
After removal of the processing layers the bumps are re-flowed (Fig 2.14(a)).
The sensors and the readout chips are diced from the wafers. The sensor chips
are flipped upside down and aligned on top of the readout chips. Pressure and
heating allow the formation of the bump bonds (Fig. 2.14(b)).

10Indium is also used [17].
11The wafers for the sensors have typically 125 mm diameter, being the crystal manufac-

tured with the fused zone (FZ) method.
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25 µm

Silicon pixel detector

Readout chip

(b)

Figure 2.14: SEM photographs of bump bonds. Fig. 2.14(a) shows a single high
Pb content solder bump after reflow, on a glass substrate. Fig. 2.14(b) shows a cut
of the LHCb Pixel HPD anode assembly with a bump bond in evidence. Under
bump Ni metallizations are visible.

λ [nm] Typical transmittance T
200 0.35
240 0.75

>280 0.92

Table 2.1: Typical transmittance of the LHCb Pixel HPD synthetic silica entrance
window. Values include boundary reflections.

2.3 LHCb Pixel Hybrid Photon Detector

2.3.1 Entrance window

The LHCb Pixel HPD entrance window is made of synthetic silica. It is a
circular section of a spherical shell. The external and internal surfaces have
62 mm and 55 mm radii of curvature. The external diameter of the window is
about 80 mm. The typical transmittance is summarized in Table 2.1.

2.3.2 The photocathode

The LHCb Pixel HPD is equipped with an S2012 multi-alkali photocathode. It
is vacuum evaporated on the inner surface of the window during the assembly
of the device. The photocathode active diameter is 72 mm and is defined by an
annular metalization following the evaporation. The refraction at the entrance

12The S designation refers to the overall spectral characteristic including the effect of the
input window and does not identify the material (JEDEC N. 50, Oct. 1954, S curves).
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λ [nm] E [eV] Minimum QE
270 4.59 0.20
400 3.10 0.157
520 2.38 0.083

Table 2.2: Specification on the LHCb Pixel HPD quantum efficiency QE, including
losses due to the entrance window. Minimum values of quantum efficiency are re-
quired at three different photon wavelengths λ. The corresponding photon energies
E are listed.

window results in an active diameter of ∼75.5 mm for normally incident light.
The maximum external diameter of the device is 83 mm, resulting in an active-
to-total area ratio of 83%.

The specification on the quantum efficiency is summarized in Table 2.2.
Minimum values of QE are specified at three different wavelengths. The spec-
ified values include the effects of reflections at the interfaces and absorption in
the window.

Electrons are emitted by the photocathode even with no direct illumination.
This is due to thermoionic emission and causes the detection of hits (dark
counts) on the anode not corresponding to photons hitting the cathode. The
dark count rate is higher for the photocathodes with a higher radiant sensitivity
in the long wavelength region (Fig. 2.20 on page 56). The specification for the
LHCb Pixel HPD requires the dark count rate to be less than 5 kHz/cm2 at
25 ◦C. The value measured for the first prototypes [19] was ∼ 1 kHz/cm2 at
25 ◦C. This rate corresponds to an average number of ∼ 1.5 × 10−3 electrons
emitted every 25 ns by the photocathode.

2.3.3 LHCb Pixel HPD electron optical system. Point
spread function and sensitivity to magnetic flux
density

The LHCb Pixel HPD (Fig. 2.1 on page 25) is a cross focusing tube with a
cathode to anode size demagnification factor around 5.

The HPD electrodes are made of Kovar13 and their nominal voltages are
-20 kV (photocathode), -19.7 kV (focusing electrodes), -16.4 kV (zoom elec-
trodes) and the anode at ground. The cathode area (72 mm) is mapped, using
these voltages, onto a circular area of ∼12.7 mm diameter, fully contained on
the square 16 mm silicon detector. The simulation of the electron trajectories
(cf. Fig. 4.1 on page 81) gives a point spread function with transverse RMS

13Kovar r©: ferromagnetic alloy, 54% Fe, 29% Ni and 17% Co. Its thermal expansion
coefficient matches that of hard borosilicate glass, making it a preferred glass sealing alloy.
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Thickness [µm] 300
Depletion voltage [V] 12
Nominal operating voltage [V] 80
Breakdown voltage [V] >120
Bulk resistivity [Ω·cm] 25000
ND,eff (*) [cm−3] 1.75·10−11

Table 2.3: Summary of the main properties of the LHCb Pixel HPD silicon sensor.
(*) The efficient donor concentration was calculated from the bulk resistivity.

dimensions σx ' σy ' 160 µm [20].

The electrons must travel on relatively long trajectories from the emission
point to the impact point with the cross focusing geometry. Therefore the
focusing system is sensitive to an external magnetic field. The photoelectron
trajectories may be significantly changed by the component of Lorentz force
due to magnetic field F = ev × B, resulting in the distortion of the point
to point correspondence between cathode and anode. The spatial resolution
is consequently affected. The reader is referred to Chapter 4 for the detailed
study of this phenomenon and of the solutions developed.

The vacuum inside the tube is not perfect. The residual pressure is due
to the manufacturing vacuum level, outgassing of the components and perme-
ability to gas of the entrance window14. A residual molecule can be ionized by
an accelerated photoelectron. The positive ion is then accelerated toward the
cathode causing an abundant emission of electrons (back pulse or ion-feedback),
observed as a large cluster of hits on the anode and constituting a source of
positive feedback that is to be minimized. A countermeasure is to put inside
the tube a material acting as getter, i.e. adsorbing molecules. However, this
was not felt necessary for the LHCb Pixel HPD.

2.3.4 The anode assembly

The anode of the LHCb Pixel HPD is a hybrid pixel detector (cf. Section 2.2.4).
A detailed description is given in [21]. Each pixel of the silicon sensor is
500× 62.5 µm2. Other electrical characteristics are summarized in Table 2.3.

The pixels are electrically connected via the solder bumps to the inputs of
the circuitry on the readout chip. The bump-bonded chips are glued onto a
ceramic carrier and the readout chip is wire bonded to the carrier pads. This

14The permeability of fused silica to helium is ∼ 3.75× 10−14
(

cm3(STP)
s

) (
mm

cm2Pa

)
. Due

to the diffusion of atmospheric helium through the HPD window, the partial pressure inside
the tube could increase of ∼ 1.33× 10−3 Pa ' 1× 10−5 mmHg every 1.3 years. Storage and
operation of the Pixel HPD in low helium content environment are foreseen.
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constitutes the anode assembly of the device. The pins of the carrier are the
electrical interface with the external world, through which the binary data of
the pixel hits are read out. The remaining pins serve for control signals and
bias lines.

The standard solder bump bonding process is done with eutectic SnPb
(63% Sn, 37% Pb) which has a melting point temperature of 183 ◦C. This tem-
perature is not compatible with the LHCb Pixel HPD manufacturing process
that includes a 3 hour long bake out at 300 ◦C before the cathode deposition.
The silicon assembly anodes manufactured with the standard process were
damaged during the bake out [18]. An important advance in the development
phase of the LHCb Pixel HPD was to identify the problem and to substitute
the standard eutectic solder with one with a higher Pb content15. This results
in a higher melting point temperature, compatible with the subsequent bake
out phase.

2.3.5 LHCBPIX1 readout chip

The readout chip of the LHCb Pixel HPD hybrid anode is conventionally called
LHCBPIX1 [21]. It is a mixed signal chip realized in a commercial 0.25 µm
CMOS technology, containing around 13 million transistors. Special layout
techniques improve the tolerance to radiation. It consumes 1.8 W operating at
the nominal 40 MHz clock frequency and 1 MHz trigger rate. The pixel matrix
is made up of 8192 readout channels arranged in a matrix with 256 rows and
32 columns. Each channel occupies an area of 500×62.5 µm2, corresponding
to a pixel on the detector. The total active area is 16×16 mm2.

Digital logic allows to form a logical OR of the hit information from 8
adjacent pixels on a same column, thus forming a super-pixel of 500×500 µm2.
This mode of operation is called LHCb mode, whereas the full resolution one
ALICE mode. In this way the equivalent pixel size on the entrance window
is increased to 2.5×2.5 mm2, fully satisfying the requirement for the LHCb
RICH detectors. Two side advantages are obtained with this approach: neither
the capacitance at the input of each channel nor the channel occupancy are
increased.

The readout channel

The pixel channel is divided into an analog and a digital part, as shown in
Fig. 2.15. The analog front-end is constituted by a charge sensing amplifier
followed by two shapers. Details are given in [22]. The ideal pulse response of

15The bump bonding process is carried out at VTT Information technology, Microelec-
tronic, Finland
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Figure 2.15: Block diagram of a single readout channel of the LHCBPIX1 chip.

the analog section is shown in Fig. 2.16, together with the response to input
current pulses calculated as discussed in Section 18.

A test charge pulse can be applied to the input of the pre-amplifier using
a voltage step applied across a capacitor. A discriminator compares the ana-
log output of the shaper with a threshold. The threshold can be regulated
globally across the chip (8 bit DAC) and finely for each pixel channel (3 bit
DAC). The test pulse is used to evaluate and calibrate the threshold setting.
The discriminator output is fed into the digital part of the cell, after being
synchronized to the following rising edge of the chip clock (Fig. 2.16). The hit
information is binary from this point onward and data are constituted by the
binary values indicating the recording of a pixel hit.

The digital section stores the binary hit until the arrival of a trigger (strobe)
pulse. The triggered events are buffered and stored in a four locations FIFO
register. The binary pixel hit map of an event stored in the FIFO is read out
via 32 digital lines, one per column. A clock synchronous shifting scheme is
adopted for each column. Therefore the readout scan of the full set of rows
takes 256× 25 ns = 6.4 µs in ALICE mode and 32× 25 ns = 0.8 µs in LHCb
mode.

Detection efficiency

The conditional probability of recording a hit given a photoelectron impinging
on a pixel will be called detection efficiency. This probability constitutes an
important performance figure of the silicon assembly and should be as close as
possible to unity.

The statistical fluctuation of the signal pulse amplitude at the shaper out-
put and the noise limit the detection efficiency. Back scattering and lateral
diffusion cause the fluctuations of the total charge injected and of the fraction
of charge collected at the pixel pad (Section 2.2.3). The shaper output pulse
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Figure 2.16: Pulse response of the LHCBPIX1 analog section. The leftmost curve is
the ideal pulse response, calculated from the design transfer function. The following
three curves were calculated for an input current pulse due to charge drifting in
the sensor biased at 80 V, 55 V and 35 V respectively, following the discussion of
Section 18.

amplitude changes proportionally. The discriminator threshold level cannot be
set arbitrarily close to the baseline of the shaper output because of the noise.
Therefore a fraction of events has a pulse amplitude that does not reach the
discrimination level and is not detected.

In order for a hit to be recorded in the output FIFO, a fixed latency of
an integer number of clock periods must elapse between the synchronized dis-
criminator output transition and the strobe pulse. The latency duration is
controlled by a register on the chip. This is to allow for any trigger latency.
In order to detect the hit, the asynchronous discriminator commutation in-
stant must fall in the clock period before the synchronizing clock edge. The
fluctuation of the pulse amplitude implies a variation of the discriminator com-
mutation time (time walk effect) as illustrated in Fig. 2.17. The delay between
the photon hit and the discriminator commutation instant is then a random
variable. Therefore, it exists an optimal phase delay between the photon hit
and the clock that maximizes the detection efficiency.

As the cathode to anode voltage drop determines the average amount of
charge injected in the sensor, the silicon detector reverse bias voltage influ-
ences the signal current pulse shape, duration and amplitude (cf. Section 18),
affecting in their turn the output of the shaper.

Summarizing, the detection efficiency depends not only on the discrimina-
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clock

threshold

Figure 2.17: Illustration of the detection process. Two shaper pulses are shown.
The amplitude of the smaller is 70% of the larger one. Signal a (c) is the output of the
discriminator for the larger (smaller) pulse; b (d) is the corresponding synchronized
version. The synchronizing clock transition is shown. The shaper analog pulses were
calculated according to the discussion of Section 18 and with the design LHCBPIX1
chip pulse response (Fig. 2.16).
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tor threshold setting but also on the the cathode to anode high voltage drop,
the silicon detector bias voltage and the delay between the photon hit and
the clock. An experimental study of these dependencies will be discussed in
Section 2.4.2.

Charge sharing

Due to lateral diffusion of injected carriers, the pixel pads adjacent to the one
hit by the photoelectron can collect enough charge to bring the discriminator
above threshold (Section 18). A hit may be recorded also in these pixels.
This effect tends to increase the number of recorded hits with respect to the
number of photoelectrons, detecting clusters of two or even more adjacent
pixels in correspondence of a single photoelectron. The statistic of this random
process depends on the operating parameters and requires an experimental
characterization. Nevertheless, an estimate of the effect can be tried under a
few (strongly) simplifying assumptions.

Consider a single dimensional arrangement of pixel pads of width D, as in
Fig. 2.18. A photoelectron hits the region above pixel k. At the end of the
drift the concentration of the charge has a Gaussian shape of width σ. The
median of the distribution is in correspondence of the hit position at a distance
ξ from the edge between pixels k and (k + 1). Let us assume that the charge
collected by each pad is equal to the integral under the gaussian distribution
between the pad edges. The fraction of charge f collected by pixel k + 1 is
readily obtained:

f(ξ) =

∫ ∞

ξ

1√
2πσ

e−
x2

2σ2 dx =
1

2
erfc

(
ξ√
2σ

)
, (2.36)

having introduced the complementary error function16. The hit in pixel k + 1
under the condition of a photoelectron impinging above pixel k is obtained
when the fraction of charge collected reaches a threshold value ftr. In the
simplified picture this happens when the photoelectron hit is closer to the
edge than the distance ξtr for which:

f(ξtr) = ftr →
1

2
erfc

(
ξtr√
2σ

)
= ftr. (2.37)

Assuming a uniform distribution of the photoelectron hit position in the range
[-D/2;D/2], the conditional probability P(double|k) of having two adjacent hits
due to a single photoelectron above k is given by:

P(double|k) = 2P(k + 1|k) =
2ξtr

D
, (2.38)

16It is, by definition, erfc(ξ) = 2√
π

∫ +∞
ξ

e−x2
dx.
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Figure 2.18: Illustration for the estimation of the probability of the amount of
double pixel clusters due to charge sharing.

where P(k + 1|k) is the conditional probability of having a hit in k + 1 given
the photoelectron above k.

Let us assume ftr = 1/4 of the total injected charge (unitarian in this
model). Substituting into Eq. (2.37) and Eq. (2.38) the numerical values appro-
priate for the LHCb Pixel HPD silicon detector (D=62.5 µm and σ = 7.6 µm
for Vb=80 V, see Fig. 2.9 on page 39) one obtains P(double|k) ' 0.16.

2.4 Measurements of the LHCb Pixel HPD

detection performances

2.4.1 Quantum efficiency measurements

The quantum efficiency curves of various LHCb Pixel HPD prototypes were
measured at different times from their manufacturing. These measurements
were made to verify the obtained radiant sensitivity, to investigate variations
between prototypes and to study a possible evolution of the characteristics
with time.

The setup used is shown in Fig. 2.19. It allowed a measurement of the HPD
cathode photocurrent under illumination with a monochromatic beam of light
of known intensity. The light from a Xenon arc lamp was filtered in wavelength
with a 1 nm spectral resolution monochromator. It was collimated on the HPD
entrance window or on a calibrated photodiode for the determination of its
intensity. A small mirror could be rotated to direct the light onto the HPD or
onto the photodiode.

The photocurrents were measured with an ammeter with a sensitivity of
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Figure 2.19: Picture of the set-up for measuring the HPD quantum efficiencies.

one picoampere. A voltage could be applied between the HPD cathode and all
other electrodes connected to ground (cf. Fig. 2.1(b) on page 25). The maxi-
mum achievable ground to cathode voltage drop was 500 V. The ammeter was
in series with the photocathode and floating at the bias potential during the
HPD current measurements. The photodiode was operated in photoconduc-
tive mode, with constant 0 V bias voltage. The stability of the light intensity
was continuously verified. Dark current levels were measured and subtracted
from data.

Light absorption in the entrance window reduces the intensity reaching the
photocathode, as do the reflections at the window outer and inner surfaces.
Therefore the radiant sensitivity measured is the overall response including
these losses. The measurements were repeated illuminating different positions
of the photocathode and excellent spatial uniformity of the response was ob-
served with negligible variations from point to point.

Radiant sensitivity curves are shown in Fig. 2.20 for five tubes. The cor-
responding quantum efficiency curves are given in Fig. 2.21. Data points are
equally spaced by 5 nm in wavelength. Error bars were determined by con-
sidering the errors of the photocurrent measurements. The larger errors in
the ultraviolet region are due to the lower light intensity and to the smaller
photodiode responsivity, both resulting in smaller currents (0.1 nA) below
300 nm. This implies a relatively larger effect of the dark current subtraction,
the pick-up noise and the resolution of the ammeter.

Three HPDs satisfy the specification on quantum efficiency (cf. Table 2.2).
Two tubes (3 1, Tube 9) do not satisfy it, being just at the limit. Both
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have QE=0.15 at 400 nm and tube 3 1 reaches 0.19 at 270 nm. Other four
prototypes were measured and their sensitivity is situated between the two
upper curves and the lower three of the plot. They all satisfied the requirement
on quantum efficiency.

All curves are compatible with the typical multi-alkali photocathode data
available in literature and from data sheets of manufacturers. A significant
spread of characteristics between the HPD prototypes was measured. Two of
the devices (3 2, 4 5) showed very high sensitivity in the 250-400 nm region,
above the typical multi-alkali performance. Tube 3 2 shows a reduced sensi-
tivity in the near infrared, while outperforming the other devices in the UV.
Three other devices show a lower sensitivity below 400 nm, with tube 4 3 still
peaking above 70 mA/W at 420 nm. Other four prototype HPDs presented
a radiant sensitivity practically coinciding with the canonical response of S20
cathodes.

The reason for the differing responses in the UV is not clear. It can be
attributed to variations in the stoichiometry or in the crystalline structure
of the photocathodes, requiring an improvement of the control of the deposi-
tion process. The spread of absorption curves of the entrance windows could
play a role in determining the tube by tube variations. However, absorption
curves of synthetic silica do not present variations between 300 and 400 nm
like those exhibited in the measurements. Significant variations of the pho-
tocathode thickness could have an effect, but this parameter should be well
controlled. Feedback to the partner industry was provided to improve control
of the manufacturing process and achieve better uniformity between the tubes.

2.4.2 Detection efficiency measurements

To evaluate the detection efficiency it is necessary to measure simultaneously
the number of photoelectrons hitting the silicon sensor and the number of
recorded hits. Details are given in [19]. A detection efficiency of 88% was
measured under optimal operating conditions (-20 kV cathode to anode voltage
and optimal threshold setting).

The dependence of the detection efficiency on the operating settings is
rather complex because of the interplay between the fluctuations of injected
charge, the amplitude of the analog signals, the threshold discrimination level
and the synchronization with the digital clock. This was discussed in Sec-
tion 2.3.5. Measurements of the relative variations of detection efficiency with
respect to high voltage, threshold setting, silicon detector bias were made in a
dedicated set-up.

A fast pulsed solid state ∼630 nm laser was used to illuminate the HPD
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Figure 2.20: Radiant sensitivities of 5 prototype HPDs. Measurements include the
absorption in the entrance window.
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Figure 2.21: Quantum efficiencies of 5 prototype HPDs as a function of photon
energy. Measurements include the absorption in the entrance window.



2.4. Measurements of the HPD detection performances 57

on a circular region of ∼20 mm diameter centered on the window. The pulse
duration was '150 ps, for all practical purposes instantaneous with respect to
the LHCBPIX1 integration time. The source was strongly attenuated in order
to have on average ∼0.4-0.5 recorded hits per pulse with the optimal settings.

The light pulse was triggered by a signal synchronized with the clock of the
readout chip. This allows to regulate the timing of the light pulse with respect
to the clock period in which the signal is expected to arrive, determined by
the strobe pulse.

100000 events (light pulses) were triggered and recorded for each of the
operating settings. The average number < Nh > of photoelectron hits per event
was evaluated. A correction for the clusters due to charge sharing was applied.
All double pixel clusters were counted as a single photoelectron hit. The
number of clusters with more than two hits was negligible. There was no risk
of overcorrection, given that the probability that these clusters originated from
two photoelectrons hitting adjacent pixels was negligible: the mean number
of photoelectrons was very small and they were spatially spread on more than
100 pixels.

A fraction of ∼15% of double pixel clusters was measured at the nominal
settings. This value is in good agreement with the previous measurements [19]
and with the estimation of Section 2.3.5.

Fig. 2.22 shows two sets of measurements of the average number of hits
recorded as a function of the light pulse time delay. Results are shown as a
function of the delay between the clock and the light pulse, indicated with ∆t
in the abscissa of the plots. Each curve is taken with the same high voltage,
silicon bias and threshold setting. They differ for the duration of the strobe
pulse that is sent to the pixel chip to store the recorded hit in the output FIFO
register. The reduction of the strobe length does not cause a reduction of the
detection efficiency. With the 25 ns strobe duration, however, the time setting
to maximize the detection efficiency must be tuned with higher accuracy. The
estimated slope between the peak value and the data point at 140 ns implies
a reduction of the detection efficiency of 0.25%/ns.

Fig. 2.23 shows a set of measurements with different cathode to anode high
voltage settings. Reducing the high voltage the optimal delay reduces. This
is due to the reduction of the amplitude and the slope of the rising edge of
the shaper output, translating in a shift of the discriminator transition later
in time. The light pulse must then come earlier to compensate for the shift.
With the settings used, changing the cathode voltage from -19.2 kV to -17.8 kV
gave no appreciable reduction in detection efficiency. In the range from −19.2
to −16 kV the reduction of the (peak) detection efficiency is ∼0.7%/kV. A
further reduction of 6.5% was measured setting the high voltage to -12 kV.

The non linear behavior due to the timing effects is evident by comparing
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Figure 2.22: Average number of recorded hits < Nh > vs. delay of the light pulse
with respect to a trigger synchronous with the clock. Cathode to anode voltage:
-19.2 kV. Silicon detector reverse bias: 80 V. Discriminator threshold equivalent to
1180 e.
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Figure 2.23: Average number of recorded hits < Nh > vs. delay of the light pulse
with respect to a trigger synchronous to the clock. Anode to cathode voltages and
equivalent discriminator thresholds are given in the legend. Silicon detector reverse
bias: 80 V.

the two curves measured at -12 kV. They were taken with different discrim-
inator threshold settings. While obviously the maximum detection efficiency
decreases, there is a critical region of delay time for which the efficiency is
higher with the higher threshold setting. This is not surprising realizing that
increasing the threshold also shifts the discriminator transition later in time,
bringing it back in the strobed clock period.

Fig. 2.24 shows a set of measurements of the average number of detected
hits as a function of the light pulse delay for three different values of the silicon
detector reverse bias voltage. The shift in time is related to the longer drift
time of the holes in the silicon detector. This translates in longer current
pulses, in turn implying a delayed shaper pulse. The reduction of the peak
detection efficiency using a reverse bias voltage of 55 V instead of 80 V was
smaller than the measurement error (1%).

The delay measured between the 80 V and the 55 V case is in good agree-
ment with the calculation of the output of the shaper for the same values
of detector bias voltages, shown in Fig. 2.16 on page 50. The measurement
at 35 V shows a delay reduction larger than expected. Charge diffusion was
neglected in the calculation and this could explain the difference.
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Figure 2.24: Average number of recorded hits < Nh > vs delay of the light pulse
with respect to a trigger synchronous with the clock. Cathode to anode voltage:
-19.2 kV. Equivalent discriminator threshold: 1240 e. Silicon detector reverse bias
voltages given in the legend.
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Chapter 3

Performance evaluation of the
LHCb Pixel Hybrid Photon
Detector in a beam test

3.1 A beam test with the LHCb Pixel Hybrid

Photon Detectors

The performances of the first prototypes of the LHCb Pixel Hybrid Photon
Detectors were tested in the October 2003 LHCb RICH beam test.

The experimental setup consisted of a Ring Imaging Cherenkov detector
using nitrogen and silica aerogel as Cherenkov radiators and the prototype
HPDs as photon detectors. It was installed in an experimental area at CERN
and used to detect the Cherenkov photons generated by the particles of a
beam crossing the radiators. The experimental runs with N2 were used for the
calibration and performance evaluation of the photon detectors.

This chapter describes the setup, the experimental method and the analysis
of data of the N2 runs. The detection efficiency and the angular resolution of
the HPDs were evaluated with this experiment, in conditions similar to those
that will be found in the LHCb RICHs.

3.1.1 The vessel, the Cherenkov radiators
and the mirror

A picture and a scheme of the RICH detector used for the experiment are
shown in Fig. 3.1 and Fig. 3.2. It consisted of a light tight and gas tight vessel
containing the tiles of silica aerogel, nitrogen, a spherical mirror and three
HPDs as photon detectors. The vessel was located in the T9 experimental
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Figure 3.1: Picture of the light tight vessel with one side wall removed. The silica
aerogel, the mirror and the two lower HPD detectors are visible, as well as an
electronic board of the readout interface.

facility at CERN.

The particles crossed the vessel entering from the right hand side. They
crossed the volume of nitrogen and the silica aerogel tiles, generating Cheren-
kov light, then the mirror. The distance between the entrance point and the
mirror was L=103 cm. The Cherenkov photons were reflected by the spherical
mirror and focused onto the photon detectors.

The Cherenkov emission angle was approximately 240 mrad for the aerogel
(see Eq. (1.7) for nagel ' 1.03 and β = 1) and the photons were focused
on a ring spanning the three HPDs. The Cherenkov radiation emitted from
the nitrogen between the aerogel and the mirror was normally focused in the
insensitive region between the three photon detectors.

The silica aerogel tiles were removed during the calibration runs and the
mirror was re-oriented to focus the Cherenkov light onto one of the three
photon detectors in turn. The Cherenkov angle was ∼24 mrad in N2 (β = 1)
and the rings were, in this case, fully contained on a single HPD.

The mirror used in the setup had radius of curvature R=949 mm and
featured a multiple layer dielectric coating (Ref. [1] and Chapter 5), with en-
hanced reflectivity in the UV region. The distance between the mirror and the
lower HPDs was D=463 mm.
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Figure 3.2: A schematic view of the light tight vessel used for the aerogel beam
test.

3.1.2 The prototype Pixel HPDs of the beam test

The three prototype LHCb Pixel HPDs were located on the upper side of the
vessel, at the vertices of an equal sided triangle (Fig. 3.2). The two lower HPDs
were located symmetrically with respect to the middle vertical plane. They
were labeled HPD 0 and HPD 1. The third HPD sat on the middle plane and
was called HPD 2.

HPD 0 and HPD 1 were final prototypes with 32×256 pixels of 500 ×
62.5 µm2 as described in Section 2.3.4. They were the first prototypes of
HPDs tested and could operate at 40 MHz. They were nevertheless operated
with a 10 MHz clock due to limitations in the electronics of the readout system.
HPD 2 was an older prototype with a different anode assembly. The dimensions
of both the silicon pixel detector and of the readout chip were smaller in this
device, featuring 32×256 pixels of 425×50 µm2. Conventionally the terms
columns and rows are used respectively to indicate the sets of 256 and 32
aligned pixels in the matrix.

3.1.3 The beam

A beam of charged particles originating from the the Proton Synchrotron (PS),
one of CERN accelerators, was available in the experimental area. The beam
was composed predominantly by pions with an admixture of electrons of about
4%. The momentum of the particles in the beam was determined by a momen-
tum slit. Negatively charged particles of 10 GeV/c momentum were selected.

The beam used for the experiments is a secondary beam. A primary beam
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Figure 3.3: Scheme of the October 2003 LHCb-RICH beam test setup.

of protons is extracted from the PS machine and sent onto a fixed metal target.
The target, 100 mm of Al followed by 3 mm of W acting as electron enricher,
emits the secondary mixed π/e beam.

3.1.4 The trigger, readout and control systems

A schematic description of the entire setup, including the trigger, the readout
and the control subsystems, is shown in Fig. 3.3.

The trigger for the readout was provided by the coincidence of the pulses,
due to a crossing particle, of four aligned scintillators coupled to photomultipli-
ers. Two scintillators of 1 cm2 located ∼8 m apart limited the beam divergence
to ±1.25 mrad. A Cherenkov threshold counter could be optionally inserted
in the trigger circuitry to discriminate between π and e.

The hardware and software [2] systems used for the HPD development
and the previous measurements (Section 2.4.2) were modified to provide the
readout and control of the tubes in the beam test.

The readout of the HPDs binary data was done through three electronic
front-end boards (Pilot boards) interfacing to VME bus. The signals were
transfered over ∼20 m between the beam area and the readout station. For
each event the binary maps of the hits on the HPDs were read out and stored
to memory. Each binary array was 256×32 bits=1024 bytes plus a header and
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Particle Rest mass [MeV/c2] Momentum [GeV/c] β
Pion, π 139.6 10 1− 9.74× 10−5

Muon, µ 105.6 10 1− 5.58× 10−5

Electron, e 0.511 10 1− 1.3× 10−9

Table 3.1: The values of β for different particles of 10 GeV/c momentum.

a trailer long words.

Data were read out during a beam spill, buffered in the memory of the Pilot
boards and then transferred to the computer for storage, during the idle time
between consecutive beam spills. Maps of recorded hits were also displayed on
three histograms on the readout software interface.

A veto signal from the readout computer and a beam monitor signal were
connected to the trigger circuitry for synchronization. Only after the data
storage was completed the computer allowed for more readout pulses to be
sent to the HPDs by releasing the veto signal. At the end of a beam spill
period, marked by the beam monitor signal, the software read out the data
from the memory of the front-end boards to the computer memory and to disk.
A read out rate of few kHz could be achieved during the beam spill.

Calculation in real time of event and pixel occupancy, allowed the software
to act as an online monitor during data acquisition. Software routines were
developed for the offline conversion of the raw binary data to other formats
and for offline analysis.

A control system was used to allow the control of the three HPD chips and
of the respective biasing circuitry using JTAG standard. All the necessary
supply voltages for the proper biasing of the HPDs were provided. The three
high voltages for the HPD tube electron optical system were obtained by a
resistive voltage divider. The HPD cathodes were biased at -18 kV, instead of
the nominal -20 kV, due to non optimal high voltage insulation in the setup.

3.2 Expected photoelectron yield and Cherenkov

angles in the N2 calibration runs

The Cherenkov angle and the photon yield are determined by the velocity β
of the particle, according to Eq. (1.7) and (1.10). Values of β calculated
with Eq. (1.22) are summarized in Table 3.1. Pions, muons and electrons of
10 GeV/c momentum are considered. The momentum spread of the parti-
cles (0.5%) is neglected in the following analysis.
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HPD Npe θc [mrad]
π e π e

HPD 0 9.6±0.75 14.6±1.14 19.33±0.7 23.84±0.7
HPD 1 8.7±0.68 13.3±1.04 19.36±0.6 23.86±0.4

Table 3.2: Expected photoelectron yields, average and RMS Cherenkov angle for
10 GeV/c pions and electrons in two HPDs.

3.2.1 Photon yield

Eq. (1.19) can be used to calculate the average number of photoelectrons gen-
erated in a given HPD per event.

The radiator length is L = 103 ± 1 cm. The index of refraction of N2 is
described by Eq.(1.25). The temperature and pressure measured in the vessel
were p=97000 Pa and T=293 K. Optical absorption in N2 is neglected. The
reflectivity of the mirror had been measured with a reflectometer.

The curves of the quantum efficiency of the 40 MHz HPD prototypes are
shown in Fig. 3.6. The light reflections at the boundaries of the quartz entrance
window and the light absorption in quartz are implicitly folded in the curves.
Numerical integration of Eq. (1.19) gives the expected average photoelectron
yields. The results are summarized in Table 3.2.

An uncertainty of ±8% is estimated for the calculations, resulting from the
quadrature sum of the uncertainties on the various measurements: 2% for the
trajectory length and the refractive index and 5% for the reflectivity curves
and quantum efficiency. A numerical integration error of ∼2% was included
due to the sensitivity to the lower integration limit, where the QE curves have
to be extrapolated.

3.2.2 Expected Cherenkov angles

Each of the detected photoelectrons corresponds to a photon emitted at a
certain angle. The distribution of the Cherenkov angles of the detected photons
is given by Eq. (1.18), plotted in Fig. 3.5 after multiplication for the radiator
length. The distribution of the emission angle of the detected photons is
determined by the speed of the particle, the index of refraction (chromatic
aberration) and also by the detector spectral response. The averages and
RMS deviations of the angular distributions are listed in Table 3.2.

The dip in the angular distribution is related to the dip in the quantum
efficiency curve. The smaller angles correspond to longer wavelengths. The
oblique incidence and the refraction at the entrance window are neglected.
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Figure 3.6: Quantum efficiency curves for two of the three HPDs used in the beam
test. Measurements for HPD 0 and HPD 1 were done by the industrial partner.

3.3 Analysis of the nitrogen runs data

Three experimental runs were taken using only N2 as Cherenkov radiator,
each with around 50000 recorded events. The Cherenkov radiation was used
in this case as a reference pulsed light source for the evaluation of the detection
efficiencies of the HPDs. The detection efficiency is defined as the conditional
probability that a pixel hit is recorded given a photoelectron impact on the
pixel (see Section 2.3.5). The calibration based on the N2 runs was later used
for the analysis of the runs with silica aerogel as radiator.

Fig. 3.7 shows the histograms of the pixel hits on the anodes of HPD 0 and
HPD 1. The shape of the distributions are only approximately circular. An
analytical determination of the exact shape is complex and should include the
spherical aberration due to the mirror tilt angle, the refraction of the photons
at the spherical window and the electrostatic mapping properties of the HPD
electro-optical system.

The particles cross the radiator with straight trajectories distributed around
the nominal beam line. The distribution of the angles of the trajectories (beam
angular divergence) implies that the centre of the ring on which the photons
hit the focusing surface changes event by event. The histogram of the hits is
smeared by this effect.
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Figure 3.7: Histograms of the hits on HPD 0 and HPD 1, runs with N2, ∼50000
events.

3.3.1 Evaluation of charge sharing

Charge sharing (Section 2.3.5) increases the number of recorded pixel hits
with respect to the number of photoelectron hits. A single photoelectron
can generate clusters of adjacent pixel hits instead of single hits. Only the
probability of a photoelectron giving clusters of two hits (double clusters) is
significant, while it is negligible for clusters of larger size. Double clusters of two
hits on the same row (sharing a short side) or column (sharing a long side) are
called horizontal or vertical respectively. The probability of the effect depends
on the operating settings and can be measured on data by the frequency of
double clusters in a set of events characterized by single photoelectron hits.

For each of the HPDs two background runs are available with the mirror
focusing onto the other two tubes. The hits in these runs can have different
origins: diffused photons, corona discharges1, ion-feedback (Section 2.3.3) and
thermal emission from the photocathode (dark counts). Discharge or ion-
feedback events are characterized by a large number of photoelectrons and
have to be excluded from the set of events to analyze. Their signature is the
recording of a large number of pixel hits.

Table 3.3 gives the event counts in the background runs. The events with
more than 2 hits, including those possibly due to discharge or ion-feedback, are
less than 0.2% of the total. The largest fraction of events can contain hits only
due to thermally emitted photoelectrons or from diffused or reflected photons
converted at the photocathode. Assuming that the number of photoelectrons
per event per HPD are Poisson distributed, an upper limit to their average

1Electrical discharges due to the high electro-static field on the outer surface of electrodes
of the tube. A glowing plasma may be formed in the proximity of the electrodes.
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HPD Focusing on Number of events
Total Nh = 0 1 ≤Nh ≤ 2 Nh > 2

0 1 50013 49094 895 24
0 2 50160 44372 5692 96
1 0 50023 49265 738 20
1 2 50160 49323 818 19

Table 3.3: Event counts in background runs. Nh indicates the number of pixel
hits in an event. Number of events with 0, 1 or 2 and more than 2 pixel hits are
detailed. The larger background measured in HPD 0 while focusing on HPD 2 is
not understood.

HPD Focusing on Nh Ncl Nhor Nver

0 1 1042 967 7 66
0 2 6700 6230 36 428
1 0 903 796 16 89
1 2 973 848 14 108

Table 3.4: Counts of clusters in background runs. Nh: total number of hits. Ncl:
sum of the numbers of single pixel hits and double clusters. Nhor, Nver number of
horizontal and vertical double clusters.

can be determined by the frequency of events with no recorded hits:

< Nh >= − ln P(Nh = 0) ≤ 0.123. (3.1)

This gives that the fraction of events with more than one photoelectron is
smaller than 0.7%. Therefore the probability of having two photoelectrons
hitting adjacent pixels is negligible. Practically all the double pixel clusters
in these runs must originate from charge sharing and their fraction is a direct
measurement of the effect.

Let us indicate with P(v|e) and P(h|e) the probabilities of recording a ver-
tical double cluster or a horizontal double cluster given a single photoelectron
hit. The calculation from the cluster counts summarized in Table 3.4 gives
P(v|e)' 6.9% and P(h|e)' 0.7% for HPD 0 and P(v|e)' 12% and P(h|e)' 2%
for HPD 1. Ratios of counts are in good agreement between different runs.

3.3.2 Measured Cherenkov angles

An algorithm to fit circles to the hits on an event by event basis has been
used to correct for the absence of tracking information for the N2 runs. The
distribution of the photon hits on the anode plane is not expected to be exactly
circular.



3.3. N2 calibration data analysis 73

Given an event and its list of hits on the anode plane, the algorithm fits a
circle to the hits. This is repeated for all the events with at least 3 clusters. The
fitted circle is the one that minimizes the quadratic sum of the distances of the
hits from the circumference. A least square iterative minimization procedure
is applied [3], with the error function expressed by:

E =
∑N

i=1

√
(xi−xc)2+(yi−yc)2−rc)2

σ2
i

(3.2)

σ2
i = (xi−xc)2

(xi−xc)2+(yi−yc)2
∆2

x

12
+ (yi−yc)2

(xi−xc)2+(yi−yc)2
∆2

y

12
(3.3)

where the sum is over the hits in the event, with coordinates (xi, yi). The 3
free parameters to determine are the radius (rc) and the coordinates (xc, yc)
of the centre of the circle. The σi at the denominator takes into account the
uncertainty in the hit coordinate due to the pixelization; Eq. (3.3) shows that
the dependence of the former on the azimuthal angle φ of the hit on the circle,
due to the different pixel sizes on the column and row directions (∆x, ∆y), is
considered. Initial values are determined from the average centre and radius
of the two dimensional histograms of the hits of the full run. Fig. 3.8 displays
two events with the circles determined by the fitting, to illustrate the results
of the algorithm.

Fig. 3.9 shows the distributions of the radii of the circles fitted to the events.
One sigma cuts on the position of the centres of the fitted circles were applied.
Pion events constitute the large fraction of events, while the secondary peak
shows the presence of electrons in the beam.

The histograms are well fitted with Gaussian distributions. The average
values and sigmas of the gaussian fits are listed in the Ra column of Table 3.5.
Considering a linear demagnification by a factor 5 and the distance from the

mirror given in Section 3.1.1, the radii of the events on the entrance window and
the corresponding Cherenkov angles are calculated. Results are summarized
also in Table 3.5. The Cherenkov angles measured in this way compare well
with the expected ones listed in Table 3.2. The 3% difference between values
for HPD 1 can be ascribed to a different radial demagnification function (cf.
Section 4.2.1) for this tube.

3.3.3 Photoelectron counting and evaluation of detec-
tion efficiency

The radius of the fitted circles allows to discriminate the pion events from the
electron events. Counting the number of pixel hits in these events and com-
paring it to the expected number of photoelectrons would give the detection
efficiency. Because of charge-sharing a clustering algorithm is first to be ap-
plied to the data in order not to overestimate the number of photoelectrons,
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Figure 3.8: A pion event in HPD 0 and an electron event in HPD 1 with the fitted
circles.
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Figure 3.9: Distributions of the radii of the circles fitted to N2 data runs. Double
gaussian fits are overlapped to the histograms. The secondary peaks are due to
electrons in the beam.
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HPD Particle Ra [mm] Rw [mm] Θc [mrad]
0 π 1.78±0.08 8.9±0.4 19.2±0.8
0 e 2.21±0.08 11.05±0.4 23.8±0.8
1 π 1.74±0.09 8.7±0.45 18.8±0.8
1 e 2.15±0.09 10.75±0.45 23.2±0.8

Table 3.5: Ra: averages and sigmas of the Gaussian fits to the distributions of
the fitted circles radii, on anode plane. Rw: corresponding values at the entrance
window (5×Ra). θc: corresponding Cherenkov angle.

i.e. one should count clusters as a single photoelectron hit. On the other side,
two effects in N2 data would cause an underestimation of the number of photo-
electrons, due to the high occupancy of this case: a double-cluster can indeed
originate from two photoelectrons hitting adjacent pixels and two photoelec-
trons can hit the same pixel, giving only one hit. For the former reason, a
different approach than clustering has been chosen to determine the detection
efficiency.

A numerical simulation allows to determine the distribution of the number
of pixel hits per event, assuming a certain detection efficiency. The photoelec-
trons hits onto the pixelized anode are simulated. The number of photoelec-
trons is Poisson distributed, with the averages given in Table 3.2. They are
distributed uniformly along a circle, whose position and radius are stochastic
Gaussians variable with the averages and sigmas measured on the data. The
charge-sharing effect was determined in Section 3.3.1 and is included in the
simulation as a probability to get a hit in a pixel adjacent to the one on which
the photoelectron impacts, once this is detected. In this way the pixelization,
the occupancy and the charge-sharing effect are considered.

The detection efficiency is a parameter of the simulation and the entire
distribution of the number of hits depends on its value. The determination
of the detection efficiency is done by finding the value that reproduces in the
simulation the distribution of pixel hits of the data.

Fig. 3.10 shows the distribution of hits in the data runs for the two HPDs
and the best fits obtained with the simulation. The corresponding values of
detection efficiencies are listed in Table 3.6. They are in agreement with the
measurements in a dedicated setup [4], realized with the method of the back
pulse, once the proper threshold values and high voltage are taken into account.
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Figure 3.10: The distributions of the number of hits for pion events in the data.
Events with less than 4 hits were not included in data. The distributions obtained
with the simulation are overlaid.

HPD Detection efficiency
0 0.80 ± 0.03
1 0.84 ± 0.04

Table 3.6: Detection efficiencies giving the best reproduction of the distribution of
hits in data (π events) in the simulation.
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Chapter 4

The effects of magnetic flux
density on the LHCb Pixel
Hybrid Photon Detector.
Characterization and correction

The electrostatic focusing system of the LHCb Pixel HPD is sensitive to an
external magnetic flux density, as mentioned in Section 2.3.3. The magnetic
effects may deteriorate the spatial resolution of the HPD or even cause loss
of coverage if the photoelectrons can not reach the sensitive anode. Similar
effects are observed, for example, in Image Intensifiers [1, 2].

The accurate reconstruction of the photon impact position is an essential
requirement (see Section 1.3) for the LHCb RICH detectors. Both RICH 1 and
RICH 2 are located in the fringe field of the spectrometer magnet (Fig. 1.1 on
page 2). The peak magnetic flux density inside the magnetic shielding boxes
containing the photon detectors is less than 2.5 mT in RICH 1 and less than
1.0 mT in RICH 2 (cf. Section 1.3). The HPD must operate in this residual
field.

This chapters describes the results of a detailed experimental characteri-
zation of the distortion induced on the LHCb Pixel HPD by a static external
magnetic flux density. The sensitivity of the device to various orientations and
amplitude of the field was evaluated. A local magnetic shielding was tested as
an effective counter measure to reduce the amount of distortions, thus broad-
ening the range of applications of the novel device.

A model of the effects can be used to correct the distortions of the image
in the case of axial magnetic flux density. Even in presence of significant
distortion, the reconstruction of the photon hit position from the pixel hit
position is possible once the field is known (Section 4.4). A method developed
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and tested to estimate the magnitude of the axial magnetic flux density is
finally proposed (Section 4.5).

4.1 Magnetic effects and experimental charac-

terization

4.1.1 Description of the induced distortions

The photoelectron trajectories are governed by the Lorentz force due to the
electrostatic field (E) generated by the electron optics and any applied mag-
netic flux density (B):

F = −e (E + v ×B) . (4.1)

Fig. 4.1 shows the trajectories with no magnetic flux density applied. An
undistorted (B=0) and a distorted photoelectron trajectories are sketched in
Fig. 4.2. The case with a magnetic flux density parallel to the HPD axis (B‖)
is characterized by cylindrical symmetry, given that also the electric field of
the electronic lens is cylindrically symmetric. The Lorentz force is normal to
B‖, making the electrons rotate around the tube axis in spiral trajectories
while being accelerated toward the anode. This induces a distortion of the
image of the cathode, called S-distortion, as shown in Fig. 4.4. The rotational
symmetry is evident.

Referring to Fig. 4.2, let Ck be the centre of the cathode, O the centre of
the cathode image on the anode plane, Q the photoelectron emission point and
P the impact point of the photoelectrons on the anode plane with no magnetic
flux density applied. Assume P’ as the impact point of the photoelectron
emitted in Q when B‖ is applied; then let define r=‖CkQ‖ and r’=‖OP′‖.
Vectors OP and OP’ form an angle ∆ϕ. In the ideally rotationally symmetric
case, r’ and ∆ϕ are expected to depend only on the cathode radial coordinate
r. These dependencies will be described by a radial mapping function and a
rotation function.

A magnetic flux density B⊥ perpendicular to the tube axis, causes a lateral
shift of the electronic image. The amount of shift depends on the photoelectron
emission point because of the electrostatic field geometry, as shown in Fig. 4.9.

4.1.2 Setup and methods

The experimental setup, shown in Fig. 4.3, allowed to project a collimated
beam of light on a predefined set of positions on the HPD’s entrance window.
The HPD was placed in the magnetic flux density generated by a Helmholtz
coil. All the elements of the setup — HPD, a light emitting diode (LED),
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Figure 4.1: Photoelectron trajectories r=r(z) in the LHCb Pixel HPD calculated
with no magnetic flux density applied (B=0 T). The results corresponding to four
different emission points at increasing radial distances on the cathode are shown.
For each of the emission points three different initial velocities were considered for
the photoelectron.
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Figure 4.2: A schematic drawing of two photoelectron trajectories with (dashed
line) and without (continuous line) an external B‖ field applied. Emission point Q
and impact points P, P’ are shown, as well as the rotation angle ∆φ.
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Figure 4.3: Pictures of the setup used for the measurements of distortions induced
by magnetic flux density. In evidence: the light tight box, the LED mounted on the
x-y table and the Helmholtz coil.

front-end electronics, x-y translation table, coils — were contained in a light-
tight box. The subsystems of the setup were interfaced to a computer and
controlled via automation software, developed on a commercial platform1.

The light source was a collimated LED (λ=600 nm) and was supported on
the x-y motorized translation table. The light beam was parallel to the tube
axis and projected onto the entrance window from a distance of ∼7 cm, with a
spot size of ∼1 mm. By moving the translation table it was possible to define
the photon hit position on the HPD window. The setup was also equipped with
a system to project a programmable light pattern using a digital projector.

A magnetic shield could be installed around the HPD tube. It consisted
of a cylindrical envelope made of Mumetal r© of 86 mm diameter, 0.9 mm
thickness and 140 mm length2. Measurements were done with and without
the magnetic shield. The results in the two cases and the effect of the shield
will be discussed.

The Helmholtz coil generated a magnetic flux density distribution, uniform
on a volume larger than the HPD. Magnetic flux densities up to 5.0 mT could
be generated with the coils and they could be rotated at various angles with
respect to the HPD geometrical axis.

The HPD perturbed the magnetic flux density map, due to the material
of its electrodes (cf. Section 2.3.3) and to the magnetic shielding cylinder sur-
rounding the device. Consequently, the magnetic flux density distribution was

1National Instrument LabViewTM

2Mumetal r© is a ferromagnetic alloy of 77% Ni, 14% Fe, 5% Cu and 4% Mo. It has
high magnetic permeability, high saturation flux, good malleability. It is widely used for
magnetic shielding.
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not uniform when the device was in place between the coils. The magnitude
of magnetic flux density mentioned in this chapter is to be taken as the value
of the field measured in the centre of the coils in absence of the HPD tube and
its shield.

Three geometrical configurations were studied. The magnetic flux density
was not uniform in any of the configurations described. The symbols among
parentheses will be used to refer to the magnetic flux density for each of the
cases.

• Axial orientation, with an angle of 0◦ between the HPD geometrical axis
and the coil axis (B‖) .

• Transverse orientation, with an angle of 90◦ between the HPD axis and
the coil axis (B⊥).

• Oblique orientation, with an angle of 45◦ between the HPD axis and the
coil axis (B∠).

The notations B‖, B⊥ and B∠ will be used to indicate the modules of the
magnetic flux density.

During a data taking run a magnetic flux density B of known magnitude
was applied to the HPD using the Helmholtz coil. The control and data acquisi-
tion system was capable of driving the x-y table holding the LED source across
160 positions on a double-cross pattern. With the light source at a given pre-
defined position, a readout sequence was started, recording up to 20000 events.
The LED intensity was regulated such to observe on average ∼0.5 photoelec-
tron hits per event.

The accumulation of the pixel hits of all the 20000 events resulted in a
cluster of pixel hits on the anode. The weighted centre of the cluster was
calculated as the measure of the mean position of the photon hits corresponding
to the predefined position of the LED. The RMS spread of the cluster was
assumed as the measure of the corresponding error3. The centres and the
RMS spreads of the clusters of hits recorded for each predefined position of
the LED constituted the data used to characterize the magnetic distortions.

4.2 Measurements and results

4.2.1 Axial magnetic flux density

The effect of B‖ in the axial orientation is shown in Fig. 4.4. The centres of the
160 clusters of hits recorded on the anode are plotted in Fig. 4.5 and Fig. 4.6

3Data taking was done using the HPD chip in the high resolution ALICE mode, see
Section 2.3.5.
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for a tube without magnetic shield or with shield respectively. In both cases
data for two different values of B‖ are overlaid on the undistorted (B=0 T)
data set.

The hit radial coordinate r’ and angular rotation ∆ϕ can be extracted from
data. Following the discussion of Section 4.1.1, the measured radial mapping
functions are plotted in Fig. 4.7 for the unshielded and shielded case. The data
points are describable by a simple polynomial relation:

r′ = a1(B‖)r + a2(B‖)r
2. (4.2)

Fitting of Eq. (4.2) to data determines the coefficients a1 and a2, given in
Table 4.1 as functions of B‖. The deviation from the linear behavior due to
the quadratic term, evaluated at r=35 mm is ∼11% in the unshielded case,
while it increases to ∼27% in the shielded case.

The reduction of radial distortion due to the local shielding is evident
comparing the dependence of the coefficients from B‖. The linear coefficient
a1 is similar in the unshielded case with B‖=1.5 mT and in the shielded case
with B‖=5.0 mT, i.e. with a magnetic flux density more than three times
larger than the former case. Moreover for hit points farther from the cathode
centre, the radial dilatation is reduced by the local shield. This is reflected
into the increase of |a2|/a1 ratio. The overall dilatation factor of the cathode
image is ∼1.3 at 1.5 mT in the unshielded HPD, while it is ∼1.15 at 5.0 mT
in the shielded case.

Fig. 4.5 shows that for B‖>1.0 mT the cathode image will start to extend
out of the sensitive anode of an unshielded HPD, because of the dilatation.
This constitutes a non recoverable signal loss. On the other hand the image
is fully contained on the pixel anode of the shielded HPD, even at the highest
magnetic flux density tested (B‖=5.0 mT). The effectiveness of the Mumetal
shielding in preventing coverage loss is evident.

The measured dependence on r of the rotation angle ∆ϕ around the geo-
metrical tube axis due to the applied B‖ is shown in Fig. 4.8 (see Section 4.1.1).
The rotation angles are larger close to the optical axis than they are at the
edges4. This is related to the spherical shape of the cathode: the photoelectrons
emitted at larger radii have a smaller axial velocity (given the cross-focusing
geometry), that implies a smaller force in the plane perpendicular to the axis.

Also in the case of the rotation function a polynomial fit to the data works

4The larger spread in data points at low radial coordinates is due to the uncertainties of
the measurements of the coordinates of O, P and P ′. The uncertainty of the extremities of
the vectors, limited by the pixel resolution, affects the calculation of the angle ∆ϕ = ∠POP ′.
The uncertainty on this angle goes to 2π in the limit of r going to 0.
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Figure 4.4: The double cross reference pattern recorded by the shielded HPD with
no magnetic flux density applied (left) and with an axial magnetic flux density of
3.0 mT (right).
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Figure 4.5: Image distortions in the unshielded HPD. The double cross pattern
recorded with B‖=1.0 mT (left, square marks) and B‖=1.5 mT (right, triangular
marks). Data are overlaid to the undistorted reference pattern (B=0.0 mT, dots).
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Figure 4.6: Image distortions in the shielded HPD. The double cross pattern
recorded with B‖=3.0 mT (left, square marks) and B‖=5.0 mT (right, triangular
marks). Data are overlaid to the undistorted reference pattern (B=0.0 mT, dots).
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Figure 4.7: Radial mapping functions for an unshielded (left) and a shielded (right)
HPD tube, for various values of B‖.
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Unshielded HPD
B‖ [mT] a1 a2 [1/mm]

0.0 0.176 ± 0.001 (-1.0 ± 0.3)10−4

0.25 0.192 ± 0.003 (-3.7 ± 0.9)10−4

0.5 0.200 ± 0.002 (-3.6 ± 0.9)10−4

0.75 0.212 ± 0.002 (-3.5 ± 0.9)10−4

1.0 0.238 ± 0.002 (-7.6 ± 0.7) 10−4

1.5 0.261 ± 0.003 (-8.5 ± 1.0)10−4

Shielded HPD
B‖ [mT] a1 a2 [1/mm]

0.0 0.177 ± 0.003 (-3.0 ± 1.0)10−4

1.0 0.189 ± 0.003 (-7.0 ± 1.0)10−4

2.0 0.197 ± 0.004 (-8.0 ± 1.0)10−4

3.0 0.214 ± 0.003 (-12.0 ± 1.0)10−4

4.0 0.232 ±0.004 (-16.0 ± 1.0)10−4

5.0 0.262 ± 0.003 (-20.0 ± 1.0)10−4

Table 4.1: The coefficients a1 and a2 of the radial mapping functions (Eq. (4.2)).

well:
∆ϕ = a3(B‖) + a4(B‖)r

2 + a5(B‖)r
3. (4.3)

The values of the coefficients5 are given in Table 4.2. As it was observed for the
radial dilatation, one has to increase B‖ up to 5.0 mT with the shielded HPD
to get the same amount of image rotation measured in the unshielded HPD
with B‖ of only 1.5 mT. In both cases the rotation is less for the photoelectrons
emitted far from the axis, but the shape of the reduction of ∆ϕ with radial
distance r is changed by the shielding.

The maximum displacements of the spots between the reference pattern
and the distorted pattern were measured on the anode chip. They are listed
in Table 4.3. The points with the maximum displacement are approximately
halfway between the centre and the edge of the tube.

4.2.2 Transverse and oblique magnetic flux density

The non-uniform translation of the image in a direction normal to the trans-
verse magnetic flux density is shown in Fig. 4.9. The comparison between the
unshielded and the shielded case is shown in Fig. 4.10, in which the centres of
the spots are overlaid to the reference positions measured with B=0.0 mT. In

5 The first order coefficient in Eq. 4.3 was dropped to account for δϕ/δr = 0|r→0, i.e.
constant rotation at low radii, as it can be deducted from the equation of motion.
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Figure 4.8: The rotation angle ∆ϕ vs. the photoelectron emission point radial
coordinate r (rotation function), in the unshielded (left) and shielded HPD (right).

these figures the direction of the coil axis corresponds to the horizontal axis.
The shift is larger in the central area of the pattern, while it reduces toward
the left and right edges. This is also related to the reduction of the axial (z )
component of the photoelectron velocity at the spherical cathode edge. The
asymmetry between the upper and lower arms and the left and right ones can
be explained considering the radial components of the velocity.

Previous studies [3] based on numerical simulations had shown that a trans-
verse magnetic flux density as low as a few tenths of mT would sweep the cath-
ode image out of the anode, causing loss of coverage. Magnetic flux densities
well above 1.0 mT were applied during these measurements and the photoelec-
tron were always contained inside the anode pixel sensor area. The reason of
this difference is the magnetic self shielding effect of the HPD Kovar electrodes.

The displacements of the spots were measured and the maximum displace-
ments in the patterns are listed in Table 4.4. The points undergoing the
largest displacements are those close to the centre of the image. There are
still symmetries in the transverse field case, but the parameterization is not as
straightforward as in the case of axial orientation.

The Helmholtz coil was aligned with its axis at 45◦ with respect to the
HPD axis to study the oblique configuration. Data are plotted in Fig. 4.11. In
the unshielded HPD case the distortion consists, as expected, of a translation
and a rotation of the undistorted image. The translation is the evidence of the
effect of the transverse component of the applied B∠ magnetic flux density.
On the other side the shielded case shows rotational symmetry and is very
similar to the axial orientation case. The displacement of the central point is
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Figure 4.9: The double cross reference pattern recorded by the shielded HPD with
no magnetic flux density applied (left) and with B⊥=3.0 mT transverse field (right).

X pixels(mm)
0 2 4 6 8 10 12 14 16

Y
 p

ix
el

s(
m

m
)

0

2

4

6

8

10

12

14

16
0.25 mT

X pixels(mm)
0 2 4 6 8 10 12 14 16

Y
 p

ix
el

s(
m

m
)

0

2

4

6

8

10

12

14

16
5.0 mT

Figure 4.10: Image distortions in the HPD due to transverse magnetic flux density.
The distorted (red triangles) double cross patterns are overlaid to the undistorted
(B⊥=0.0 mT, black circles) reference patterns. Left: unshielded HPD, B⊥=0.25 mT.
Right: shielded HPD, B⊥=5.0 mT.



90 Chapter 4. Magnetic effects on the LHCb Pixel HPD

Unshielded HPD
B‖ [mT] a3 [rad] a4 [rad/mm2] a5 [rad/mm3]

0.25 0.22 ± 0.05 (0.1 ± 2.0)10−4 (-1.0±6.0)10−6

0.50 0.42 ± 0.04 (0.7 ± 2.0)10−4 (-3.0±5.0)10−6

0.75 0.60 ± 0.04 (0.8 ± 2.0)10−4 (-4.0±4.0)10−6

1.00 0.76 ± 0.03 (1.0 ± 2.0)10−4 (-7.0±4.0)10−6

1.50 1.09 ± 0.03 (-1.0± 1.0)10−4 (-6.0±4.0)10−6

Shielded HPD
B‖ [mT] a3 [rad] a4 [rad/mm2] a5 [rad/mm3]

1.0 0.24 ±0.06 (-2.0± 3.0)10−4 0.0
2.0 0.49 ±0.04 (-3.0± 2.0)10−4 (3.0 ± 6.0)10−6

3.0 0.72 ±0.04 (-5.0± 2.0)10−4 (6.0 ± 5.0)10−6

4.0 0.91 ±0.04 (-6.0± 2.0)10−4 (8.0 ± 5.0)10−6

5.0 1.13 ±0.04 (-8.0± 2.0)10−4 (10.0 ± 5.0)10−6

Table 4.2: Coefficients of Eq. 4.3 for different values of B‖ and unshielded/shielded
HPD.

negligible in this case. Therefore data were analyzed as they were taken in the
axial configuration, determining the coefficients of the radial mapping function
and rotation function (Eq. (4.2) and Eq. (4.3)), listed in Tables 4.5 and 4.6.

4.2.3 Effects of the local magnetic shielding
and impact on application

The effects of the Mumetal shield had been previously investigated with a
numerical solution of the magnetostatic problem [4]. A cylindrical envelope
with the same geometry and of the same material of the one used for the
measurements had been considered, with two boundary conditions assumed in
turn: uniform far field B‖ of 5.0 mT parallel to the shield axis and uniform far
field B⊥ of 5.0 mT perpendicular to the axis. These differ from the real case
for the absence of the field sources at finite distance.

In the axial field case, B‖ was shown to be reduced below 1.5 mT on the
axis, in the region inside the shield where the HPD is located. Not surprisingly,
the reduction was bigger in proximity of the cylinder wall (r '40 mm), with
B‖<1.0 mT. In the transverse field case, B⊥ resulted strongly reduced down
to 0.25 mT in the HPD electron optics region. The shielding of the transverse
magnetic flux density by the cylinder is obviously more effective with respect
to the axial case.
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Unshielded HPD Shielded HPD
B‖ [mT] ∆dmax [mm] B‖ [mT] ∆dmax [mm]

0.25 1.6 ± 0.2 1.0 0.9 ± 0.2
0.50 2.6 ± 0.5 2.0 1.6 ± 0.4
0.75 3.7 ± 0.5 3.0 2.3 ± 0.3
1.0 4.7 ± 0.3 4.0 3.3 ± 0.4
1.5 6.4 ± 0.5 5.0 4.3 ± 0.2

Table 4.3: Maximum displacements ∆d measured on the anode for various axial
magnetic flux densities.

Unshielded HPD Shielded HPD
B⊥ [mT] ∆dmax [mm] B⊥ [mT] ∆dmax [mm]

0.25 1.0 ± 0.3
0.50 1.6 ± 0.2
0.75 2.2 ± 0.3 3.0 0.4 ± 0.2
1.0 2.8 ± 0.3
1.5 3.6 ± 0.3 5.0 0.7 ± 0.2

Table 4.4: Maximum displacements ∆d measured on the anode for various trans-
verse magnetic flux densities, with the unshielded and the shielded HPD.

The results presented in Section 4.2.1 are in agreement with the reduction
of B‖ below 1.5 mT inside the shield determined in the simulation. Moreover
the gradual reduction of B‖ going from the axis to larger radii and due to
the shield, reflects in the different shapes of the radial mapping function and
rotation function (Figs. 4.7 and 4.8). The radial compression at larger radii in
the shielded case is due to the decrease of B‖, as well as the smaller rotation
angle at intermediate radial distance. The former is essential to avoid loss of
coverage.

Table 4.4 confirms that even with B⊥ as large as 5.0 mT the maximal
displacement measured in the shielded HPD was smaller than the one observed
in the unshielded HPD with B⊥=0.25 mT.

The recovery of the rotational symmetry (see Fig. 4.11) in the oblique case
can be explained with the strong reduction of the transverse component of B∠

due to the local magnetic shield. The distortions well correspond to the axial
field case, as if only the axial component of B∠ is acting. This is confirmed
by the comparison of entries in Tables 4.5 and 4.6 with those of Table 4.1 for
which B‖=B∠/

√
2.

In Section 1.3 the expected magnetic field inside the LHCb RICH photon
detectors shielding boxes were discussed. The unshielded HPD cannot oper-
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Radial mapping function
B∠ [mT] a1 a2 [1/mm]

0.0 0.182± 0.002 (-4.0 ±1.0)10−4

1.5 0.189± 0.002 (-6.0 ±1.0)10−4

2.8 0.196± 0.003 (-7.0 ±1.0)10−4

4.2 0.218± 0.003 (-10.0 ±1.0)10−4

Table 4.5: Oblique configuration, shielded HPD. Coefficients of the radial mapping
function (Eq. 4.2).

Rotation angle
B∠ [mT] a3 [rad] a4 [rad/mm2] a5 [rad/mm3]

1.5 0.29 ± 0.05 (-3.0 ± 2.0)10−4 (5.0 ±7.0)10−6

2.8 0.50 ± 0.04 (-3.0 ± 2.0)10−4 (3.0±6.0)10−6

4.2 0.76 ± 0.04 (-6.0 ± 2.0)10−4 (8.0±5.0)10−6

Table 4.6: Oblique configuration, shielded HPD. Coefficients of the rotation angle
function (Eq. 4.3).

ate in RICH 1 magnetic flux density of 2.5 mT without coverage loss. The
shielded HPD is expected to be operational with this field level, but given the
large displacements (see Table 4.3) of the image on the anode, a correction of
the distortion will be needed, to recover the required accuracy in the recon-
struction of the photon Cherenkov angle. The HPDs could operate unshielded
in the 1.0 mT transverse magnetic flux density inside RICH 2 shielding boxes,
but would suffer of significant distortions. Local shielding is expected, from
the previous measurements, to reduce the distortions to an undetectable level,
if no significant axial component of B will be present.

4.3 The parameterization of the distortions

The rotational symmetry and regular behavior of the radial mapping function
and the rotation function allow to extend the model presented in Section 4.2.1.

The radial mapping function can be expressed with a second order polyno-
mial:

ρ = ρ1(B‖)r + ρ2(B‖)r
2 (4.4)

ρi(B‖) =
∑

j≤3 ρi,jB
j
‖ (4.5)

in which the coefficients are in turn polynomial functions up to third degree of
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Figure 4.11: Distorted patterns in the 45◦ oblique orientation, overlaid to the ref-
erence pattern (black circles). Left: unshielded HPD with B∠=1.06 mT. Right:
shielded HPD with B∠=4.2 mT.

the field value. In a similar fashion the rotation function is parameterized by

∆ϕ = ∆ϕ0(B‖) + ∆ϕ2(B‖)r
2 + ∆ϕ3(B‖)r

3 (4.6)

∆ϕi(B‖) =
∑

j≤3 ∆ϕi,jB
j
‖. (4.7)

See also footnote on page 87.

Each of the coefficients ρi,j and ∆ϕi,j have been calculated to best fit the
full set of experimental data, thus providing a simple but complete parame-
terization of the radial mapping function and rotation function with respect
to the magnetic flux density.

The coefficients are listed in Tables 4.7 and 4.8. This simple model can also
be applied in the oblique configuration, in which the effect of the transverse
component of B is strongly reduced by the local shield.

ρi,j j
i 0 1 2 3
1 0.1771 1.818·10−4 2.2197·10−5 0
2 -4.713·10−4 8.613·10−6 -1.2794·10−6 1.36·10−8

Table 4.7: Coefficients of the expression of the radial mapping function, Eq. 4.5,
with the radial coordinates expressed in [mm] and B‖ in [10−1mT]=[G]
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∆ϕi,j j
i 0 1 2 3
0 0 2.552·10−2 -4.790·10−5 0
2 0 -6.930·10−6 -8.313·10−7 1.230·10−8-8
3 0 3.381·10−8 1.619·10−8 -2.248·10−10

Table 4.8: Coefficients of the expression of the rotation function, Eq. 4.7, with the
angle expressed in [rad] and B‖ in [10−1mT]=[G].

4.4 Distortion correction

The photon hit position can be reconstructed from a pixel hit using the pre-
vious model even when a B‖ field is acting. The rotation function and the
radial mapping function can be inverted to reconstruct the hit position on the
window from the coordinates of the pixel hit on the anode. It is assumed that
B‖ is known. This constraint will be addressed in Section 4.5.

Fig. 4.12 shows, on the left, the original uncorrected pixel hit data, namely
the centers of the spots recorded by the HPD readout when the light source
was scanned through the points of the double cross. The coordinates are on
the anode plane.

Some of the data points are out of the pattern. They were recorded when
the source was located at the extremities of the pattern and light was reflected
by the metalization at the edge of the HPD cathode. The reflected light reached
the anomalous positions on the cathode originating the clusters of hits out of
the pattern.

The right frame of the same figure shows the output of the reconstruction
algorithm applied to the case with B‖=3.0 mT. The reconstructed positions
of the LED are shown, overlaid to the known real positions. The coordinates
in this figure refer to the x-y translation table coordinates and constitute a
reference frame on the plane normal to the HPD axis, tangent to its entrance
window, with the origin coinciding with the tube axis.

A quantitative evaluation of the results of the correction algorithm can be
expressed by the RMS error in the reconstruction of the 160 positions of the
double cross pattern. The RMS errors are listed in Table 4.9. Sixteen data
points corresponding to the reflections from the edge were excluded from the
computation.

The procedure needs an accurate knowledge of the coordinates of intersec-
tion of the axis of rotational symmetry with the anode plane and the window
plane, from which all the radial distances and vector angles are evaluated. Un-
certainties on these coordinates are a source of reconstruction error, even in
the case with B=0 mT.
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Figure 4.12: Left: the weighted centres of the recorded hits in the pixel detector,
double cross pattern, B‖=3.0 mT. Right: the reconstruction algorithm output. Po-
sitions on the entrance window plane, true (black dots) and reconstructed from data
(red triangles).

The correction error should be compared to the limited spatial resolution
of the HPD due to the pixel size: ∼ 2.5/

√
12 = 0.72 mm and ∼ 0.312/

√
12 =

0.09 mm on the column and row directions. For the application in the LHCb
RICH only the larger resolution has to be considered.

B‖ [mT] RMS reconstruction error [mm]
0.0 0.40
1.0 0.75
2.0 0.88
3.0 1.33
4.0 1.65

Table 4.9: Root mean square reconstruction error on the points of the double cross
pattern, for different values of B‖.

4.5 Magnetic flux density estimation

The correction procedure described in the previous section relies on the a
priori knowledge of the axial magnetic flux density generated by the coils.
The parameterization of the distortions given in Eq. (4.6) allows, despite its
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Figure 4.13: The estimation pattern. Left: B=0.0 mT. Right: B‖=4.0 mT.

simplicity, the estimation of the applied field from experimental data. The
algorithm of the estimator is based on the measurement of the amount of S-
distortion on a simple test pattern. The data read out when no field is applied
and when the unknown B‖ axial flux is present are compared.

The test pattern used for the proof of principle had five spots of light, with
the central one larger in size than the remaining four, located at increasing
radial distances from the former.

Left frame of Fig. 4.13 shows the image read out from the HPD while the
test pattern is being projected onto the window and without magnetic flux
density applied (B=0 mT). The frame on the right shows the effects of the
application of a B‖=4.0 mT magnetic flux density. The static light pattern
used in the test was realized with the digital projector connected to a computer
and attenuated with absorptive filters.

The estimating algorithm extracts informations on the pattern of the im-
age: after thresholding and clustering, the centres of the clusters of hits are
computed by the intensity weighted average. The procedure is applied to the
undistorted image and to the distorted one, producing two lists of spot coor-
dinates. The data points from the two frames are ordered by the increasing
distance from the central spot, which is easily identified in both cases by its
larger size. The correspondence problem is then solved by the algorithm using
the hierarchy in the radial distance. The obtained four point sampling of the
rotation angle as a function of radius is then used together with Eq. (4.6); B‖ is
now considered as a free parameter. The applied B‖ is determined as the one
giving the least square best fit of the measured points.

The results of the application of this algorithm to test runs with various
axial magnetic flux densities are reported in Table 4.10. In most of the cases
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the estimator committed an error smaller than 0.1 mT. The 3.0 mT data set
constitutes an anomaly, the reason of which was not understood.

Applied B‖ [mT] Estimated B‖ [mT] Error [mT]
1.0 0.90±0.20 -0.1
2.0 2.05±0.27 0.05
3.0 3.24±0.27 0.24
4.0 4.08±0.24 0.08
5.0 5.07±0.19 0.07

Table 4.10: The errors of the estimator of the axial magnetic flux density.

4.6 A system for the correction of image dis-

tortions in the LHCb RICHes

The need for a correction of the distortions in RICH 1 was discussed in Sec-
tion 4.2.3. The possibility of the correction of the distortion, once the field
is known, has been demonstrated. Accurate numerical computation of the B
field in the LHCb experiment and measurements on the real system during
the test of the LHCb dipole magnet indicate that the magnitude B‖ of the
magnetic flux density will differ between the HPDs located at different loca-
tions on the detection plane. Also for RICH 2 the possibility of correcting the
residual distortions would be useful.

Given that 484 HPDs will be installed in RICH 1 and RICH 2 an auto-
mated procedure to determine the distortions in each tube should be used. A
projected test pattern is required to be simple, to allow for automatic image
analysis and extraction of quantitative information from the recorded data.
Light projection systems properly positioned in the RICHs are under study
to allow projection of test patterns on the detector planes. They will allow
to apply a calibration procedure similar to the one discussed in the previous
section, by acquiring sample data before and after the ramp-up of the LHCb
dipole magnet current.

Another viable possibility is to map the distortions at various instants
during the ramping up of the magnet current, determining the position of
each spot at various values of the field. This would solve the correspondence
problem by extracting the closest neighbor from frame to frame. A look-up
table should be calculated from the recorded data to map the pixel hit position
to photon hit position. Refinement of the look up table could be done offline
using data from saturated tracks.
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Chapter 5

LHCb RICH 2 optical system

5.1 High reflectivity mirrors. Light and

accurate opto-mechanical system

The particle identification performance of the RICH detectors relies on a highly
reflective and perfectly aligned system of mirrors (Section 1.3.2). The highest
number of Cherenkov photons should be collected for the efficient determina-
tion of the particle type (Section 1.3.2). The precision of the Cherenkov angle
reconstruction goes roughly as 1/

√
N , where N is the number of detected

photons.

N is smaller than the number of emitted photons mainly because of the
photodetector limited quantum efficiency (cf. Chapters 2 and 3). Other losses
are due to photon scattering and absorption, either by the radiator itself or
by the mirrors, or to the reflections at the optical interfaces. Apart from
the special case of silica aerogel, photon losses in the gas radiators can be
neglected [1].

The mirrors must be highly reflective, particularly in the wavelength range
200-400 nm, where the quantum efficiency of the photon detectors is at the
maximum (see Fig. 5.5).

No degradation of the detector angular resolution should be caused by
the mirror geometrical characteristics or residual misalignments. The mirror
support system must therefore allow a precise initial alignment and long term
mechanical stability. It must be also compatible with the fluorocarbons CF4

and C4F10 used as Cherenkov radiators.

The total amount of material of the opto-mechanical system is limited
by the constraint on the radiation length and interaction length discussed in
Section 1.3.3.

The construction and implementation of a light and precise optical system

101
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with a stable and accurate supporting structure has been a technological chal-
lenge requiring extensive research and development. The solutions developed
to satisfy the stringent requirements on the LHCb RICH 2 optical system are
described in the following. The development and construction of the mirrors,
the integration, the quality assurance, the final installation and the alignment
procedure are discussed.

5.1.1 The mirror geometrical characteristics and the mu-
tual misalignment

The optical properties of the mirrors influence the accuracy of the Cherenkov
angle reconstruction [2]. For the LHCb RICH detectors it is required that
the error introduced by the optical systems be negligible with respect to the
others. Both RICH 1 and RICH 2 have reflective surfaces made up of arrays
of adjacent mirror segments. It is useful to distinguish between the intrinsic
optical resolution of the mirror segments and the error due to their mutual
misalignment.

The nominal value of the radius of curvature R is determined by the ge-
ometry of the detector and by the location of the photodetectors out of the
acceptance. Let rc be the radius of the base of the Cherenkov cone on the
mirrors and F=R/2 the focal length of a mirror segment. The RMS error in
the reconstructed Cherenkov angle due to a variation of F is given by:

σθ,F =
rc

√
< ∆F2 >

F2 . (5.1)

Thin and large mirrors as the ones of the LHCb RICHes have irregular
surfaces even at a macroscopic scale. Their surface can only approximate
the ideal spherical shape. The irregular mirror geometry can be described
by the angle ∆θm between the normal to the surface at various points of the
mirror and its nominal direction passing by the centre of curvature. Due to
the reflection of the photons on the mirror, the RMS error introduced in the
reconstruction of the Cherenkov angle is:

σθ = 2σm = 2
√

< ∆θm
2 >. (5.2)

The corresponding transverse spread of the intensity of the image of an ideal
point-like source on the plane at a distance R is:

σs ' 2Rσm. (5.3)

The intrinsic diffraction limited spot size is much smaller and has been ne-
glected. Assuming an ideal two dimensional Gaussian distribution of light in
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the image plane

I(x, y) =
I0

2πσ2
s

e
−x2+y2

2σ2
s , (5.4)

a circle of diameter D0 = 2
√

6σs contains 95 % of the intensity. Therefore the
intrinsic optical resolution of the spherical mirrors can be obtained from:

σθ = 2σm =
σs

R
=

D0

2
√

6R
. (5.5)

The mutual misalignment of the mirror elements is another source of recon-
struction error. However the offline analysis of data will allow for the correction
of the mutual misalignment if it is initially of the order of ∼0.1 mrad [3].

5.1.2 Specifications on the RICH 2 mirrors

Each of the two spherical reflective surfaces of RICH 2 is composed of 28
elements, as shown in Fig. 5.1, for a total of 56 spherical mirrors. There are
36 hexagonal mirrors. Their shape is inscribed in a circle of 502 mm diameter.
The remaining elements are half hexagons or special pieces with cuts to leave
space for the RICH 2 central tube. The radius of curvature and the spot size
were specified to be R = 8600 ± 43 mm and D0 < 2 mm (see Section 5.2.1).
The RICH 2 radiator length is ∼2 m. For particles with β = v

c
= 1 in CF4 it is

θch ' 32 mrad, then rc = θch×2 m ' 64 mm. Eq. (5.1) gives σθ,F ' 0.075 mrad
assuming a uniform distribution of radii in the specification interval. Eq. (5.5)
gives the uncertainty due to the irregularity of the shape σθ,D0 ' 0.05 mrad.
Both contributions to the reconstruction error are negligible with respect to
the other sources listed in Table 1.2 on page 18.

The LHCb RICH 2 design specified the second reflective surfaces to be
planar. Each of them is made up of 20 flat mirrors installed in two arrays of
5×4.

5.2 Measurements of the characteristics

of the LHCb RICH 2 mirrors

5.2.1 Geometrical parameters and surface quality

All the substrates of RICH 2 mirrors were made of SiMax1 glass and were
produced by a specialized firm2. They were ground and polished to the nominal

1Clear hard borosilicate glass with high resistance to heat and chemical stability.
80.4% SiO2, 13.6% B2O3, 2.4% Al2O3, 4.2% Na2O+K2O.

2Compass, Czech Republic.
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Figure 5.1: (a) Design drawings of the RICH 2 optical system, view looking to
positive z. The spherical and flat arrays of mirrors are in evidence. The right flat
mirrors supporting panel is not shown for clarity (cf. Fig. 1.8(b) on page 15). (b)
Detail of the spherical mirror arrays.



5.2. Measurements of the characteristics of the RICH 2 mirrors 105

Figure 5.2: The scheme of the setup for the measurement of the radius of curvature
and the spot size of the RICH 2 mirrors.

shape and thickness from bulk substrates. Their maximum thickness is 6 mm.

An optical test bench was used for qualifying the substrates as they were
delivered to CERN from the manufacturing, prior to coating. The setup is
shown schematically in Fig. 5.2. The radius of curvature of each of the mirror
substrates and the spot size had to be measured. The method was based on
the imaging on a CCD camera of a point-like source after a reflection on the
substrate. The light was reflected at the dielectric boundary between air and
the glass substrate. The distance between the source and the substrate was
varied until a reflected spot of minimum diameter was imaged on the CCD,
located on the plane of the light source. Fig. 5.3 shows a typical reflected
spot as imaged on the CCD sensor. The irregularity of the spot is due to the
non-ideal spherical shape and the hypothesis of Gaussian intensity profile is
clearly not satisfied. In spite of that Eq. (5.5) was applied to calculate the
intrinsic mirror resolutions from the measurement of a spot size.

The spot size D0 was operationally defined as the diameter of the smallest
circle containing 95% of the light reflected on the sensor. The radius of curva-
ture R was the distance between the source and the mirror for which the spot
size D0 was obtained. The two geometrical parameters were simultaneously
measured with an automated procedure. A 16 bit dynamic range CCD had
to be used to guarantee the proper accuracy of the image analysis algorithm
determining the circumference of minimum diameter [4].

Fig. 5.4 shows the results of the measurements on the spherical substrates.
A few of them were out of specifications, but this was not critical because of
the negligible impact on the angular resolution. The resulting average and
absolute maximum error introduced by the spherical mirrors are 0.063 mrad
and 0.12 mrad.
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0D

7 mm

Figure 5.3: The spot of light reflected by the spherical mirrors as imaged on the
CCD sensor located at plane of the point-like source. The sensor was 7×4.6 mm2.

Min. Avg. Max. RMS dev.
Radius [m] 70.9 79.75 96.1 4.8
Intrinsic resolution [µrad] 23.8 63.6 141.2 29.8

Table 5.1: A summary of the measurements on the 40 mirrors of the flat reflec-
tive surfaces. The intrinsic resolution is evaluated by measuring the spot size of a
reference spherical mirror after double reflections on the element under test.

Due to manufacturing limitations the 40 rectangular mirrors that make up
the two flat surfaces are in fact also spherical. However their radius of curvature
is larger than 70 m. This is an acceptable modification of the original design.
They will be still referred using the term flat in the following.

The geometrical properties of the segments of the flat mirrors were quali-
fied using a variant of the procedure described. The light source was imaged
after multiple reflections: first on the mirror under test, then onto a reference
high precision spherical mirror and finally again on the flat mirror. Table 5.1
summarizes the measurements on the 40 mirrors.

The amount of defects on the glass surface, typically originating from bub-
bles in the substrates, was determined by inspection with a microscope. The
substrates were rejected if the defects extended for more than 0.1% of the to-
tal surface. The roughness of the polished substrates could not be measured
directly. The surface quality could be fully evaluated only after the coating of
the substrates.
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Figure 5.4: Geometrical parameters of the RICH 2 spherical mirrors substrates:
scatter plot of spot size D0 vs radius of curvature R. The lines delimit the region in
which the specifications are satisfied.

5.2.2 Reflective coatings

The reflective coatings of the RICH 2 mirrors were realized at CERN [5].
Aluminum is the only viable film material for reflective mirrors that require
high reflectivity in the 200-400 nm UV region [6]. Other common coating
metals (Au, Ag, Pt, Cu) have strong absorption in this wavelength range.
The deposition rate of the high purity Al film in very high vacuum has to be
fast (>4 nm/sec) and the substrate kept at room temperature. Under these
circumstances the level of impurities and the surface roughness are kept very
low and the high reflectivity is obtained. The metal layer has to be coated
with a dielectric film to protect it from oxidation in air. This would introduce
undesired UV absorption. The dielectric coating also acts as a mechanical
protection. Silica SiO2 strongly adheres on Al. It can be used for UV coatings
provided that evaporation in an oxygen enriched atmosphere is used to ensure
full oxidation.

The deposition was done in a 1 m diameter vacuum chamber. An 85 nm
layer of aluminum was deposited on top of a 20 nm chrome layer. The chrome
layer enhances adhesion on the glass substrate. The deposition of Al (5 nm/sec)
was by thermal evaporation of 99.999% pure material, heated by a tungsten
coil. A double layer dielectric coating was deposited on top of the Al layer.
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Ntr 45.3
Spherical mirror coverage 96.2%
Flat mirror coverage 97.5%
Quartz plate interface 96%
HPD array coverage 63.7%
Npe 26
Nhits 22.6

Table 5.2: Expected average photoelectron yield Npe and number of detected hits
Nhits. Ntr was calculated from Eq. (1.12) integrated in the 200-800 nm range,
considering an average track length of 2 m [3, 7], β = 1, the refractive index of CF4

(STP) and the average HPD quantum efficiency of Fig. 5.5. The coverages of the
mirror surfaces are from [7]. An average loss of 2% was estimated for each reflection
at the surfaces of the fused silica plates in front of the photodetector housings (single
layer MgF2 anti-reflective coating centered at 300 nm). The 89.5 mm HPD pitch and
37.5 mm entrance active radius determine the HPD coverage. A detection efficiency
of 87% [8] was used to calculate the number of detected hits from the number of
photoelectrons.

A 38 nm thick HfO2 layer on top of a 28 nm SiO2 layer enhance the re-
flectivity around the peak sensitivity of the photodetectors (270 nm). The
dielectric materials were evaporated by electron beam in oxygen atmosphere
(p(O2)∼10−3 Pa) at rates of 0.2 nm/sec.

Fig. 5.5 shows the average reflectivity of the coated mirrors. The average
HPD quantum efficiency curve is shown as well as the product of the latter
with the mirror reflectivities to account for the double reflection. The expected
average number of photoelectrons in RICH 2 can be calculated from Eq. (1.12).
The results are summarized in Table 5.2. The expected number of detectable
hits is in agreement with the design value [7].

The reflectivity of each mirror was also measured shining light (660 nm)
on the entire surface of the mirror and measuring the reflected intensity. Data
were compared to a reference sample. The distribution of the measured reflec-
tivities of a subset of mirrors is given in Fig. 5.6. The mirrors with a relative
reflectivity lower than 95% of the reference were not accepted for installation
in RICH 2.

5.3 Mirror supporting system

5.3.1 The mirror holder and the holding panels

The mirror support system has to be very light and mechanically rigid. More-
over the possibility to align the mirror elements is to be guaranteed together
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Figure 5.5: RICH 2 mirrors reflectivity and HPD quantum efficiency. The average
reflectivity measured on 63 spherical mirrors is plotted (left axis). The curve for the
flat mirror was measured on the first coated mirror. The HPD quantum efficiency
(right axis) is the average of the measurements on 6 pre-production prototypes. The
product with the two measured reflectivities is shown.
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Figure 5.6: Reflectivity of 42 of the RICH 2 spherical mirrors relative to a reference
sample.
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Radiation length [% X0]
Entrance window 1.0

Exit window 2.5
Spherical mirror panel Flat mirror panel

Al honeycomb support panel 4.0 3.8
Mirror support (average) 0.5 0.4

Mirror 4.7 4.7
Total 12.7 12.4

Table 5.3: RICH 2 material budget. Fractional radiation lengths of the various
elements of RICH 2 traversed by the particles. The corresponding fractional energy
losses of high energy electrons for bremsstrahlung are 11.9% and 11.7%.

with long term mechanical stability. Polycarbonate was chosen to manufacture
the mirror supports. It satisfies the rigidity and lightness requirements and it
is tolerant to fluorocarbon gases.

A polycarbonate ring was glued with epoxy glue on the back of each mirror
segment and connected with a three screw regulation system to a mirror holder.
The polycarbonate mirror holders were connected by screws to the supporting
panels made of aluminum honeycomb 40 mm thick (Fig. 5.7).

The fractional radiation length of the elements of the mirror supporting sys-
tem are listed in Table 5.3. The total fractional radiation length is compatible
with the design value.

5.3.2 Long term mechanical stability monitoring

A full scale prototype of the RICH 2 mirror support system, shown in Fig. 5.8,
was built to study and qualify the mechanical properties and the long term
mechanical stability. The measurement consisted in recording the angular
movements of the mirrors installed on the prototype during several months.
The ambient temperature and the humidity of the room were recorded to
disentangle possible correlations. Fig. 5.9 shows a scheme of the monitoring
setup. A point-like source, located close to the centre of curvature of the
mirrors, was shining light on the sample mirrors. The light reflected by the
mirrors was collected by a system of lenses and imaged as bright spots onto
a CCD sensor. The angular movements of the mirrors were determined by
measuring the displacements of the spots on the sensor. The acquisition of the
CCD frame and of the temperature data was automated. The movement to
monitor was the variation of the direction of the mirror axis, i.e. the possible
pivoting of the mirror on the support. The optical ray reflected from the centre
of the mirror (C) passes through the point where the lens would form the image
of C. The spot formed on the CCD located further, translates of a distance
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(a)

(b)

(c)

Figure 5.7: The mirror supporting system: (a) the aluminum honeycomb panel,
(b) the polycarbonate supports, (c) the mirrors.
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(a)

(b)

(c)
(d)

Figure 5.8: The prototype of the panel (a) with mirror supports and prototype
mirrors (c) for the long term stability monitoring. The concrete blocks (b) and the
reference mirrors (d) are also shown.
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Figure 5.9: A scheme of the long term stability monitoring setup.

∆y in correspondence of the mirror angular displacement ∆θ. The sensitivity
of the optical system is given by:

S =
∆y

∆θ
'

(
2L

cos2 θ

) (
1− s

F

)
(5.6)

where L is the mirror-lens distance, F the lens focal length, s the lens-CCD
distance.

The measurement of the translations was based on the calculation of the
intensity weighted average centres of the spots. Considering that L ' 8600 mm
and that the CCD pixel size was ∼11 µm, a resolution of 1 µrad could be
achieved with the setup. The system was calibrated by translating the point
like source by a known distance and measuring the corresponding shift of the
spot image.

Up to four prototype hexagonal mirrors were installed on the panel. Weights
reproduced the mechanical load of the missing mirrors. Small spherical mir-
rors were installed on the weights to monitor the movements on the full panel.
Reference mirrors were located on the supporting concrete blocks to provide an
absolute spatial reference. Fig. 5.10 shows the spots from the mirrors imaged
on the CCD sensor.

Fig. 5.11 shows the horizontal and vertical angular displacements recorded
for a representative set of sample mirrors during almost six months. The
temperature of the clean room is referred to the right axis. Large angular
movements were measured during an initial period of two months. The tem-
perature was not regulated during this period and its variations influenced
the system. Mechanical deformations of the panel and strain variations at the
interface between the mirror and the polycarbonate holders could be detected
because of the high sensitivity of the setup. Strains induced by the glue and
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Figure 5.10: Sample frame acquired with the CCD of the long term stability setup.
The spots from 16 small mirrors are visible in the negative frame.

by the screws of the polycarbonate holder are released during an initial relax-
ation period of approximately ∼100 days. This phenomenon is visible in the
data. Angular displacements up to 150 µrad were measured. After the initial
relaxation, the root mean square angular deviations of all the mirrors were
below 15 µrad during the stable period from mid October to mid December
(days 70-170). Later the temperature regulation failed and larger movements
of the mirrors were again recorded.

5.4 Installation of the RICH 2 optical system

The production of RICH 2, not including the photon detection system, was
completed by the third quarter of 2005. The mirrors were installed on their sup-
ports, mounted on the supporting panels inside the detector and then aligned
to their nominal positions. Fig. 5.12 shows the two phases procedure that was
used. The 28 elements of each of the two spherical surfaces were first aligned
so that their optical axis intersected in the two nominal centres of curvature
(C and the point symmetric with respect to the z-axis). Two optical systems
similar to the one used for the long term monitoring were employed, with
point-like sources and targets located at well defined positions close to the
centre of curvature. One mirror element at a time or the full panel could be
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Figure 5.11: Representative subset of angular movement data for some of the mir-
rors of the stability monitoring prototype. Day 0 is 15/07/2003. Movements on
the horizontal (vertical) plane are plotted for mirrors SM2, SM5 (SM8, SM10) and
referred to the left axis (cf. Figs. 5.8 and 5.10). The temperature is plotted in black
(central line) and referred to the right axis.
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Figure 5.12: RICH 2 mirrors alignment scheme. Spherical mirrors are optically
aligned by illuminating them from point C. The flat mirrors are aligned imaging a
grating from D on the screen e. Finally the overall alignment is checked imaging
a point-like source from O to O’. The entire procedure is repeated for the second
plane mirror surface, not shown here for simplicity.

illuminated. The spots of light imaged by each mirror element on the target
were recorded with a CCD camera and centres were calculated by weighted
mean. This measured the mirror axis orientation with respect to the target.
The three screw regulation supports were used to align each of the mirrors to
the target.

The segments of the flat mirrors were aligned in a second phase. A point-
like source was located in O and the light was reflected first on the aligned
spherical mirrors and then on the flat mirrors. In this case, due to the large
incidence angle, the image of the point source is not formed in a single point.
Therefore two elements on each flat panel were first aligned until the light was
reflected onto the nominal targets in O’. The remaining elements were aligned
relatively to the first two by projecting a test image from D on a screen (e)
after a reflection on the entire set of flat mirrors. The projected image was a
mosaic of the reflections from each element and abrupt discontinuities in the
projected image originated by the mutual misalignment of the flat segments.
They were aligned until the discontinuities were minimized. The procedure
was used for both the flat surfaces. A final check was done by verifying that
the light from the point source in O was imaged on the expected targets for
each of the elements. The overall procedure proved to be fast and accurate.

Scatter plots of the angular error for the alignment of the spherical mirrors
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Left panel [µrad] Right panel [µrad]
6/6/2005 18/7/2005 6/6/2005 18/7/2005

RMS(θx − θx) 10 10 11 16

RMS(θy − θy) 13 20 13 21

θx -12 -27 5.6 -15

θy -15 -54 -11 -22

Table 5.4: Alignment of the spherical mirrors. θx,y are the projections on the
horizontal and on the vertical planes of the angle between the mirror axis and their
nominal directions. The mean values and RMS deviations are calculated on the 28
mirrors of each panel.

are shown in Fig. 5.13. The three sets of data refer to three sampling times
after the initial alignment. The distance between the average positions of the
spot centres and the target is a measurement of the overall alignment error of
the spherical segments. The RMS deviation of the positions of the centres is
a measurement of the inter-mirror misalignment error. Averages of data are
listed in Table 5.4 and show the excellent accuracy of the alignment of the
spherical mirrors. The alignment accuracy of the flat mirrors was estimated
of the order of 0.15 mrad.

The development and the production of the unique RICH 2 optical sys-
tem achieved the design goals. 96 thin and light highly UV reflective mirrors
were developed and realized. The reflectivity of the metal dielectric coating
performed above specification. The intrinsic angular resolution will have a
negligible impact on RICH 2 angular accuracy. The supporting mechanical
system proved to be stable and precise. Installation and initial alignment
of the optical system were achieved with the desired accuracy. The system
complies with the overall material budget for RICH 2.
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Figure 5.13: Alignment of the spherical mirrors. The projections on the horizontal
and on the vertical planes of the angle between the mirror axis and the target
direction (0,0) are shown. Data taken just after the initial alignment are compared
with two later measurements for the left and the right panel respectively.
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Conclusion

This thesis describes the results of an extensive experimental characterization
of the first prototypes of the LHCb Pixel Hybrid Photon Detector.

The quantum efficiency and the detection efficiency were evaluated by ded-
icated experimental setups (Chapter 2). The achievement of the required spec-
ification on sensitivity was demonstrated and the dependence of the detection
efficiency on the operating parameters determined.

The prototypes were operated in a beam test with a Ring Imaging Cheren-
kov detector (Chapter 3). The experiment was realized to investigate the
device performances under conditions replicating those of the target applica-
tion. The spatial resolution and the detection efficiency of the photon detectors
operating in these conditions were determined. The results confirmed that the
Pixel HPD operated according to the expectations. The achievement of this
milestone determined the adoption of the Pixel HPD as the photon detector
for the LHCb RICHes. The data acquisition and control system developed for
these experiments is currently used in the tube production process for perfor-
mance verification.

The HPD sensitivity to an applied magnetic flux density and the con-
sequent deterioration of its spatial resolution was investigated (Chapter 4) in
order to determine adequate counter measures. The distortions induced by the
magnetic flux density were experimentally evaluated and a model of the effects
was developed. An algorithm for the correction of the distortions induced on
a shielded HPD was conceived, implemented and experimentally verified. The
correction procedure was completed with the implementation of an automatic
method to estimate the applied magnetic flux density, based on the analysis
of a light test pattern projected on the photon detector.

The experimental evaluation of the optical and geometrical properties of
the RICH 2 mirrors (Chapter 5) and the implementation of original installa-
tion and monitoring methods for the RICH 2 optical system made possible to
achieve the required high levels of accuracy and performance.

The fulfillment of the objectives of the described research and development
activity coincides with the installation of the RICH 2 detector, complete with
its optical system, in the cavern of the LHCb experiment.
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Installation of the RICH 2 detector in the experimental cavern
hosting the LHCb experiment.

Simultaneously, the production and the installation of the 484 LHCb Pixel
Hybrid Photon Detectors for the RICH 1 and RICH 2 detectors of LHCb
began.
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Glossary of particle names

This appendix serves as a quick reference for the particles mentioned along the
chapters of this thesis. It does not intend to be exhaustive1.

The Standard Model is the most accurate theory of matter constituents
and fundamental forces available today2. It is a quantum theory including the
theory of strong interactions (quantum chromodynamics, QCD) and the uni-
fied theory of weak and electromagnetic interactions (electroweak). The fourth
fundamental interaction, gravity, is not part of the Standard Model. Matter
constituents are fermions of two types: leptons and quarks (Table 5.5). They
are subdivided in three families. Ordinary (stable) matter is made of electrons
and up and down quarks. For each particle type there is an antiparticle type
with the same mass and spin but opposite electric charge. The fundamen-
tal interactions are mediated by bosonic carriers. The electroweak interaction
is associated with four bosons, including the photon. The strong interaction
is associated to the gluon and acts on the strong charge (or color charge) of
quarks and gluons.

Spin: intrinsic angular momentum of particles. It is usually given in units
of ~.

Fermion: Particle of half-integer spin.

Boson: Particle of integer spin.

Hadron: Subatomic particle experiencing strong nuclear interaction. Made
of quarks and gluons.

1The information here summarized was taken from: The Standard Model of Fundamental
Particles and Interactions Chart, copyright 1999 Contemporary Physics Education Project
(http://www.cpepweb.com).

2It is not a complete theory. Researches in theoretical physics have developed various
theories beyond the Standard Model. Some experimental verifications of these theories will
be done with the experiments at the Large Hadron Collider.
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Barion: Fermionic hadrons made up by three quarks (qqq) or anti-quarks
(q̄q̄q̄). About 120 baryons are known. Among them are the proton (uud, mass
0.938 GeV/c2, charge +e, spin 1/2) and the neutron (udd, mass 0.940 GeV/c2,
zero charge, spin 1/2).

Meson: Bosonic hadrons made of a quark and an anti-quark (qq̄). About 140
mesons are known. Among them are the pion π+ (ud̄, mass 0.140 GeV/c2,
charge +e, spin 0), the kaon K− (sū, mass 0.494 GeV/c2, charge -e, spin 0),
and the B0 (db̄, mass 5.279 GeV/c2, charge 0, spin 0).
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Matter constituents (fermions, spin 1/2)

Leptons
Flavor Mass [GeV/c2] Electric charge
e electron 5.11×10−4 -1
νe electron neutrino <1×10−8 0
µ muon 0.106 -1
νµ muon neutrino <2×10−4 0
τ tau 1.7771 -1
ντ tau neutrino <2×10−2 0

Quarks
Flavor Approx. Mass[GeV/c2] Electric charge
u up 0.003 2/3
d down 0.006 -1/3
c charm 1.3 2/3
s strange 0.1 -1/3
t top 175 2/3
b bottom 4.3 -1/3

Force carriers (bosons, spin 1)

Unified electroweak
Name Approx. Mass[GeV/c2] Electric charge
γ photon 0 0
W+ 80.4 +1
W− 80.4 -1
Z 91.187 0

Strong (color)
g gluon 0 0

Table 5.5: Fermionic constituents of matter and bosonic force carriers. Masses are
expressed in GeV/c2. Electric charge is in units of electron charge 1.6× 10−19 C.
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al CERN, è stato fonte costante di idee e motivazione, nonché un affabile
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