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Introduction

The anomalous penetrating capability of charged particles interacting with straight

crystals is known since at least one century (1912) when J. Stark suggested that

certain directions in a crystal could be more transparent to the passage of charged

particles than in an amorphous material. He realized that the motion of a parti-

cle which enters the crystal with a given alignment (which later was called the

Lindhard angle) with respect to its lattice can be confined in the so-called crystal

channels: this hypothesis was confirmed by several simulations and experiments

in the early 1960s while its theoretical explanation by J. Lindhard dates 1964.

Two steps forward in the crystal physics were made in 1976, when E. N. Tsyga-

nov proposed the idea to steer high energy particle beams using properly bent crys-

tals, and in 2006, when the so-called Volume Reflection (VR) effect was measured

for the first time by the H8RD22 Collaboration at CERN (Conseil Europeen pour

la Recherche Nucleaire, Swiss). These two fundamental “discoveries” opened the

way to several applications such as the manipulation, the extraction and the colli-

mation of low/high energy charged beams, from the 7.5 GeV ones at JINR (Joint

Institute for Nuclear Research, Russia) to the 980 GeV ones at FNAL (Fermi

National Accelerator Laboratory, USA), or the production of high intensity/high

energy γ-ray beams.

From the experimental point of view, a real breakthrough for the physics of

crystals is represented by a new philosophy of testing on extracted beams: the use

of a high precision tracking system capable of reconstructing the direction of each

single particle. This new technique has allowed not only to identify further effects,

such as the above mentioned VR, but also to improve both the knowledge on the

behaviour of several crystal types (in terms of used materials and thickness along

the beam direction) and the accuracy with which the samples are characterized (in

terms of their deflection capability and efficiency), and to start a new research line

dedicated to the study of the radiation emitted by light particles in straight/bent

crystals.

This thesis work focuses on the study of the performance of different tracking

and profilometry systems (the so-called INSULAB, INSUbria LABoratory, and VI-

SION, Versatile and Innovative SIlicON, Telescopes) used in the last years by the

1



2 Introduction

NTA-HCCC, the COHERENT (COHERENT effects in crystals for the physics of

accelerators), ICE-RAD (Interaction in Crystals for Emission of RADiation) and

CHANEL (CHAnneling of NEgative Leptons) experiments, four collaborations

of the INFN (Istituto Nazionale di Fisica Nucleare) dedicated to the research in

the crystals physics field.

The telescopes consist in several modules equipped with 300 µm thick silicon

microstrip detectors produced by different firms (CSEM, Centre Suisse d’Electroni-

que et Microtechnique, FBK-irst, Fondazione Bruno Kessler, and HAMAMATSU

Photonics) and coupled to different types of ASICs (VA2, VA1 prime2 and VA1TA),

all from IDEAS (Integrated Detector & Electronics AS). Depending on the used

silicon tiles and the desired spatial resolution, all the strips or one every two (the

so-called single floating strip scheme) have been readout. The electronics chain is

based on custom ADC (Analog to Digital Converter) and memory/readout boards

and have been upgraded in 2012.

The thesis is organized as follows. The first chaper is dedicated to the straigth

and bent crystals physics; after a brief introduction on the theoretical laws and

the basic working principles of such devices, the different applications and the

experimental approaches which foresee the use of a crystal, both as a clever bender

in High Energy Physics (HEP) experiments or as a high intensity/high energy γ-

ray source, are described in detail. The last part of the chapter focuses on the role

of tracking in crystal physics, with particular attention on the new phylosophy and

techniques introduced by the H8RD22 Collaboration in this field.

The second chapter starts with a brief overview on the semicondutor materials

physics to arrive to the description of the main features of silicon which is the

most used material worldwide and the one on which the detectors presented in

this thesis work are based. The microstrip silicon detector working principle is

presented in the second part of the chapter: a general overview of the parameters

(both geometrical and physical) determining the final performace of a detector,

in terms of noise contribution and Signal to Noise Ratio (SNR) are described;

a particular attention is also given to those factors affecting the intrinsic spatial

resolution (σint ) and the Charge Sharing (CS) among the strips. The chapter ends

with a few hints on the modern electronic chains used to readout the charge signal

in silicon microstrip detectors.

Chapters 3, 4 and 5 are the heart of this thesis work. The third chapter de-

scribes the modules of the INSULAB Telescope (also indicated as reference mod-

ules): both the used silicon tiles, the ASICs (Application Specific Integrated Cir-

cuits) working principle and the readout electronic chain are presented together

with the results (in terms of noise response, SNR and CS) of the first commis-

sioning phase at the CERN SPS (Super Proton Synchrotron) H4 and PS (Proton

Synchrotron) T9 extracted lines.

Chapter 4 describes the two algorithms used to measure the final intrinsic spa-
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tial resolution of the reference modules at different energies (10 GeV at the PS T9

beamline and 150 GeV at the SPS H4 one): both the standard Center Of Gravity

(COG) method and the one based on the so-called eta (η) distribution correc-

tion have been used and are compared. Dedicated analysis, used to estimate and

correct both the Multiple Coulomb Scattering contribution and the tilt angle intro-

duced during the detector positiong along the beamline, are also described.

The first part of chapter 5 contains the description of a new tracking system

(the VISION Telescope) based on a different type of silicon tiles and ASICs; in

particular the focus is pointed on the need to develop a more compact and faster

system which is at the same time general purpose. The commissioning of the

VISION Telescope at the CERN PS T9 beamline in presented in terms of the

same figures of merit used for the reference modules (noise, SNR, σint and CS).

One of the VISION modules has also been used by the ICE-RAD and CHANEL

Collaborations at the Mainzer Mikrotron (MAMI) accelerator to study a set of new

generation crystals (with a thickness down to 50 nm along the beam direction)

with a low energy electron beam. The last part of the chapter deals with the

description of a new data transmission system developed to further increase the

acquisition rate of the whole system.
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Chapter 1

The physics case: track particles to

reconstruct effects

Bent crystals [1, 2] are devices developed to deflect relativistic charged particles

working as the traditional bending magnets (heavy and bulky objects able to pro-

duce huge magnetic fields); thanks to the coherent interaction of the particles with

the ordered crystalline structure, a 0.5 mm (x) × 7 cm (y) × 2 mm (z, beam

direction) silicon strip crystal has the same effect of a 72 T magnetic field [2].

The physics of straight crystals was born in 1912 when the German physicist

Johannes Stark proposed for the first time the idea that certain directions in a crys-

tal1 could be more transparent to the passage of charged particles [4] (figure 1.1),

an effect which later was called Channeling (CH). However, it took more than

50 years for its experimental demonstration with ion beams and computer sim-

ulations (1963 [5, 6]) and its theoretical explanation by the Danish theoretical

physicist Jens Lindhard (1964 [7, 8]). The following decade was dedicated to

the study of the crystal channeling properties both in the low (∼ MeV) and high

(∼ GeV) energy region [2].

In 1976 the Russian physicist Edouard N. Tsyganov proposed to bend a crystal

and to use it to deflect charged particles [9]; his pioneering idea was experimen-

tally confirmed in 1979 [10] at JINR2 and opened the way to many theoretical,

analytical and experimental studies in the following years. Among these studies

there is one which plays a fundamental role both for the physics of crystals and

the high energy physics: the discovery, first in computer simulations (1987 [11])

1The crystal used by Stark, in experiments performed at the RWTH (Rheinisch-Westflische

Technische Hochschule) University in Aachen (Germany) and primarily dedicated to the study of

the X-ray diffraction by crystals [3], was a ∼1 mm thick plate.
2Joint Institute for Nuclear Research, Dubna (Russia), http://http://www.jinr.ru/.

5



6 The physics case: track particles to reconstruct effects

Figure 1.1: Stark’s idea: the motion of a charged particle through a crystal (a)

is different from the one in non ordered structures (b) (the so-called amorphous

materials); the suppression of both the Multiple Coulomb Scattering (MCS) effect

and of the energy loss via ionization in the so-called crystal channel is able to

confine the particle motion in the average continuum potential wells formed by

the subsequent atoms distribution.

and then in experiments at IHEP3 (2006 [12]) and at CERN4 (2006 [13]), of the

so-called Volume Reflection (VR) effect. A new era for the high energy beam

collimation (and not only) was starting.

In parallel, the pioneering researches of Bruno Ferretti [14], Mikael L. Ter-

Mikaelian [15], Freeman J. Dyson and Herbert Uberall [16] on the influence of

the crystalline lattice on the electromagnetic radiation produced by light charged

particles crossing a crystal led to the discovery of the so-called coherent radia-

tion. The possibility to generate intense radiation sources by electrons/positrons

captured in the CH or VR regime in straight/bent crystals became soon of large

interest and stimulated a large number of experiments in the following years [17–

24].

This chapter begins with the description of the bent crystal physics, starting

from the phenomenological point of view, going through the crystal working prin-

ciple, to arrive to the microscopic properties and the theoretical laws behind the

experimentally observed macroscopic phenomena. A brief review of the possi-

ble applications is also given (more details can be found in [1, 2]). The second

part of the chapter focuses on the state of the art of the experimental and analysis

techniques used for testing crystals; in particular the new innovative test philoso-

phy [13, 25] (the so-called 2006-breakthrough), based on real time single particle

track reconstruction, is presented.

3Institute for High Energy Physics, Protvino (Russia), http://www.ihep.ru/.
4Conseil Europeen pour la Recherche Nucleaire (European Organization for Nuclear Re-

search), Geneve (Switzerland), http://www.cern.ch.
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1.1 Crystal physics in a nutshell

The aim of the following sections is to give to the reader some notions about the

crystals physics, without going too deep on the analytical aspects and calcula-

tions of the laws governing the particle motion in a crystal channel. A complete

overview of the straight/bent crystal physics, both from the theoretical, analytical

and experimental point of view, can be found in [1, 2, 26].

1.1.1 A bent crystal at work: from phenomenology to theory

Figure 1.2 shows the bent crystal working principle: the schematic views of the

different processes occurring in a bent crystal depending on its mutual orientation

with respect to the incoming particle are shown in figure 1.2(a) while figure 1.2(b)

presents the scatter plot5 obtained with a 400 GeV/c proton beam impinging on a

Si strip crystal, 1.94 mm thick along the beam direction and 0.5 mm wide, bent

along the (110) plane.

Thanks to the very high spatial resolution (better than 4.2 µm in the direction

measuring the crystal effects [27]) of the detectors (the topic of this thesis work,

presented in chapters 3 and 4), the different regions corresponding to the differ-

ent phenomena are clearly visible in figure 1.2(b) and can be described with the

following figures of merit [1, 28]:

- the deflection angle, defined as the difference between the incoming and the

outcoming particle angle measured before and after the crystal, respectively:

in other words it defines the angular deflection (φ) imparted by the crystal.

Both the crystal physical properties and the particle energy and type affect

the value of the φ angle;

- the angular acceptance, which corresponds to the angular interval (∆α) of

the incoming particles in which the deflection can take place; as for the

deflection angle, ∆α depends both on the particle and the crystal character-

istics;

- the deflection efficiency defined as

ξ =
N

NTOT

(1.1)

5A scatter plot is a 2D histogram where on the horizontal axis there is the crystal misalignment

with respect to the beam direction (α) while on the vertical one the deflection angle produced by

the crystal itself (φ). In this coordinate system, α = 0 means a perfect alignment between the

crystal planes/axes and the beam, while φ = 0 indicates that there is no deflection.
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(a)

(b)

Figure 1.2: The bent crystals working principle (adapted from [1]). (a) Schemes

of the different phenomena occurring in a bent crystal as a function of the crystal

planes orientation with respect to the incoming particle beam. (b) The scatter plot

obtained rotating the crystal with a dedicated goniometric system: the deflection

angle (φ) as a function of the alignment (α) between the crystal and the incoming

particles is presented; the acronyms indicate the different regions, Amorphous-

AMO, Volume Reflection-VR and Channeling-CH, while the lines represent the

DeCHanneling-DCH and the Volume Capture-VC conditions (in blue and black,

respectively).
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where N is the number of particles “captured” in a given regime (CH, VR,

etc.) and NTOT the total number of particles impinging on the crystal. As

will be discussed in the following, there are many factors that contribute

to the efficiency (and to the corresponding inefficiency) of a given effect,

including the crystal length, type, material and quality [29]. For this reason

several new innovative manufacturing techniques, both for the crystals and

the supporting systems (the so-called holders), have been developed in the

last years6 [25, 30, 31].

The scatter plot in figure 1.2(b) thus allows to characterize a bent crystal as

follows (both in a qualitative and a quantitative way7):

- in the external regions of the plot (α < −230 µrad,α > 30 µrad) the dis-

tribution of the particles is centered around φ = 0 because the crystal is

misaligned: this situation (top sketch in figure 1.2(a)) corresponds to the

so-called Amorphous-AMO condition where a particle “sees” the crystal as

a non ordered structure, i.e. an amorphous material. In this case the width

of the particle distribution is given by the MCS contribution of the crystal

itself and of the material budget along the beamline (a certain amount of air

+ the silicon detectors used for the measurement);

- the so-called best Channeling-CH condition is reached when α = 0: an

incoming particle is perfectly aligned with the crystal planes and is captured

in the channel being deflected as schematically shown in the first sketch in

the bottom row of figure 1.2(a). In particular [1, 2]:

* the channeling deflection angle (φCH) depends on the physical proper-

ties of the used crystal as follows:

φCH = l/R (1.2)

where l is the crystal thickness along the beam direction and R the

circular curvature provided by the mechanical support. For the crystal

used in figure 1.2(b) the deflection angle is φCH = 181.9± 0.7 µrad,

which corresponds to a curvature radius R of 10.65±0.01 m, while

a 75% efficiency value has been obtained applying the procedure de-

scribed in [1] for the correction of the crystal torsion effect;

6Morevoer, ξ represents a crucial aspect for the crystal-based beam manipulation; in fact, it

gives the estimation of the performance and of the quality of the used technique. For instance,

only high efficiency allows a good enough cleaning performance in a crystal-based collimation

system [28].
7For a complete description of the analysis procedure (which includes the crystal pre-

alignment, the calculation of the interesting angles and the study of the torsion effect [32]) see [1].
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* on the other hand the channeling angular acceptance (αCH) strongly

depends on the incoming particle energy through the following equa-

tion (the so-called Lindhard or critical angle [2]):

αL = αC =

√

2 ·Umax

pv
(1.3)

where Umax is the height of the potential well in a straight crystal8

while p and v are the particle momentum and velocity, respectively;

- for a large interval of α values (-182 µrad≤ α ≤0 µrad ), almost the whole

beam is slightly deflected, in a direction opposite to the channeling one, in

the so-called Volume Reflection-VR regime. It consists in the reversal of the

transverse momentum of the incoming particle when it becomes parallel to

the crystal planes inside the crystal volume (third sketch in the bottom row

of figure 1.2(a)). As shown in figure 1.2(b), both the VR angular accep-

tance (being determined by the bending angle of the atomic plane [12]) and

the deflection efficiency are very large compared to the ones for CH while

the VR deflection angle is small and can be expressed with the following

equation [33]:

φV R ∼ 1.5 ·αC (1.4)

For the crystal used in figure 1.2(b) an angular deflection φV R = −29.7±
0.8 µrad and a deflection efficiency larger than 97% have been measured;

- given a crystal is not an empty region, the fluctuations in the particle trajec-

tories could take the particle out or bring it into the channeling condition,

contributing to the inefficiency of the CH and VR conditions, respectively:

* the so-called DeCHanneling-DCH regime (second sketch in the bot-

tom row of figure 1.2(a)) affects the particles which are initially cap-

tured in CH and, after a given path (the so-called dechanneling length

LD), are expelled from the channel due to the scattering with the crys-

talline medium. In figure 1.2(b) the dechanneled particles are those at

α = 0 and located in the vertical region between the channeling peak

and the amorphous one;

* on the other hand the particles which are brought in the channel in

the so-called Volume Capture-VC regime, fill the diagonal region in

figure 1.2(b) connecting the end of the VR zone with the CH peak.

8As will be shown later, the potential well in bent crystals is different from the one in straight

crystals; the Umax value is thus smaller, corresponding to a smaller critical angle [1].
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As for VR, VC takes place when the particle becomes tangent to the

crystal channel inside the lattice volume but, instead of being reflected,

it is captured in the channel behaving like a channeled particle. Since

the α angle differs from 0, in this case the deflection angle is smaller

than the one for CH (fourth sketch in the bottom row of figure 1.2(a)).

1.1.1.1 The continuum approximation

A crucial aspect for the theoretical treatment of the bent crystal physics is the

so-called continuum approximation [2] which is schematically represented in fig-

ure 1.3: a charged particle travelling with a small angle (α ≪1) with respect to

the crystallographic planes experiences a series of correlated collisions with the

crystal lattice atoms; in this condition the transversal component of the particle

momentum p is very small compared to the longitudinal one (figure 1.3(a)).

The net result is a long path along the longitudinal direction and the interaction

with a large number of atoms: the electric potential V (x,y,x) of each atom could

be thus replaced with an average potential generated by the whole plane, as if the

charge inside the crystal had a continuum distribution (figure 1.3(b)).

The average continuum potential is defined as [2]:

Upl(x) = Ndp

∫ ∞

−∞

∫ ∞

−∞
V (x,y,z)dydz (1.5)

where Ndp represents the planar atom density being N the number of atoms per

unit volume and dp the interplanar spacing. Assuming Lindhard’s parametriza-

tion [7] for the single atom potential:

V (r) =
ZiZe2

r
Φ

(

r

aT F

)

Φ

(

r

aT F

)

= 1−
(

1+
3(aT F)

2

r2

)−1/2 (1.6)

(where Zi is the atomic number, Ze the charge of the incoming particle, r the

particle-atom distance and Φ(r/aTF) the screening function taking into account

the crystal charge distribution9) equation 1.5 becomes:

Upl(x) = 2πZiZe2Ndp

(

√

x2 +3a2
T F − x

)

(1.7)

where x is the distance from the plane.

9aTF is the Thomas-Fermi screening radius aTF = 0.8853 ·aB ·Z−1/3 with aB = 0.529 Å [1].
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(a)

(b)

Figure 1.3: (a) Schematic description of the motion of a particle (green dot) quasi

aligned with a series of atoms inside a crystal (red dots) [1]; the parallel and

transversal components of the particle momentum p are also shown. (b) Repre-

sentation of the average potential well Upl(x) experienced by a particle trapped in

the crystal channel [1].
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As shown in figure 1.3(b), a particle moving in a crystal channel “feels” the

average potential generated by the sum of the single atoms electric potential; how-

ever the contribution of the two nearest ones is dominant so that the average po-

tential U(x) can be written as [2]:

U(x)≃Upl

(

dp

2
− x

)

+Upl

(

dp

2
+ x

)

−2Upl

(

dp

2

)

(1.8)

where x = 0 corresponds to the middle position between the two planes and

U(0) = 0. The U(x) value in turn, being proportional to Zi and N (equation 1.7),

depends on the crystal material and, for a given crystal, changes as a function

of the interplanar distance dp: the wider the channel the greater its confinement

strength. Table 1.1 summarizes the main channel parameter values for silicon,

germanium and tungsten [2], the typical materials used to build crystals in high

energy physics experiments10.

Channel Lc dp aT F ρ Zi U(xc)
[Å] [Å] [Å] [Å] [eV]

Si 5.43 0.194 0.075 14

110 1.92 16

111L 2.35 19

111S 0.78 4.2

Ge 5.65 0.148 0.085 32

110 2.00 27

111L 2.45 30

111S 0.81 7.2

W 3.16 0.112 0.050 74

10 1.58 63

110 2.24 105

Table 1.1: Main parameters of the crystal channel for Si, Ge and W [2]: the

channels typically used to deflect particle beams are listed (Lc indicates the crystal

lattice constant).

10In this case the average continuum potential has been computed in the so-called Molière ap-

proximation

Φ

(

r

aTF

)

=
3

∑
i=1

αi · exp

[

βi

aT F

]

(1.9)

(where α=(0.1, 0.55, 0.35) and β=(6.0, 1.2, 0.3) [2]) and with xc = dp/2− 2/ρ being ρ the rms

(Root Mean Square) amplitude of the atomic thermal vibration, which for silicon at room temper-

ature is 0.075 Å [28].
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As shown in the top part of figure 1.4, representing the average continuum

potentials computed with the ECHARM software11 both for positive (left) and neg-

ative (right) 150 GeV/c pions in a silicon (110) crystal, x = 0 corresponds to the

minimum (maximum) value of the potential for positive (negative) particles.

Figure 1.4: Planar potential (top) and particle trajectories (bottom) (simulated,

respectively, with the ECHARM and DYNECHARM++ softwares) in a (110) silicon

crystal [35]. The red shaded areas represent the nuclear corridors while the vertical

black lines indicate the positions of the atomic planes; particles with different

impact parameters (red/black trajectories) have been considered.

The bottom part of figure 1.4 shows the simulated pions trajectories inside the

crystal12: as will be discussed in section 1.1.1.3, the larger is the particle impact

parameter (red lines), the larger is the probability for a particle to be dechanneled

by the regions with the high nuclear density (the so-called nuclear corridors [26]).

11Electrical CHARacteristics of Monocrystals [26, 34] is a software, written in C++, to calculate

the one- and two-dimensional averaged physical quantities along the main planes/axes of any

orthorhombic or tetragonal crystal structure [2].
12In this case the DYNECHARM++ (DYNamic ECHARM++ [26, 36]) software has been used:

it is a toolkit to simulate the trajectories of the charged particles interacting with complex crystal

structures. The core of the code (which is written in C++) is based on the integration of the equa-

tion of motion for the charged particles under the continuum approximation while the electrical

characteristics of the crystals are computed with the ECHARM software.
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Moreover, negative particles, which are “captured” around the crystal planes (as

their potential well minima correspond to the nuclei positions) are more subjected

to the DCH effect, even if they are initially aligned with the plane with a small

impact parameter (black lines); this results in a shorter dechanneling length LD

for negative particles with respect to the one for positive particles in the same

conditions (beam energy and used crystal [1]).

1.1.1.2 Channeling

According to equation 1.3, the CH effect occurs when a particle impinges on the

crystal with the “correct” angle, i.e. when the misalignment angle is−αc <α<αc

in the coordinate system given in figure 1.2(b). In terms of energy, this condition

corresponds to a particle transversal energy which does not exceed the maximum

value of the potential well formed by the atomic nuclei.

In the continuum approximation α ∼ pt/pl ≪ 1 which in turn gives pl ∼ p;

the total energy of the system can be thus written as follows [2]:

E =
√

p2
t + p2

l +m2c4 +U(x)≃ p2
t c2

2El

+El +U(x)

El =
√

p2
l c2 +m2c4

Et =
p2

t c2

2El

+U(x)

Et =
p2

l c2

2El

α2 +U(x)≃ p2c2

2E
α2 +U(x) = const.

(1.10)

where El and Et indicate, respectively, the longitudinal and the transversal energy

while the last two equalities derive from the energy conservation principle. The

particle transversal energy is thus a function of its alignment (α) with the crystal

plane and of its position (x) inside the channel (figure 1.5).

As already mentioned, the particle remains trapped in the channel until its

transversal energy Et ≤Umax (critical value of the transverse energy), i.e.:

Et =
p2c2

2E
α2 +U(x)≤Umax (1.11)

Equation 1.11 thus defines the possible values of α and x for a channeled particle;

in particular [2]:

- a particle approaching the crystal close to the atomic planes is rapidly re-

moved from the CH condition; thus the maximum potential value Umax does
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Figure 1.5: Schematic view of the interplanar potential [1]: the red dots represent

the atomic nuclei while the blue line is the potential shape U(x); the green dot

represents a particle with a transversal energy Et ≤Umax =U(xc).

not correspond to the top of the potential barrier (U0) and the following

equation holds:

Umax =U(xc) ; xc = dp/2−aTF −2ρ (1.12)

where xc is the so-called critical transverse coordinate and takes into ac-

count the effect of the atomic thermal vibration [2];

- taking into account the relation pc2 = vE the transverse particle energy be-

comes:

Et =
pv

2
α2 +U(x) (1.13)

for which the conditions Et =Umax and x = 0 correspond to particles which

enter the channel in its center, thus giving the maximum misalignment angle

(equation 1.3). For a straight Si crystal Umax ≈ 20 eV (table 1.1), thus αc is

280 µrad at 500 MeV, 9.42 µrad at 450 GeV and 2.39 µrad at 7 TeV [1];

- the particle trajectory for an arbitrary U(x) can be directly obtained from

equation 1.11: taking into account that α = dx/dz (where dx and dz are the

infinitesimal increases in the transversal and longitudinal spatial directions,

respectively) and differentiating with respect to z, one obtains a sinusoidal

oscillation (as shown in figure 1.4):

x =
dp

2

√

Et

U0
sin

(

2π · z
λ

+φ

)

λ = πdp

√

pv

2U0

(1.14)
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where λ is the oscillation period which for instance is∼ 25.5 µm for 400 GeV/c

protons in silicon [1].

As far as bent crystals are concerned, the previous treatment of the CH effect

is still valid since a macroscopic curvature radius of several meters has negligible

effects on the crystalline microscopic structure in the Å range [2]. However it

causes the particle to feel a centrifugal force in the non-inertial frame which ro-

tates with the particle itself13. Taking into account the centrifugal force (defined

as pv/R(z), with R(z) the local curvature radius), the transversal energy and the

equation of motion given by the expressions 1.13 and 1.14 remain valid with the

substitution of the effective interplanar potential Ue f f (x) [2]:

Et =
pv

2
α2 +Ue f f (x)

pv
d2x

dz2
+Ue f f (x) = 0

Ue f f (x) =U(x)+
pv

R
x

(1.15)

where the dependence of the curvature from the local position in z has been re-

moved since the crystal curvature can be considered constant (R(z) = R) along the

whole crystal thickness. Figure 1.6 shows the effective interplanar potential for a

Si (110) crystal bent with 2 different curvature radii: the larger pv/R, the smaller

the potential depth (and thus the confinement capability of the crystal) and the

minimum of the barrier is shifted toward the atomic plane.

At some critical (pv/R)c = Rc value (the so-called Tsyganov critical radius),

the well disappears and channeling is no longer possible; this in turn affects both

the value of the critical angle (equation 1.3) and the expression of the particle

motion (equation 1.14) which become:

x =−xc
Rc

R
+ xc

√

Et

Ub
0

sin

(

2π · z
λ

+φ

)

αb
L =

√

2 ·Ub
max(R)

pv
= αL

(

1− Rc

R

)

(1.16)

where Ub
max(R) indicates the transversal energy limit for channeling in a bent crys-

tal and Ub
0 = Ue f f (xc)−Ue f f (xmin). xmin = −xcRc/R corresponds to the “new”

equilibrium point in the channel, i.e. the “new” position of the potential well min-

imum [1, 2]; on the other hand, the last equality for the Lindhard angle has been

obtained cosidering Ub
0 =U0

(

1− Rc

R

)2
[1].

13In this reference system, the z coordinate follows the direction of the bent atomic planes while

the x and α coordinates are defined with respect to the local atomic plane at a given z position [2];

see [1] for more details.
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Figure 1.6: The interplanar potential for a Si (110) crystal bent with 2 different

curvature radii (expressed in terms of pv/R) [26]; the potential computed in the

Moliére approximation (solid black line) is shown for comparison.

1.1.1.3 Dechanneling

As mentioned in section 1.1.1, not all the particles captured in the CH regime

remain in this condition travelling across the crystal along its whole thickness;

moreover, the assumption that Et is conserved during the motion inside the crys-

talline lattice is no more valid in a real crystal [2]. The scattering processes at

the basis of the DCH effect produce, in fact, an increase in the transversal en-

ergy which, overcoming the interplanar potential barrier, causes the release of the

particle from the CH condition (figure 1.7).

In particular, two main categories of scattering events, both described by an

exponential law with a characteristic decay length14, can be recognised:

- the Multiple Coulomb Scattering on Nuclei (MSN) in which an instant

change in Et occurs for those particles crossing the crystal with a initial

large value of the transversal energy, i.e. Et ∼U0: these particles are quickly

removed from the CH condition and the corresponding dechanneling length

14According to [2], the following exponential decay can be used:

N(z) = N0 · e−
z

LD (1.17)

where N(z) is the number of channeled particles at the z position along the crystal (z ≤ crystal

length) and N0 is the number of channeled particles at the crystal entry face.
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Figure 1.7: Schematic views of the DeCHanneling process in a bent crystal [1];

the particle trajectory in the non inertial frame which rotates with the channel

(left) and in the phase space (right) are shown.

can be defined as [1]:

Ln
D = Egap · pv · 2X0

E2
c

(1.18)

where X0 is the radiation length, Ec =13.6 MeV [37] and Egap =U0−Umax;

- the Multiple Coulomb Scattering on Electrons (MSE) where a progressive

growth of Et occurs for particles with Et <Umax; with respect to MSN, this

phenomenon is “slower” and affects the particles along their whole path

inside the crystal. The corresponding dechanneling length is given by [2]:

Le
D =

256

9π2
· pv

ln(2mec2γ/I)−1
· aTFdp

Zremec2
(1.19)

where I = 16 ·Z0.9
i is the ionization potential, me and re are, respectively,

the electron mass at rest and the classical radius and γ is the Lorentz factor.

Considering silicon crystals and 400 GeV positive charged particles, Ln
D ≃2 mm

while Le
D ≃22 cm [1] which means the MSE effect is negligible in short crystals

(the last generation ones with a thickness smaller than 1 mm) while the MSN

effect represents the main source of dechanneling.

It can be noted that both Ln
D and Le

D are proportional to the incoming parti-

cle energy (pv) which means the probability to remain in the CH condition lin-

early increases with the particle energy as expected given the scattering angle

θMCS ∝ E−1 [38]; therefore, the effects due to multiple scattering, which reduce

the channeling efficiency, become less important at high energy.

The situation becomes slightly worse when the crystal is bent: considering

equation 1.16 for the particle motion, in fact, the channeled particles are shifted

towards the atomic plane and thus are more subjected to the scattering with the
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large nuclear density region. As for the Lindhard angle (equation 1.16), the ex-

pression for the dechanneling length in bent crystals becomes:

Lb
D = LD

(

1− Rc

R

)2

(1.20)

1.1.1.4 Volume Effects

As already discussed in section 1.1.1, in a bent crystal CH is not the only phe-

nomenon able to deflect particles; as shown in figure 1.2(b), the so-called volume

effects play a crucial role in the particles deflection. In particular the change in the

potential well shape (figure 1.6) allows the particles misaligned with the crystal

planes at its entry face (those with α ≥ αC which cannot enter the CH regime) to

arrive at a tangency point with the bent crystallographic planes while crossing the

crystal volume. In terms of energy this corresponds to an initial large transversal

component (Et ≥U0); in turn, being Et a motion constant [1], a progressive align-

ment of the particle with respect to the channel in the non inertial frame comoving

with the crystal channel is possible15. Here two effects may take place:

- the particle loses its transversal energy and gets trapped into the channel

in the VC condition (figure 1.8); it is the inverse of the DCH process (fig-

ure 1.7). According to the so-called Lindhard reversibility rules [7], in fact,

these two processes require the same amount of transversal energy: a de-

crease for the VC effect and an increase for the DCH one (as discussed in

section 1.1.1.3).

Figure 1.8: Schematic views of the Volume Capture regime in a bent crystal [1];

the particle trajectory in the non inertial frame which rotates with the channel

(left) and in the phase space (right) are shown.

The number of particles undergoing this process (which contributes to the

VR inefficiency) can be computed considering the δz = RαC distance, along

15Thanks to equation 1.15, at a certain radial coordinate rt , Ue f f (rt) = Et and thus α = 0.
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which the particle is almost aligned with the crystal planes and could be cap-

tured into the channel, and the fact that αc gives the angular scale allowing

channeling; the following estimation for the VC probability holds [2]:

PVC =
δz

LD
=

Rαc

LD
∝

R

(pv)3/2
(1.21)

where LD derives from the fact that the DCH probability (PDCH) is equal

to the VC probability (PVC), thanks to the reversibility rules, while the last

proportionality is given by the dependence of both αC (equation 1.3) and

LD (section 1.1.1.3) from the particle energy16;

- the particle transversal direction is elastically reversed by the interaction

with the potential barrier resulting in the VR condition (figure 1.9).

Figure 1.9: Schematic views of the Volume Reflection regime [1]: the particle

trajectory in the non inertial frame which rotates with the channel (left) and in the

phase space (right) are shown.

As shown in the left part of figure 1.9, VR takes place, as well as VC, when

a particle enters the crystal misaligned with its planes so that the transver-

sal energy overcomes the potential barrier; the particle is not channeled and

crosses the crystal approaching the tangency point rt with the channel with

a trajectory similar to the VC one (red lines in the right part of figures 1.8

and 1.9). However, with respect to the VC case, the transversal energy fluc-

tuations in the VR regime are not able to cause the particle confinement

in the CH condition: in this point the particle has no longer a transversal

16A more rigorous espression for the VC probability is given by [2] which introduces a numer-

ical correction factor:

PVC =
π

2

Rαc

LD

(1.22)

This formula has been confirmed in [39] with a 10-20% accuracy [2].
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kinetic energy thus it reverses the motion under the influence of the inter-

planar potential (pink line in the right part of figure 1.9). In other words the

reflection can be described in two steps: the particle is first stopped by the

potential barrier and then re-accelerated in the opposite direction; moreover,

from figure 1.9-right, it is clear that the transversal energy of the reflected

particle is too large to trap the particle into the CH regime so that it follows

the direction assumed after the reflection.

According to equation 1.4, the VR deflection angle is proportional to the

CH critical angle through the factor 1.5 which includes both the effective

position in the channel in which the particle enters and leaves the crystal

and the bending of this latter which deforms the effective potential [33].

In particular, a study of the VR features in terms of deflection angle and

inefficiency as a function of the crystal curvature [1, 40] has shown that:

* the VR deflection angle φV R (black dots and red squares in figure 1.10)

linearly increases with R until it reaches a plateau; as shown in fig-

ure 1.6, since the deformation of the interplanar potential is larger for a

small curvature radius, the effective planar potential tends to a straight

line (which means a smaller depth of the potential wells which reduces

the crystal confinement strength);

* for the same reasons, the VR angle rms σV R (pink and blue triangles

in figure 1.10) becomes smaller; moreover the increase in the spread

of the electric field strength near the turning points in the effective

potential is responsible of the larger σV R values for small curvature

radii;

* the VR inefficiency ε1 (black dots and red squares in figure 1.11) lin-

early increases with the crystal curvature radius in agreement with

equation 1.21; the other analytical curve ε2 represents the percentage

of the volume captured particles.

Summarizing, the larger R, the larger φV R; the larger R, the smaller ξV R

and ∆αV R. Thus, to obtain the same acceptance, the crystal length should

be increased but the particle loss in inelastic interactions with the crystal

nuclei should be kept under control. The optimal bending radius for short

Si crystals could be thus defined as 10Rc [33] which maximizes both the

deflection angle, the VR efficiency and the angular acceptance.

As mentioned above, the VC and VR effects are very similar: the particle be-

comes aligned with the crystal planes while crossing its volume and its energy

transversal component equals the Ue f f (rt) value. Nevertheless, as stated by equa-

tion 1.21, the VC effect scales with the particle energy approximately as E3/2 and
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Figure 1.10: The mean VR angle φV R and its rms σV R as a function the crystal cur-

vature radius [1]; the experimental data (black dots and pink triangles for the mean

and the rms, respectively), the simulation data (red squares and blue triangles) and

the analytical curves (continuous and dashed) are shown for comparison.
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Figure 1.11: The VR inefficiency ε1 as a function the crystal curvature radius [1];

the experimental data (black dots), the simulation data (red squares) and the ana-

lytical curve (continuous) are shown for comparison. ε2 represents the probability

to enter in the stable channeling condition (VC regime).
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thus it is less probable at high energies; on the other hand VR becomes the domi-

nant effect and almost all the particles are subject to VR as experimentally proved

at 400 GeV/c [1] with the crystal used in figure 1.2(b).

1.1.1.5 Crystal “advanced” effects

As shown in the previous section, the VR effect allows to deflect high energy

particle beams with a very high efficiency and offers a larger angular acceptance

than the one for CH; on the other hand its smaller deflection angle, together with

the dependence of this latter on the intrinsic crystal properties, strongly limit the

VR capabilities.

For these reasons, in recent years different solutions to increase the VR de-

flection angle (while maintaining a large enough deflection efficiency) have been

studied in computer simulations and experimentally tested:

- the Multi VR in a sequence of crystals (MVR) (figure 1.12(a)) consists

in the use of a series of many crystals aligned between each other; in this

way a particle, crossing the sequence of crystals, is subjected to a series of

reflections, resulting in a larger deflection angle.

(a) (b)

Figure 1.12: (a) Schematic view of the Multiple Volume Reflection in a couple of

bent crystals [1]; (b) photo of an array of 9 silicon strip crystals [1].

The feasibility of this technique, both with positive and negative particles,

has been tested and experimentally proven in 2008 [1, 41] using a series

of multi-strip crystals (like the one shown in figure 1.12(b)): 400 GeV/c

protons have been deflected of a 67.5±0.5 µrad angle with 92% efficiency

while a 79.5±1.0 µrad deflection angle and a 87% efficiency have been

measured with 150 GeV/c electrons at the CERN H8 and H4 beamlines,

respectively; in both cases only 5 strips of the whole crystal array were

properly aligned to exploit the MVR effect [1];
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- on the other hand, going to the “second crystal dimension” (i.e. rotating it

along the vertical direction), the so-called axial effects offer the possibility

to drive particles that are spinning around the axes or to reflect them in

several planes inside a single crystal. In particular, two main effects have

been studied up to now:

* the Axial CHanneling (ACH) in which the particle is aligned with re-

spect to the planes and is moving at a small angle with respect to the

crystal atomic string (left part of figure 1.13(a)); in this condition the

particle feels an electric field with a cylindrical symmetry distribu-

tion (right part of figure 1.13(a)). The interesting feature of ACH is

twofold:

· the critical angle is larger (of a factor 2-3) than the one for the

planar case [2] which means a larger angular acceptance; never-

theless it increases the probability for dechanneling for negative

particles;

· the undeflected component of the beam is practically absent as ex-

perimentally demonstrated in [42] where the results are compared

with a Montecarlo simulation.

* the Multi VR in One Crystal (MVROC) where deflection angles up to

5 times larger than φV R could be reached [1]. It is based on the possi-

bility that, under specific alignment conditions and using properly de-

signed crystals, the volume reflections due to the main vertical plane

and the corresponding skew ones take place subsequently during a sin-

gle crystal crossing thus increasing the final value of the deflection as

shown in figure 1.13(b). This effect has been theoretically described

in 2007 [43] and experimentally demonstrated in 2009 [44] on the H8

beamline with 400 GeV protons.

1.2 Bent crystals applications

The intention of the following sections is to give to the reader a few hints on the

possible applications of the bent crystals physics, focusing the attention on the

high energy beam manipulation17. Crystals are, in fact, easy to use and compact,

17For completeness, bent crystals are also used in medicine and biology; in particular, the so-

called microbeams (very small size particle beams in the mm2-nm2 scale) can be produced, ex-

ploiting the CH effect in bent crystals, to study the effects of a low radiation dose on single cells

(or small group of cells) or to characterize a sample in terms of its composing elements through

the so-called Particle Induced X-ray Emission (PIXE) technique (more details can be found in [1]

and the literature therein).
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(a)

(b)

Figure 1.13: (a) A particle (right) aligned with the crystallographic axis and

trapped in the Axial CHanneling regime by the corresponding continuous poten-

tial (left) [1]. (b) The Multi VR in One Crystal principle (shown in the phase

space of the horizontal and vertical misalignment) [1]: the blue lines represent the

crystalline planes (the main and the skew ones) while the green arrow is the tra-

jectory of a particle initially misaligned with respect to the axis (of αx0 and αy0)

and subject to MVROC.
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their behaviour is predictable and reliable and they have been demonstrated to be

radhard [29, 45, 46].

Starting from the techniques commonly used for the manipulation of the ex-

tracted beams (beam splitting and focusing, section 1.2.1), the attention will be

focused on the current hot topic in high energy particle physics (the crystal-based

extraction/collimation systems, section 1.2.2) to arrive to the possibility to produce

intense photon beams (section 1.2.3) thanks to the coherent radiation generated by

light charged leptons crossing bent crystals [19–24].

1.2.1 Extracted beam manipulation

Since Tsyganov’s idea in 1976, the bent crystals promising properties, together

with their very small sizes and compactness (compared to the magnet dipoles

ones), were rapidly exploited to manage extracted particle beams [2]. In particular,

bent crystals are used in two main fields:

- the crystal beam splitting technique18 has been used since 1988 at the IHEP

laboratory to share the 70 GeV proton beam between several experimental

areas (where different experiments can be carried out simultaneously [2]).

Figure 1.14(a) shows the layout of the IHEP crystal beam splitting sta-

tion: the crystal splitter, placed in a pre-existing bending magnet (M4)

and aligned in the CH regime, is able to deflect the proton beam up to

59 mrad [2] and divide it between two experimental zones (channel 21 and

23);

- on the other hand, bent crystals are efficiently used since 1985 as beam

focusing devices [47]: a crystal bent in such a way that the directions of the

crystalline planes converge towards a focal point (figure 1.14(b)) allows not

only to deflect a particle at a given angle but also to focus it. For instance,

as shown in figure 1.14(c), the Full Width Half Maximum (FWHM) of the

1 GeV proton beam at the synchrocyclotron of LINP19 has been reduced

from 15±0.1 mm down to 0.65±0.05 mm using a 44 mm thick bent silicon

crystal [47].

18Typically, a beam splitter consists in electrostatic or magnetic splitters which require a con-

siderable space [2].
19Leningrad Institute of Nuclear Physics, now Petersburg Nuclear Physics Institute (PNPI),

Gatchina (Russia), http://www.pnpi.spb.ru/index.html.en.
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(a)

(b) (c)

Figure 1.14: (a) Schematic view of the beam splitting station installed at the IHEP

laboratory [2]: M1-8 are bending magnets, Q1-6 are quadrupoles, D1-4 are beam

profilometers and S1-2 are scintillator counters. (b) The principle of beam focus-

ing with a bent crystal [2] and (c) the 1 GeV proton beam at LINP focused by a

44 mm thick silicon bent crystal [47].
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1.2.2 Beam extraction and beam collimation

Among the bent crystals applications, the most attractive one is the possibility

to extract or collimate high energy particle beams20. In both cases, the basic

principle is the same (as shown in figure 1.15): a crystal (oriented in different

regimes) intercepts the beam halo deviating it from the circular trajectory. At this

point:

- the deflected beam is lost on an absorder (collimation case); typically the so-

called Target Aperture Limitation (TAL) secondary collimators21 are used

for this purpose;

- the extracted beam is sent to a Bending Magnet (BM) that brings it to the

experimental areas (extraction case).

In both cases, the crystal acts as a clever kicker without spreading the beam

halo over the whole solid angle (which is the main limit of the standard multi-

stage collimation systems22) but directing it towards a given direction (i.e. on

the TAL absorber or on the BM that serves an experimental area). Moreover,

crystal assisted extraction and collimation present several benefits with respect to

the classic methods [45]:

- they can work in parasitic mode, i.e. they allow at the same time the opera-

tion of a collider and the production of an extracted beam;

- since the extraction mechanism does not use a resonant method, the ex-

tracted beam has an almost flat time structure;

- very small beam sizes and regular beam shapes can be obtained;

- polarized beams can be extracted without affecting the polarization of the

main circulating beam;

- several different design schemes can be used to obtain the required beam

deflection and efficiency; for instance:

20The collimation system is an essential apparatus in particle accelerators and, in particular,

for the Large Hadron Collider (LHC) one [29]. Its role is to reduce the so-called beam halo, i.e.

the external region of the beam populated by those particles which are leaving the nominal orbit

because of the scattering on the residual gas or the beam-beam interaction. The halo reduction thus

represents a crucial aspect for modern accelerators since halo particles cause equipment damages,

residual radiation and large experimental backgrounds [1].
21At LHC ∼1 m long tungsten absorbing blocks are used; at the low energy of the U-70 IHEP

ring, stainless steel 250 cm long absorbers are exploited [46].
22They are based on amorphous targets which spread the primary halo; the resulting secondary

halo is in turn directed to a secondary collimator [28].
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(a)

(b)

(c)

Figure 1.15: Schematic views of three possible beam extraction/collimation sys-

tems (adapted from [1]): (a) the CH, (b) the VR and (c) the MVR regimes are

considered.
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* crystals oriented in the CH condition (figure 1.15(a)) are used to de-

flect the halo very far from the circulating beam and with a large

enough efficiency;

* on the other hand the systems based on crystals aligned in VR or MVR

regimes (figures 1.15(b) and 1.15(c)) allow to obtain larger extraction

efficiency values;

- both the extraction and the halo collimation can be exploited in a broad

range of energies, from the sub-GeV cases (i.e. for medical accelerators) to

the multi-TeV machines.

Given these advantages, crystal-based extraction and collimation have rapidly

progressed thanks to the effort of several worldwide research centers [48]: JINR [49],

FNAL23 [50–52], IHEP [46, 53], CERN [54–58] and BNL24 [59]. As summarized

in table 1.2, a very large energy range has been investigated across the last three

decades with the aim to increase the extraction/collimation efficiency ξcoll (de-

fined as the ratio of the beam intensity measured in the external beamline or at the

TAL station over the total beam loss as measured in the entire ring [45]) and test

the crystal lifetime eventually reduced by the particle power deposit.

Research center Year Energy range Particle type ξcoll Reference

[GeV] [%]

JINR 1984 4.2 - 7.5 p+ 10−4 [49]

FNAL 1985 up to 400 p+ 10 [50]

IHEP 1989 up to 70 p+ 1 [53]

CERN 1990-2000 up to 270 p+, Pb ions 0.55-50 [54–56]

FNAL 1994-1996 900 p+ 25 [51]

IHEP 1997-2000 up to 70 p+ 60-85 [46]

BNL 2001-2003 900 p+, Au ions 25 [59]

FNAL 2005-2011 980 p+ 70 [52]

CERN 2009-2015 120 p+, Pb ions 75-85 [57, 58]

Table 1.2: Experiments performed in the last 30 years to prove and investigate the

crystal-based extraction/collimation technique. The CERN-UA9 experiment [57,

58] (which is the last frontier in this field) is shown in red.

Efficiency values up to 85% have been obtained mainly thanks to:

23Fermi National Accelerator Laboratory, Batavia (USA), http://www.fnal.gov/.
24Brookhaven National Laboratory, Upton (USA), http://www.bnl.gov/world/.
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- the discovery and the subsequent study of the so-called multipass mecha-

nism [46, 55]. It takes place in a circular accelerator where the particles

stay on the same orbit for many turns; when a crystal is put in the beam

halo with the correct orientation for CH or VR and a particle crosses it

without being channeled, the particle has anyway a new possibility of being

channeled the next turn and so on; the net result is an increase of ξcoll;

- the improvement in the fabrication and the following tests25 of a new gen-

eration of bent crystals and holders [46, 52]:

* on one side, the so-called STrip-like (ST) crystals (figure 1.16(a)),

which have a small thickness along the beam direction, have allowed

to reduce both the MCS and the nuclear interactions in the crystal it-

self; in this way the average number of particles crossings in many

turns and ξcoll increase;

* on the other hand, the so-called O-Shaped (OS) crystals (figure 1.16(b))

have provided a further increase of ξcoll thanks to the reduction of the

crystal torsion;

* finally, the so-called QuasiMosaic (QM) crystals (figure 1.16(c)) have

opened the way to the manipulation of low energy particle beams [60].

As far as the crystal lifetime is concerned, several experimental tests have been

performed both at IHEP and at CERN together with computer simulations26:

- IHEP crystals [45] with a different thickness along the beam direction were

exposed to particle fluxes up to 1013-1014 proton hits/s for a time interval

between 0.5-1 s and several minutes without significant changes in the CH

efficiency nor a clear presence of radiation damages. Moreover one of the

crystals has served for extraction for 10 years (from 1989 to 1999) without

replacement [46];

- at CERN with 450 GeV/c protons and fluxes up to 1020 protons/cm2 [56, 61]

the crystal lost only 30% of its deflection efficiency, which means ∼100 years

lifetime in the so-called H8 microbeam enviroment before the crystal needs

replacement;

25Moreover, Monte Carlo simulations were performed to study the crystal extrac-

tion/collimation at the CERN SPS (Super Proton Synchrotron), FNAL, BNL and IHEP: ξcoll

could be raised up to 90% mainly thanks to the shortening of the crystals (more details can be

found in [46] and the literature therein).
26Moreover, different materials (W, Mo and diamond), together with the typically used ones

(Si and Ge), have been considered and tested both from the mechanical (ease in bending) and

purity point of view (low mosaic spread and low dislocation density) together with their radiation

hardness [29, 48, 56].
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- proper scaling of the IHEP results showed that a Si crystal would meet oper-

ations in the strict LHC environment with a considerably large safety mar-

gin, considering a LHC bunch of 1011 protons and the fact that the IHEP

crystals showed to withstand to an instant dump of 1000 bunches [29].

1.2.3 Crystals as high intensity γ-ray sources

This section briefly summarizes some applications of the coherent radiation emit-

ted by bent crystals oriented in the CH or VR condition, without analyzing its

theoretical aspects which can be found in more detail in [1, 62].

As already mentioned, bent crystals offer great advantages not only thanks to

their very promising deflecting properties but also as high intensity sources of γ-

rays. The coherent aspects characterizing the interaction of a particle crossing a

straight/bent crystal, in fact, do not affect only the particle trajectory but also the

way it loses energy while travelling through the crystalline medium [2, 62].

Since 1950 many experimental and theoretical studies have been dedicated

to the investigation of the photon emission by relativistic light leptons crossing

straight crystals (see [14–18] and the literature therein); these studies have demon-

strated the strong difference of the electromagnetic processes in crystals with re-

spect to the ones in amorphous media [62]. Nevertheless this phenomenon and

the resulting applications, in particular in bent crystals, are still under investiga-

tion [19–24].

As mentioned in section 1.1, CH and VR phenomena are very different from

the deflection point of view: the small deflection angle of VR is compensated

by its excellent deflection efficiency and angular acceptance; CH offers larger

and adjustable deflection angles at the expense of a smaller efficiency. Neverthe-

less, when the coherent radiation emission is taken into account, their description

becomes similar. In both cases the microscopic interaction with the interplanar

potential plays the main role producing an oscillation in the transversal direction

with respect to the motion [1, 20, 62]:

- in the CH regime the particle transversal energy is smaller than the potential

barrier and the particle performs a quasi harmonic oscillation (figure 1.17

left) whose amplitude depends on the initial transversal energy value [26];

moreover, the particle energy loss via ionization (MCS with the nuclei) is

strongly suppressed with respect to the one given by radiation emission;

- in the VR condition the transversal energy exceeds the potential barrier so

that the particle crosses the crystalline planes in an almost regular sequence

(figure 1.17 right).
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(a) (b)

(c)

Figure 1.16: Schematic views and photos of three different bent crystals designs:

(a) the STrip-like (ST), (b) the O-Shaped (OS) and (c) the QuasiMosaic (QM) one.
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Figure 1.17: Trajectories of a channeled (left) and a volume reflected (right) par-

ticle inside a bent crystal; also the quasi harmonic interplanar potential is shown

(center) [20].

In both cases the net result is the emission of an intense radiation whose spec-

trum, depending on the particle energy, can present several peaks which corre-

spond to the different harmonics of the oscillation [1, 62].

As far as the applications are concerned, there are many proposals to ex-

ploit the enhancement of the radiation emission in straight/bent crystals properly

aligned in the CH or VR condition [1]:

- the most attractive is certainly the possibility to produce high intensity/high

energy photons through the coherent interactions both in straight and bent

crystals. With respect to the standard γ-ray beam production methods, in

fact, crystals offer the possibility to generate much more intense beams of γ-

rays27 and cover a wider energy range. In addition to that, a peaked structure

spectrum and highly polarized γ-ray beams can be obtained;

- at the same time also the γ → e++ e− conversion in crystals is enhanced,

resulting in a “compact” electromagnetic shower that allows to increase

the number of emitted positrons without depositing too much energy in the

medium. This idea represents a great advantage for the next e+/e− collid-

ers (e.g. the future ILC28 and B factories) which will require an increased

beam intensity that in turn corresponds to the development of a more pow-

erful positron source. Tests on the crystal-based positron source have been

successfully performed at the KEKB injector linac29 showing a ∼ 25% in-

27Typically the standard way to produce high energy γ-ray beams is the use of bending magnets

where high energy electrons lose their energy via bremsstrahlung; even if high energy end-point

spectra can be produced, this technique does not allow to generate high intensity beams [1].
28International Linear Collider, https://www.linearcollider.org/ILC.
29Kō Enerugī Kasokuki Kenkyū Kikō, High Energy Accelerator Research Organization,

Tsukuba (Japan), http://www.kek.jp/en/.
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crease in the positron yield and a ∼ 20% reduction of the heat load on the

target [63] compared to that for a conventional tungsten plate (figure 1.18);

(a) (b)

Figure 1.18: The crystalline positron source used at KEKB compared with a stan-

dard one based on a tungsten plate [63]: (a) the e+ production efficiency as a

function of the crystal/plate thickness and (b) the normalized targets temperature

rise as a function of the beam repetition rate.

- on the other hand, the strong dependence of the CH radiation emission from

the incoming particle mass can be exploited for Particle IDentification (PID)

at very high energy where the standard methods (Cherenkov counters or

Transition Radiation Detectors - TRDs) cannot be used; the PICH30 pro-

gram [64] at CERN has recently proven this technique (figure 1.19);

- the use of bent crystals opened new ways for the photon production: the

increased angular acceptance in the VR condition, the possibility to control

the number of particles undergoing a certain effect (the so-called tagging

capabilities) and the development of new crystal types (the so-called Crys-

talline Undulators (CU) [65], figure 1.20) allow, on one side, to apply the

above described techniques to low energy/low collimated beams and, on the

other hand, to further increase the emitted radiation intensity.

30Particle Identification with CHanneling radiation.
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(a) (b)

Figure 1.19: Experimental results of the PICH program [64]: the photon effi-

ciency (defined as the number of particles emitting a detected radiation, over the

total acquired ones) as a function of the misalignment between the crystal and the

incoming beam. At small angles a clear enhancement in the emitted radiation can

be seen for electrons and positrons of (a) 5 GeV/c and (b) 20 GeV/c momentum.

Figure 1.20: The Crystalline Undulators (CU) working principle [1]. The nuclei

forming the bent crystalline planes are shown in red, the blue line is the channeled

particle trajectory, d is the interplanar distance while a and λu are the oscillation

amplitude and period, respectively: the radiation emitted at each oscillation adds

coherently.
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1.3 The role of tracking in crystal physics

As can be seen from section 1.1, the investigation of the bent crystal effects re-

quires high precision measurements: CH and VR are, in fact, identified by rela-

tively small deflection angles and occur for small angular acceptances (both of the

order of hundreds of µrad). To provide a complete and high precision characteri-

zation of a sample (straight or bent) the whole setup must comply with two main

requirements [2]:

- to have a large enough repeatability; for this reason high precision go-

niometric systems are used to rotate the crystals with an angular trans-

lation comparable to the CH critical angle (few µrad in the GeV energy

range [2]); for instance the ones described in [1, 25] or in this thesis work

(section 5.3.2) allow to align the samples with a 2-5 µrad precision;

- to measure the particle distribution with very high angular precision that

in turn corresponds to have a particle position reconstruction system with a

very high spatial resolution, close to the physical limit of the bent crystal

effects; for instance the ones presented in chapters 3 and 5 have a 4-8 µm

spatial resolution [27, 66].

The setups tipically used nowadays in bent crystal physics studies [1, 57, 60]

completely meet the two above mentioned requirements; nevertheless, to achieve

a good enough performance, it took more than 30 years and a multi-stage pro-

cess, that has registered a turning point in 2006 when, for the first time, real time

position sensitive detectors were used to reconstruct the single particle track [25].

1.3.1 From the emulsion plates to the high precision measure-

ments: why a full tracking system?

As described in [2, 67], the first channeling experiments were typically based

on integrated measurements to estimate the deflection angles and the efficiency

values of the various crystal effects. During the last three decades, special methods

for the identification of the channeled, reflected and non-channeled particles have

been tested and improved:

- on one side, the anomalous ionization loss (up to ∼60% less [2] with respect

to an amorphous material) has been used to study the CH effect in straight

crystals (where the non channeled particles overlap the channeled ones). In

this case the crystals themselves have served for the identification of the

different crystal regimes: as described in [68], Ge or Si crystals were doped

with B ions, a 200 Å Al layer was deposited as a back contact for the biasing

and the crystals were used as solid state ionization detectors;
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- on the other hand, in bent crystals (where the CH portion is clearly separated

from the non channeled and the VR ones) the angular dependence of the dif-

ferent regimes has been used (and nowadays is the most used technique) to

study the crystals properties. For these purposes different strategies (whose

pros - red - and cons - green - are summarized in table 1.3) have been tested

with the aim to increase the measurement precision at the same time mini-

mizing the time needed to collect the required statistics and to perform the

data analysis [2]:

* at first, sets of Drift Chambers (DCs), together with a system of coin-

cidence/anticoincidence counters and/or crystals operating as dE/dx

detectors, were used soon after the bent crystal physics birth (in 1976)

allowing a spatial resolution up to ∼100 µm;

* later, thanks to their very high spatial resolution (up to ∼1 µm), Nu-

clear Emulsions (NEs) were used both for the investigation of the crys-

tals imperfections and to disentangle the different crystal effects; for

instance, the first experimental evidence of the VR effect in 2006 [12]

has been measured with 2 R-100 emulsions placed downstream the

crystal and exposed to an integrated flux of 5 particles/µm2 (figure 1.21);

Figure 1.21: The 70 GeV IHEP proton beam recontructed with a nuclear emulsion

as described in [12]: the three different regions, named A, B and C correspond,

respectively, to the reflected, the primary and the channeled portion of the beam

(as schematically reported in the right part).

* at last, as already mentioned above, the real breakthrough is repre-

sented by the use of tracking/profilometry systems based on high spa-
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tial resolution Silicon Detectors (SiDs). They allowed, in fact, to reach

the desired spatial accuracy (see for instance figure 1.2(b) or [1, 25,

60, 66]) and, at the same time, a strong reduction of the time needed

for both the measurement and the data analysis phases together with a

greater compactness of the whole system. For these reasons, the real

time systems have completely replaced the previous integrated mea-

surements, making the crystal physics more precise and fast.

System Resolution Device & DAQ Data analysis

DCs Good (∼100 µm) Very complex Time consuming

NEs Very High (∼1 µm) Easy Time consuming

SiDs High (∼5 µm) Compact Real time

Table 1.3: Comparative table between the three data taking systems typically used

in crystal physics: green and red indicate the pros and cons, respectively.

Going in detail on the systems based on real time silicon detectors, depending

on the beam conditions (energy, dimensions and divergence) and on the available

space in the experimental area two more considerations can be made31:

- beam profile integrated measurements (figure 1.22(a)), where the beam im-

pinges on a crystal placed on a goniometer and the different components

are detected downstream by SiDs [60, 66], are the ideal ones to study the

crystal effect in the sub-GeV energy range. However, in this case, the reduc-

tion of the MCS contribution represents a crucial aspect imposing stringent

requirements both on the beam characteristics (the beam has to be very nar-

row and highly collimated [1]) and on the beam collimation and alignment

systems (which have to guarantee the above mentioned requirements on the

beam shape and, at the same time, provide high enough beam intensity to

characterize the crystals in a short time [67]);

- on the other side the capability to reconstruct the single particle track before

and after the crystal (figure 1.22(b)) offers, especially at high energy, clear

advantages with respect to the previous one: a larger versatility with respect

to the beam conditions together with the possibility to correlate the angu-

lar information with the impact point on the crystal make this strategy the

ideal one for many crystal experiments in the hundred-GeV energy range.

However, even if this scheme allows to select the interesting portion of the

beam (i.e. CH, VR, etc.) with special offline analysis methods (see for in-

stance [1]), a low divergent and enough collimated beam is still desiderable

31More detailed considerations can be found in [1].
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to maximize the good statistics, i.e. the number of particles that actually

cross the crystal.

(a)

(b)

Figure 1.22: Schematic views of two strategies to perform a crystal channeling

test [1]: (a) beam profile integrated measurements or (b) single particle track re-

construction (SiD1-4 are silicon detectors).
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Chapter 2

Silicon detectors & electronics for

tracking

Since 1980, when the German physicist Josef Kemmer introduced the planar tech-

nology1 for the silicon detector production [71] (which in turn allowed the seg-

mentation of the tiles themselves), high performance semiconductor based track-

ing systems have become essential as precise position sensitive detectors, both

in fixed target or collider experiments and in space and medical physics. For in-

stance, the modern LHC experiments exploit several m2 of silicon for their track-

ing/vertexing detectors [72, 73]. On the other hand, in standard data taking silicon

based tracking systems are extensively used to test the performances of many other

types of detectors (for example calorimeters [74–76]) or more complex systems

as in the bent crystal physics presented in chapter 1 [1, 20, 32, 66].

From the technology point of view, the present panorama is very wide [70, 77]

and several different strategies are applied nowadays to develop very high spatial

resolution (down to submicron values [78]) devices: from single and double side

microstrip and pixel silicon detectors, to the high purity germanium, GaAs and

diamond sensors and the ultra-thin 3D systems [70, 77, 79].

The first part of this chapter gives a brief overview of the basic properties of

semiconductors and of the techniques used to improve the material quality (in

terms of number of free charge carriers and conductivity). After a comparison

between the most common semiconductor materials used in particle physics, the

attention will be focused on the working principle and performance of the silicon

based position sensitive detectors. In particular, the effect of the variuous technical

parameters (such as the physical and the readout pitch or the charge sharing among

the strips) on the detector performance (especially in terms of spatial resolution)

1Kemmer’s idea was to systematically apply the “planar” MOS (Metal Oxide Semiconductor)

technology developed in microelectronics, i.e. the application of successive processing steps on

the surface of a silicon wafer [69, 70], also in detector construction [71].

43
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will be discussed.

The last part of the chapter is dedicated to the state of the art of the electronics

used for the readout of modern silicon detectors.

2.1 Semiconductors in a nutshell

The following sections briefly review the basic properties of semiconductor ma-

terials and their electrical characteristics that make them the most important ma-

terials for electronics applications and widely used as particle detectors. A more

detailed analysis can be found in [69, 70, 77, 80].

2.1.1 The intrinsic semiconductors

The key point that makes semiconductor materials so important for many different

applications is their characteristic energy band structure (figure 2.1). In particular,

the semiconductors peculiarity is to behave as insulators or as conductors depend-

ing on the temperature: e.g. they are insulators at 0 K while they are conductors at

300 K [69]. The energy band gap between the valence and the conduction bands

in semiconductors has, in fact, intermediate values (table 2.1) with respect to the

ones for insulators and conductors: 1.12 eV for Si, 0.66 eV for Ge and 1.43 eV

for GaAs are just a few examples.

Figure 2.1: Schematic view of the energy bands structure of a) an insulator, b) a

semiconductor and c) a conductor [70].

As a consequence, at room temperature, few electrons can be thermally ex-

cited into the conduction band; as a net result the semiconductor material has a
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Material Si Ge GaAs diamond

Atomic number Z 14 32 31+33 6

Atomic weight A 28.08 72.60 144.63 12.01

Atomic density [cm−3] 5.00·1022 4.42·1022 2.21·1022 -

Lattice structure diamond diamond zincblende diamond

Lattice constant a [Å] 5.43 5.66 5.65 3.57

Density ρ [g/cm3] 2.33 5.33 5.32 3.52

Relative dielectric constant εr 11.8 16.0 10.9 5.5

Energy gap [eV]

Eg 1.12 0.66 1.43 5.47

Eg (at 0 K) 1.16 0.75 1.52 5.51

Ionization energy [eV] 3.60 2.96 4.20 13.00

Effective density of states [cm−3]

in the conduction band NC 2.80·1019 1.04·1019 4.70·1017 -

in the valence band NV 1.02·1019 6.10·1018 7.00·1018 -

Mobility [cm2/V·s]

electron µe 1500 3900 8500 1800

hole µh 600 1900 400 1600

Intrinsic carrier density ni [cm−3] 1.45·1010 2.40·1013 1.10·107 ≤103

Minority carriers lifetime [s] 2.50·10−3 10−3 ∼10−8 -

Intrinsic resistivity ρc [Ω·cm] 2.3·105 47.0 ∼108 ≥1012

Conductivity σ [S/cm] 5.38·10−6 0.0223 1.56·10−9 -

Breakdown field [V/µm] 30 10 40 2000

Fano factor F 0.12 0.13 0.10 0.08

Radiation length [cm] 9.36 2.30 2.30 12.15

[g/cm2] 21.82 12.25 12.25 42.70

Hygroscopic no yes - no

Earth crust abundance [mg/kg] 2.82·105 1.5 1.90·101 (Ga) 2.00·102 (C)

1.80·101 (As)

Table 2.1: General properties of the most commonly used semiconductors and

compound. All the values are from [69] and are at T=300 K (unless otherwise

stated); the red values are from [70], the blue ones from [77], the orange ones

from [81] and the green one from [82]; the conductivity has been computed as

σ = e ·ni · (µe+µh), where e is the electron charge [38].
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conductivity in the 10−8-104 S/cm range [82]. However, these values for the con-

ductivity are far from being ideal for particle physics applications; for this reason,

the so-called doping procedure (section 2.1.2) is used since the ’50ies both to

improve and to control the semiconductor conductivity2.

2.1.2 The estrinsic semiconductors and the reverse-biased p-n

junction

As shown in figure 2.2, the key element of the doping procedure is to move, by

introducing a minimal amount of special impurities (∼1-100 ppm [82]), the Fermi

energy level3 close to the conduction or the valence band obtaining the so-called

n-type and p-type materials, respectively. Let’s consider for instance a silicon

atom4:

- by adding pentavalent 15th group elements, the so-called donors (P, As, etc),

only four electrons of the dopants form a covalent bond with the Si atoms

leaving the fifth weakly bound (figure 2.2(a)-left). At room temperature this

excess of negative charge increases the conductivity of the semiconductor:

a current flow mainly due to the movement of these free electrons appears

and, as shown in figure 2.2(a)-right, the Fermi level moves close to the

conduction band;

- viceversa, by adding trivalent 13th group elements, the so-called acceptors

(B, Ga, etc), three covalent bonds are formed while the fourth remains in-

complete (figure 2.2(b)-left). This vacancy (hole) is filled by an adjacent

electron and so on: as a net result the holes become the majority charge

carriers producing a measurable current; in this case the Fermi level shifts

close to the valence band (figure 2.2(b)-right).

2The effects of semiconductor doping were long known empirically but the process was for-

mally developed by the American engineer John R. Woodyard working at the Sperry Gyroscope

Company during World War II [83].
3The Fermi level EF , which for the intrinsic semiconductors lies in the middle of the energy

band gap, is defined as the energy level with an occupation probability of 50% [69]; taking into

account the dynamic equilibrium and the neutrality condition the following equation holds [69]:

EF =
EC +EV

2
+

kT

2
· ln

(

NV

NC

)

(2.1)

where k is the Boltzmann constant while EC (EV ) and NC (NV ) are the minimum (maximum)

available energy and the density of states in the conduction (valence) band (table 2.1).
4Silicon is a semiconductor element belonging to the 14th group of the periodic table, according

to the modern IUPAC (International Union of Pure and Applied Chemistry, http://www.iupac.org/)

classification; Si atoms have a tetrahedron crystalline structure with 4 valence electrons which

form covalent bonds with the neighbouring atoms.
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(a)

(b)

Figure 2.2: The impurities (left) and the Fermi level (right) in a doped semicon-

ductor: (a) a n-type material and (b) a p-type one; the Fermi level is close to the

conduction or the valence band, respectively.

A crucial aspect of this procedure is that, by substituting a small amount of

dopant atoms, the number of charge carries in the semiconductor strongly in-

creases (acting in turn on the value of the conductivity): weakly doped silicon

crystals contain only 1 impurity per 1 billion of Si atoms while highly doped

semiconductors contain 1 dopant atom per 1 thousand of Si atoms.

The basic idea to use doped semiconductors as particle detectors is to create

a carrier-free active volume, where the particles deposit their energy, and to read

the signal at the edges of such a volume: the solution is to build the so-called p-n

junction (i.e. a single crystal doped with both acceptor and donor atoms) and to

apply a reverse bias voltage.

Figure 2.3 shows a planar reverse-biased p-n junction at the dynamic equilib-

rium:

- at first, when the p- and n-type materials get in touch, the initial charge

carriers gradients in the contact zone cause the electrons to diffuse toward
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Figure 2.3: Schematic view of a planar reverse-biased p-n junction.

the p-type region and the holes to migrate in the opposite direction: positive

donor ions and negative acceptor ones remain uncompensated in the n-type

and in the p-type zones, respectively, forming the so-called space charge

region or depleted region;

- at the same time, the carriers migration creates a potential barrier that con-

trasts the holes/electrons diffusion until the dynamic equilibrium is reached.

The so-called built-in potential, i.e. the electrostatic potential corresponding

to the potential barrier, is given by

Vbi =
kT

q
ln

NAND

n2
i

(2.2)

where ni is the intrinsic carrier density, q is the electronic charge while

NA (ND) is the acceptor (donor) concentration; in other words, the built-in

potential strongly depends on the doping concentration. For instance [70]

NA = 1016 cm−3 ; ND = 1012 cm−3

Vbi = 0.0259 · ln 1016 ·1012

(1.45×1010)2
= 0.458 V

(2.3)
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- for a non-biased p-n junction the width of the depleted region is generally

small (25.3 µm for the example given in equation 2.3) and can be determined

using the Poisson equation [69]:

W =

√

2εSi

q
·
(

NA +ND

NAND

)

·Vbi

W ≈
√

2εSiVbi

qND

(2.4)

where εSi is the absolute dielectric constant of silicon5 while the second

expression is the approximation for a p+n junction (NA ≫ ND) where the

depletion region is almost entirely on the n-side of the junction;

- applying an external potential difference Vbias of the same sign of Vbi (i.e

applying a reverse bias voltage) the height of the barrier becomes VB =
Vbias +Vbi: thus the width of the space charge region and, in turn, the sig-

nal collected by the external electrodes increase. In this case, assuming the

same concentration of equation 2.3 and Vbias =40 V, the width of the deple-

tion layer is ∼230 µm and 2.3 µm on the n-side and p-side, respectively;

- under equilibrium conditions, minority charge carries (electrons in the p-

type material and holes in the n-type one) are thermally generated every-

where inside the crystal volume and are free to drift and diffuse under the

influence of the electric field: the net effect is an increase of the current at

the edges of the crystal volume, known as leakage current (IL)6. To keep

IL as low as possible, in order to reduce the intrinsic background of the de-

tector itself, the purity of the crystal must be controlled with a special care;

moreover it must be noticed that IL proportionally depends on W (which

in turn linearly increases with
√

Vbias) and reaches a stable value when the

detector is fully depleted [80].

2.1.3 Why silicon?

A variety of criteria may be applied in choosing the detector material and can be

classified in two main categories [70]:

5The absolute dielectric constant for silicon is defined as εSi = εr · ε0, where εr is the relative

dielectric constant (reported in table 2.1) and ε0 is the vacuum permittivity (8.85·10−14 F/cm [70]).
6It depends on the point where the electron-hole pairs are generated and it consists of two

elements: the generation current, given by the charge produced in the depletion region, and the

diffusion one, coming from the electron-hole pairs generated in the proximity of the space charge

region and which have had a chance to diffuse in it before their recombination [80].
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- the intrinsic properties of the used material, such as the energy needed to

create an electron-hole pair, the density and the atomic number;

- the technological feasibility both from the costs point of view and the ma-

turity of the used technology in producing high purity/low defects concen-

tration materials; at the same time the possibility to integrate the readout

electronics on the same detector substrate is becoming a fundamental task

in particular in the present experiments such as the LHC ones [72, 84].

Compared with other materials, semiconductors are the preferred ones for

high precision tracking devices, as well as for a wide range of radiation detec-

tors, thanks to their unique physical properties [80, 84]:

- with respect to gaseous and scintillating materials, the semiconductors re-

quire the smallest amount of energy to create an electron-hole pair; con-

sidering for instance Si, Ne and plastic scintillator, the average required

energy (wi) per pair/photon production is 3.6 eV, 37 eV and 300 eV, re-

spectively [37]. As a consequence, semicondutor based detectors have an

excellent intrinsic energy resolution and the smallest value of the Fano fac-

tor7, in the 0.08-0.13 range (table 2.1);

- they are high density low Z materials with excellent mechanical properties:

very compact and thin (down to ∼150 µm along the beam direction [85])

tracking devices can be built with a large enough output signal8, limiting at

the same time the MCS contribution; moreover they can be assembled in

complex geometries without a deterioration of their bulk characteristics;

- even if in semiconductors there is no multiplication of the primary charge

deposited by the incident particles and the output signal is a function of

the detector thickness only, they allow to reach unique and very high spa-

tial resolution values (down to 0.7 µm [78]). The capability to measure the

particle position is in fact connected both to the shape and the time struc-

ture of the charge clouds and to the design of the detector itself, i.e. the

7The Fano factor (F) includes all the fundamental processes which lead to energy loss inside

the detectors material and it is related to the energy resolution through the following expression:

R = 2.35

√

Fwi

E
(2.5)

where E is the energy of the incident particle.
8Considering a typical thickness of 300 µm and an average energy loss of 390 eV/µm in a

silicon 〈111〉 lattice, one obtains ∼3.2×104 e-h pairs, a signal that can be measured with a low

noise electronics chain [80].
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choice of the physical (p) and the readout (pRO) pitch as will be described

in section 2.2.1.

Three more considerations can be made, in particular, for silicon which is the

most used and preferred material for high precision tracking purposes [77, 84]:

- it has a small enough and at the same time large enough value of the energy

band gap Eg. In fact, even if Ge has a smaller Eg value with respect to the

Si one (table 2.1) which means a larger signal, on the other hand a too small

Eg value greatly increases the dark current requiring Ge based detectors to

be operated at the liquid N temperature (77 K);

- thanks to the Integrated Circuits (ICs) technology developed on silicon sub-

strates, very large crystals of unprecedent purity can be built and segmented

using the microlithographic techniques; this allows, in turn, to develop de-

vices which feature very small sizes and an associated precision of 1 µm.

Moreover the possibility of the selective growth of highly insulating layers

with very good chemical stability (SiO2 and Si3N3), makes silicon the top

player both in the mass market of ICs and, as a consequence, in the one for

the detectors frontend and readout electronics chain production;

- it is the second most abundant element on the Earth crust (it is present in the

sand); moreover, with respect to Ge, Si is not hygroscopic and can be ex-

posed to the atmosphere without particular care, it has a larger temperature

range of stability and it is cheaper.

2.2 Silicon detectors: the working principle & per-

formance

Figure 2.4 shows the schematic cross section and a top view photo of an AC cou-

pled double side silicon microstrip detector: the p-n junction is reverse biased

and both the p- and n- sides are segmented in smaller regions, the so-called mi-

crostrips, each acting as a charge collecting element. As shown in the insert of

figure 2.4(a), a metal layer (typically a 50-200 nm thick aluminum coating [86])

is deposited on each strip to provide a low-resistence path for the signal readout

while intermediate SiO2/Si3N4 layers protect the detector surface and act as noise

filters. Each strip has its own bias circuit and is coupled to a readout channel

through dedicated ∼20 µm diameter Al wires (the so-called bondings).

The detector working principle is the following:
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(a)

(b)

Figure 2.4: (a) Schematic view of an AC coupled double side silicon microstrip

detector [86]: both the p- and the n-type regions are segmented in separated mi-

crostrips which in turn are connected to one channel of the readout electronics

(amplifiers). (b) Top view microscope photo of the p-side of an AC coupled mi-

crostrip detector [73]: the different elements are indicated with the arrows.
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- when a particle crosses the active volume (in this case a weakly doped n-

type material), the produced holes and electrons drift toward the p- and the

n-side, respectively;

- each strip implant acts as an independent electrode and collects the charge

(positive for the holes and negative for the electrons) produced by the ion-

izing incident particle;

- the signal at the end of each strip is readout and conditioned by a channel

of the readout electronics (amplifiers in figure 2.4(a)).

From the design point of view, a series of geometrical and physical parameters

should be optimized depending on the desired performance of the final system [73,

77, 79, 84, 86, 87]:

- electronics coupling: two different approaches can be implemented depend-

ing on the detector geometry and the available space, i.e. directly connect-

ing the strips to the readout channels (DC-coupling) or through coupling

capacitors. In particular, to keep the detector noise under control and filter

the leakage current, both external or integrated9 (AC-coupling, figure 2.5)

capacitors can be used. From a practical point of view, these latter are the

preferred ones since the number of bondings halves, the noise is less and

are able to withstand drops of up to 100 V;

Figure 2.5: Cross section of a double side microstrip detector with integrated

coupling capacitors and polysilicon biasing resistors [87].

9They are built inserting an insulating SiO2 layer (50-200 nm thick) between the strip implant

and the metallization; in some cases, an additional Si3N4 layer (50-100 nm thick) can provide

extra security [77].
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- biasing: to deplete the detector, the strips are connected to a bias line

surrounding the whole sensor through dedicated resistors (figures 2.4(b)

and 2.5). The value of the resistors has to be large (a few MΩ) to limit the

strip current in case of breaks of the coupling capacitors: the CMS (Com-

pact Muon Solenoid) silicon devices use, for instance, 1-2 MΩ resistors.

Three different choices are available at present: the integrated polysilicon

resistors (figure 2.5), the punch-through structures and the implanted resis-

tors10;

- protection: one or several “guard rings” (figures 2.4(b) and 2.5) define the

active volume of the detector and are typically unbiased or floating struc-

tures; they isolate the sensor from field border effects (like the charge ac-

cumulation at the silicon edges) and prevent the leakage current from being

absorbed by the edge strips forming a well-defined electrical boundary for

the detector itself;

- n-type segmentation: with respect to the p-side, additional isolation struc-

tures are introduced on the n-side to avoid the formation of a layer of elec-

trons (attracted by the fixed positive charge at the SiO2 interface) which

would short circuit the n+ strips. Several solutions11 have been explored

and implemented from the technological point of view (figure 2.6);

- thickness & pitch: both these parameters determine the output signal value

(which in turn affects the Signal to Noise Ratio - SNR) and the spatial res-

olution of the system. Depending on the application, the experimental con-

ditions, the used readout electronics and costs they have to be optimized:

* thicknesses between 250 and 500 µm are typically used: larger val-

ues in fact require a larger bias voltage which would cause problems

in the charge colletion and a worsening of the SNR; on the other hand

thinning the sensor improves the radiation tolerance (especially at high

fluences where the type inversion is important [85]); however, for thin-

ner detectors the loss of the signal results in a poorer SNR;

* since the charge produced by the ionizing particle spreads during the

drift to the electrodes with a 20 µm FWHM Gaussian-like distribution,

the typical physical pitches (p) are in the 25-200 µm range;

* readout pitches (pRO) are around 20-200 µm since the modern frontend

electronics (Application Specific Integrated Circuits - ASICs) has a

physical pitch in the 20-50 µm range; moreover, depending on the

10More details can be found in [70, 87].
11More details can be found in [70, 88].
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Figure 2.6: Simulated isolation techniques used to avoid the strip short circuit

on the n-side layer in a double side silicon detector [88]: (a) the conventional

intermediate p-stops technique, (b) the standard and (d) modulated p-spray ones

and (c) the innovative Schottky barrier method.
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technological choices (such as the number of the readout channels)

and the needed spatial resolution, a detector may have one or more

intermediate (floating) strips (figure 2.7).

Figure 2.7: Schematic view of the intermediate (floating) strip readout method

and of its equivalent circuit [77]: in this case only one every 4 strips is read out

and the coordinate is found via interpolation.

- detector capacitance: figure 2.8(a) presents the schematic diagram of the

capacitive connections of a microstrip detector:

* Cc is the coupling capacitance between the detector and the readout

electronics and affects the amplitude of the output signal; its value

is strongly related to the strip geometry (both the length and width)

and adds in series; thus for large Cc values, its contribution can be

neglected;

* Cb is the intrinsic capacitance of the bulk material, i.e. the one between

the strip and the backside and depends on the applied bias voltage. As

shown in figure 2.8(b), the larger the bias voltage, the larger 1/C2
b

which in turn means the intrinsic capacitance is proportional to the

inverse of the square root of the applied voltage:

Cb = A ·
√

qεSiND

2(Vbi +Vbias)
≈ 1√

Vbias

(2.6)
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where the detector has been approximated to a standard parallel-plate

capacitor of area A and dimension W equal to the depletion region

width (equation 2.4), thus Cb = εSi ·A/W ;

* Ci is the interstrip capacitance, i.e. the one between adjacent couples

of strips; its value depends both on the metallization layer of the strip

and on the width of the strip implant.

In order to obtain a high performance detector (limiting the noise contribu-

tion as shown in section 2.2.1.3), the value of all these capacitances must be

controlled with care; in particular, when the charge sharing among the strips

is used to improve the detector spatial resolution (section 2.2.1), Ci should

greatly exceed Cb to avoid a large loss of signal and, at the same time, Cc

should greatly exceed Ci to ensure a good charge collection;

- detector resistivity: it is defined as the capability of a given material to

oppose to an electric current flow12; considering for instance a p+n junction,

it can be expressed in terms of the majority carrier mobility (µn) and the

donor concentration (ND) as follows:

ρc =
1

qµnND

Vbias =
W 2

2εSiρcµn

(2.7)

where the second equality directly comes from equation 2.4. As shown

in figure 2.9, the larger ρc (i.e. for a lower doping concentration), the

smaller the reverse bias voltage: for instance, a 300 µm thick detector with

ρc ∼10 kΩ·cm is depleted at ∼32 V;

- single vs double side: the 2D particle position reconstruction capability to-

gether with the requirement of a low material budget along the beam di-

rection can be reached using double side devices. Moreover the correlation

between the signals recorded by each side of the detector can be used to dis-

entangle the ambiguities in the multihit events [80]. On the other hand, as

already said, the segmentation of the n-side and the complexity of its read-

out electronics, together with larger fabrication costs, represent the main

drawback in producing double side silicon devices;

- radiation damage: the silicon devices used in the present High Energy

Physics (HEP) experiments suffer serious radiation damages; very large

12In other words, it is the reciprocal of the conductivity σ which defines the material ability to

conduct an electric current [69].
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(a)

(b)

Figure 2.8: (a) Schematic view of the capacitive connections in a single side mi-

crostrip silicon detector [89]; (b) the intrinsic capacitance as a function of the bias

voltage measured with (top) 5 320 µm thick LHCb Multi-Geometry sensors and

(bottom) 5 500 µm thick OB2-type CMS detectors (adapted from [73]).



2.2 Silicon detectors: the working principle & performance 59

Figure 2.9: The bias voltage Vbias as a function of the bulk material resistivity for

two different detector thicknesses.

doses of radiation13, mainly given by neutrons and gammas, induce micro-

scopic defects both in the SiO2/Si3N4 interfaces, altering the electric prop-

erties of the sensor (such as the overall noise and the interstrip capacitance),

and in the bulk volume, causing the atoms displacement from their original

position. The main consequences of these defects reflect in macroscopic

effects like14:

* the change of the effective doping concentration (Ne f f ) which in turn

affects the operating voltage (Udep = Vbias) needed for the full deple-

tion (figure 2.10);

* an increase in the reverse current due to the creation of “additional”

generation/recombination centers;

* the deterioration of the charge collection efficiency due to the trapping

of the charge carriers which reduces their effective drift length.

2.2.1 Spatial resolution

The hot topic of this thesis work is the measurement of the intrinsic spatial res-

olution (σint) of various types of silicon tracking and beam monitoring systems

(presented in chapters 3 and 5). It is defined as the detector capability to compute

the particle position and thus to distinguish the position of two separate particles

13For instance, the expected yearly radiation dose at LHC is ∼1014 hadrons per cm2 [90].
14More details can be found in [79, 85, 90].
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Figure 2.10: Change of the full depletion voltage Udep = Vbias of a 300 µm thick

n-type silicon sensor and of its absolute effective doping concentration Ne f f as a

function of the normalized neutron fluence [90].

hitting the detector volume: in other words it corresponds to the uncertainty in the

reconstructed coordinates.

The value of the intrinsic spatial resolution15 is affected by many effects which

can be divided in two main categories [80, 86]:

- the first group contains the so-called intrinsic processes, i.e. all the physical

laws ruling the detector working principle; it includes:

* the drift of the charge carriers (figure 2.11 left), which in turn affects

the time response of the detector; in particular the drift time (te,h de-

fined as the time taken by the charge to reach the electrodes) can be

expressed in terms of the carriers mobilities µe,h through the following

equation

te,h =
d

ve,h
=

d

µe,hE
(2.8)

where d is the detector thickness, ve,h is the drift speed and E the

electric field intensity. The smaller te,h (i.e. the larger E which in

turn means a larger depletion voltage), the worse the spatial resolution

since the number of single-strip events increases (see section 2.2.1.1

for details);

15The offline analysis method used to extract the final intrinsic spatial resolution value from the
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Figure 2.11: Schematic representation of the drift and diffusion processes in a

silicon microstrip detector [77].

* the diffusion of the charge carriers given by the multiple collisions

with the atoms of the bulk material; as already mentioned the diffusion

follows a Gaussian-like law (figure 2.11 right) and is connected to the

charge carriers mobility through the following equations:

dN

N
=

1√
4πDt

· e
(

− x2

4Dt

)

dx

D =
kT

q
µ

(2.9)

where D is the diffusion coefficient;

* the statistical fluctuations of the energy loss: since silicon detectors

are thin, the dE/dx energy loss follows an asymmetric Landau-like

distribution (figure 2.12 and equation 3.3) with a long tail toward the

large energy values due to δ-electrons (which are characterized by a

large energy transfer in a single collision). Even if the δ-electrons

production probability is small, their range in silicon can be quite large

causing a displacemtent of the measured tracks up to ∼3-4 µm16;

experimental data is presented in chapter 4.
16For instance in a 280 µm thick microstrip detector the emission probability of a 50 keV energy

δ-electron is 11%; assuming that Np = 20000 electrons are released around the primary track

and a 50 keV electron is produced and drifts perpendicularly to the track generating Nδ = 14000
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Figure 2.12: The energy loss distribution of 500 MeV pions in silicon detectors of

different thickness (adapted from [37]): in all the cases the Mean Average Value

(MAV) is about 50% larger than the Most Probable Value (MPV).

- the second one comprises the so-called design parameters, such as the choice

of the readout method (digital or analog sampling, physical/readout pitch

and noise), and are discussed in detail in the following sections.

2.2.1.1 Analog vs digital

Depending on the choice of the readout method two classes of events can be iden-

tified and affect the final value of the intrinsic spatial resolution:

- in the so-called digital readout mode, only the strips with a signal over a

given threshold (red line in figure 2.13(a)) are stored and only the binary

information is recorded: in most of the events the cluster17 is composed of

one strip. In this case, for tracks crossing the detector perpendicularly or

electrons along its path (which is rδ ∼16 µm), the track displacement (∆x) can be computed as

follows [80]:

∆x =
Nδ · rδ

2

Nδ +Np

=
14000 ·8 [µm]

34000
= 3.3 µm (2.10)

17A cluster represents the group of neighbouring strips where the particle deposits its charge;

see section 3.4.2 and appendix A for more details.
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with a small angle of incidence (which is the typical case studied in this

thesis work), the spatial resolution is defined as:

σdigi ≈
p√
12

(2.11)

known as the digital spatial resolution; considering for instance a physical

strip pitch of 25 µm and 50 µm, σdigi results 7.22 µm and 14.45 µm, respec-

tively;

(a) (b)

Figure 2.13: Schematic view of a cluster composed of (a) one or (b) two strips

(adapted from [86]): both the digital and analog readout method have been con-

sidered, respectively.

- on the other hand, using the so-called analog readout mode the signal of

all the strips is saved recording the effective charge detected by each strip

(figure 2.13(b)) and the particle position can be measured using offline in-

terpolation algorithms18. The number of events with a cluster composed of

more than one strip increases improving the spatial resolution which in this

case is defined as:

σanalog ≈
p

SNR
=

p

S/N
= p · N

S
(2.12)

where S is the total signal of the cluster and N its noise rms: therefore, the

larger the SNR, the better the spatial resolution.

18More details can be found in chapter 4.



64 Silicon detectors & electronics for tracking

2.2.1.2 Strip & readout pitch

The most important external parameters affecting the intrinsic value of the spa-

tial resolution in a silicon microstrip detector are the physical (p) and readout

(pRO) pitch; considering again the two above mentioned classes of events (sin-

gle/multiple strips events), the following considerations hold:

- as already mentioned, the typical width of the charge cloud originated by

the particle interaction is ∼20 µm; as a consequence, a physical pitch larger

than 50 µm strongly reduces the spatial resolution since most of the events

are single-strip cluster ones: the obtained value for σint is thus close to the

σdigi one. Using a smaller physical pitch improves the spatial resolution

value but requires a larger number of readout channels and thus an increase

of both the overall system power consumption and of the production costs;

- a possible solution to improve the resolution without reducing the physical

pitch is the implementation of intermediate strips, biased at the same de-

pletion voltage of the others but not connected to a readout channel, located

between couples of readout strips (figure 2.7). This method is know as float-

ing strips readout and allows to limit the number of electronics channels

maintaining at the same time a high enough spatial resolution. In this case

the capacitive coupling among contiguous strips allows the charge sharing

between them increasing the number of events with a multi-strip cluster:

the obtained value for σint is thus close to the σanalog one or even better.

Table 2.2 summarizes the expected spatial resolution for a detector with a

60 µm pRO and different physical strip pitches (a 20 µm FWHM Gaussian-

like charge cloud distribution has been considered).

p pitch pRO pitch 1-strip cluster 2-strip cluster σint

[µm] [µm] [%] [%] [µm]

60 60 66 33 8.4

20 60 33 66 3.4

Table 2.2: Intrinsic spatial resolution for a 60 µm pRO silicon detector with differ-

ent p [80].

2.2.1.3 Noise

Since in semiconductor detectors there is no multiplication of the charge signal,

one of the main limiting factors for the spatial resolution is represented by the

noise contribution. From equation 2.12 it can be noted in fact that a larger noise
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means a poorer spatial resolution; moreover, in double side detectors where the

correlation between the signals on the two sides is used for the multi-track events

and ghosts rejection/identification [80], the reduction of the noise is a fundamental

task.

The schematic views of the typical frontend chain used for silicon detectors

and of its equivalent circuit are shown in figures 2.14(a) and 2.14(b): both the

silicon electrical characteristics (in particular the capacitance Cd and the leakage

current IL) and the features of the readout chain affect the global noise of a detector

in different ways.

(a)

(b)

Figure 2.14: Schematic views of (a) the detector typical frontend and (b) its equiv-

alent circuit (adapted from [77]): both the current (in) and voltage (en) sources of

noise are indicated (see text for details).

Since the particle passage in the detector is measured through the charge de-

posit, the system noise is generally expressed in terms of the so-called Equivalent
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Noise Charge (ENC), defined as the detector signal corresponding to a unitary

SNR [77]. In particular, referring to figure 2.14(b), the noise sources can be mod-

eled as parallel/series voltage or current generators [77, 86]:

- the leakage current IL is represented by a current noise generator (ind) which

contributes to the ENC through the following equation:

ENCleak =
e

q

√

qILtp

4
(2.13)

where e is the Euler number and tp is the shaping time19 of the readout

amplifier;

- the detector capacitance Cd at the input of the charge sensitive amplifier is

the dominant noise source and its effect on the noise can be parametrized

as:

ENCele = A+B ·Cd (2.14)

where A and B are constants and are defined by the preamplifier design;

- the contribution of the parallel (bias) resistor Rp (modeled as a current gene-

tator inb) can be written as:

ENCRp =
e

q

√

tpkT

2Rp
(2.15)

- the series resistor Rs, given both by the strip itself and the bondings, acts as

a voltage generator (ens) and adds to the noise with the following term:

ENCRs =Cd

e

q

√

kT Rs

6tp
(2.16)

- finally, the amplifier noise is described by a combination of voltage (ena)

and current (ina) at its input; it adds in series with the other sources and

mainly contributes through a 1/f noise to the total ENC value20.

Since the above mentioned noise contributions are random and uncorrelated,

they add in quadrature and the total ENC at the output of the pulse shaper is

obtained integrating over the full bandwidth of the system; for instance, the total

ENC for the DELPHI (DEtector with Lepton, Photon and Hadron Identification)

19It defines the time interval needed by the pulse to reach its maximum [77].
20For the 1/f noise definition see [77].
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MVD (Micro Vertex Detector) and of the CMS tracker are, respectively, 552 e−

and 760 e− [86].

From the above mentioned list, it must be clear that, to achieve a large enough

SNR (which in turn means to improve the final value of the intrinsic spatial reso-

lution), a particular care should be taken in the choice of the shaping time of the

readout amplifier. For instance, the SNR at room temperature of an undamaged

detector is ∼15-20 for a fast electronics (tp ≈ 50 ns) and ∼50-100 for a slower one

(tp ≫ 50 ns) [87]. As shown in figure 2.15, at small shaping times the total ENC

is dominated by the voltage noise sources while at long shaping times the cur-

rent noise contributions are the most important; the total ENC shows a minimum

where the two contributions are equal and it is flattened by the 1/f component

(which is time independent): increasing the voltage or current noise contribution

shifts the noise minimum at a longer shaping time.

Figure 2.15: The ENC as a function of the amplifier shaping time [77].

2.2.2 Charge sharing

As mentioned in section 2.2.1.2 the position reconstruction capability of a mi-

crostrip silicon detector can be improved with the floating strip readout method.

The physical principle at the basis of this technique is the so-called Charge Shar-

ing (CS) among neighbouring strips. In fact, thanks to the capacitive coupling
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beetwen contiguous strips, when an intermediate strip is hit, the charge is equally

shared between the closest neighbouring readout strips.

A way to study the charge sharing among the strips is the use of the so-called

eta distribution (η) [80]; for single cluster events in which the cluster is composed

of two contiguous strips, it is defined as the non-linear interpolation between the

pulse height of the strip with the largest signal in the event (PHhigh) and the one

of the neighbouring strip (PHright or PH le f t):

ηright =
−PHhigh +PHright

PHhigh +PHright

ηle f t =
PHhigh −PHle f t

PHhigh +PHle f t

(2.17)

Figure 2.16 shows the eta distribution of a double side silicon microstrip de-

tector with a 50 µm readout pitch and 50 µm (left) and 25 µm (right) physical

pitch21: the presence of peaks means that the charge division is far from being

linear (otherwise the distribution should be flat [91]) and their symmetric position

reflects the fact that the signal sampling is the correct one22.

Figure 2.16: The eta distribution of two sides of a silicon microstrip detector with

(left) 50 µm physical and readout pitch and (right) 25 µm physical and 50 µm

readout pitch.

The peculiar non-linear shape of the η distribution is due both to the width of

21One module of the INSULAB Telescope (presented in chapter 3) has been used.
22More details on the asymmetries given by an uncorrect sampling of the signal can be found in

appendix A and in [86].
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the diffusion cloud and to the detector characteristics (such as the thickness, the

resistivity and the applied bias voltage) [86, 91]:

- referring to figure 2.17 and considering a physical pitch equal to the readout

one, two different regions can be distinguished: the region where the strip is

implanted (A) and the one between two neighbouring strips (B). Depending

on the point where the particle hits the detector, different situations can be

identified and correspond to different values of η (figure 2.16-left):

* for a particle crossing the detector perpendicularly in the middle of

the B region (dashed line) the charge is equally shared between the

two strips and the charge division is roughly linear: PHright ≃ PHle f t

and therefore η equals 0;

* on the other hand, if a particle crosses the detector in the A region,

most of the charge is collected by one strip: PHright ≫ or ≪ PHle f t

and the η-value is close to -1 or +1;

* finally, the diffusion of the charge cloud and the noise contribution fill

up the region between the two outermost peaks;

Figure 2.17: Schematic view of two readout strips in a silicon detectors [86]: the

A and B regions represent, respectively, the zone nearby to the strip implant and

the one close to the border between the two strips (dashed line).

- if a floating strip is introduced, the peaks at η=-1 and η=+1 remain un-

changed and a new peak at η=0 appears which corresponds to the inter-

mediate floating strip (figure 2.16-right). Moreover, the larger the number
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Figure 2.18: Comparison of the η distribution of a silicon microstrip detector with

(red) a single floating strip scheme and (blue) a double floating strip one.

of intermediate strips, the larger the number of new peaks in the region

beetwen the two outermost ones (figure 2.18).

The positions of the most lateral peaks in the η distribution thus give an esti-

mation of the capacitive coupling of a strip with the adjacent ones: a more precise

procedure to estimate the effective value of the CS is presented in chapter 3 and

in [86].

2.3 Electronics for silicon detectors

In the last 70 years (from the construction in 1947 of the first transistor by the

American physicists John Bardeen, Walter Brattain and William Shockley) the

electronics for semiconductor detectors has been strongly improved. In particular,

since the silicon detectors have no internal multiplication of the charge signal, the

main goal was the development of low noise and low power systems which had

at the same time very small dimensions (down to a few tens of mm2 which com-

prised thousands of elements23) and were able to manage several parallel channels

at once (typically ranging from 32 to 128). A very large variety of approaches

and technologies were explored: from the bipolar technology of the 1960s to the

MOS Large Scale Integration (LSI) logic in the 1970s and the Very Large Scale

Integration (VLSI) one in the 1980s based on the Complementary MOS (CMOS)

23See for instance the dimensions of the integrated circuits used in this thesis work [92–94].
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technology. This latter proved to be superior [84] and rapidly became the most

used one and the basis of the modern readout ASICs.

Figure 2.19(a) presents a schematic view of the electronic chain used with

silicon microstrip detectors; it can be divided in two main blocks:

(a)

(b)

Figure 2.19: (a) The schematic diagram of a typical readout chain for silicon

microstrip detectors (adapted from [77]): the ASICs main blocks are shown in

red while the part responsible of the signal conditioning (frontend+readout) in

black. (b) Details of the electrical circuits used for the signal amplification and

shaping [77].

- the ASICs part: it is responsible of the first signal amplification, its forma-

tion and its sampling; the ASICs are typically housed on dedicated hybrid

boards and, as shown in figure 2.19(a), a single channel is composed of:

* a preamplifier (figure 2.19(b)-left), based on the Charge Sensitive Am-

plifier (CSA), which integrates the total charge (Q) on a feedback ca-

pacitor (C f ) and produces a voltage step with an amplitude −Q/C f ;

* a CR-RCn shaper consisting of a differentiator followed by n integra-

tors (figure 2.19(b)-right); it has to filter the noise contribution and to

“shape” the signal. The peaking time of the shaped signal depends

on the number of RC steps: for example a fast shaper configuration is

used in the so-called self-triggering ASICs [94] to generate the trigger
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for the signal sampling; on the other hand, for the signal formation

and its effective sampling, shapers with a slower peaking time can be

used;

* a Sample&Hold (S&H), in case of the analog readout: the shaper out-

put is usually stored in a capacitor, which in turn is driven by a ded-

icated digital signal (the hold one24), and readout afterwards. On the

other hand if a digital output is foreseen, each channel has a discrimi-

nator which is directly fed with the shaper output.

It must be noted that in the large HEP experiments (such as the LHC ones),

given the very large amount of data (O(107) which means ≈ 20-25 inter-

actions every 25 ns), the shaped signals are temporarily stored in dedicated

readout buffers on the frontend boards waiting (∼3 µs) for the so-called

LeveL 1 Trigger (LvL1T) decision25 [72]. In particular the so-called analog

or digital pipelines are used; for instance, the CMS Silicon Strip Tracker

(SST) readout is accomplished by the APV25 ASIC [95] which contains

192 cells analog pipelines per channel (figure 2.20) to accomodate for la-

tencies up to 4 µs26;

- the conditioning part: it is typically based on external custom electron-

ics boards connected to the ASICs hybrids with standard coaxial cables or

optical fibers; this part includes:

* the frontend electronics which typically handles the signals for the de-

tectors and the ASICs biasing together with their configuration settings

(for instance the threshold for the discriminator, the value of the hold

signal or, if a configuration register is needed for the ASICs, the val-

ues of the ASICs mask); in some cases a further amplification stage is

also present. Morevoer, for double side silicon detectors, the frontend

electronics also includes a separate stage for the handling of the n-side

signals;

24See sections 3.1.2 and 5.2.3 for more details.
25Depending on the experiment, two or three trigger levels are foreseen to reject the background

and provide a first decision on whether to keep the event or not; the LvL1T selection rate is

100 kHz and the decisions are based on the identification of high pT electrons, muons, jets or

missing ET in the calorimetry and muon systems [72].
26For completeness, the LHCb experiment uses the BEETLE and the SALT (Silicon ASIC for

LHCb Tracker) ASICs for the readout of the VErtex LOcator (VELO) telescope and the Upstrem

Tracker (UT), respectively [96]. The ALICE Silicon Strip Detector (SSD) is readout with the

mixed analog-digital very large dynamic range HAL25 ASIC [97] while in the ATLAS Semicon-

ductor Tracker (SCT) a 132 cells digital pipeline is implemented in the ABDC ASIC [98].
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Figure 2.20: The architecture of one channel of the APV25 ASIC [95].

* the readout electronics which is responsible of the digitization of the

multiplexed shaper analog output, through dedicated ADC (Analog

to Digital Converter) stages, the data storage, the comunication with

the PC and, if it is not directly included in the ASICs themselves, the

generation of the trigger for the sampling of the data.

Further details and a complete overview of the electronics chains used for

silicon microstrip detectors together with their main features can be found in [69,

70, 77].
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Chapter 3

The INSULAB reference detector:

description and commissioning

A very high precision tracking system represents a key element in many physics

fields ranging from space physics to medical physics and particle physics. Test-

ing new detectors (or detector components) is in fact fundamental to investigate

and characterize such detectors in terms of efficiency, signal and time response,

linearity and so on. In several cases the required angular precision is of the or-

der of a few µrad corresponding to a spatial resolution in the 5-10 µm range. For

example, as mentioned in chapter 1, a very high particle position reconstruction

capability is a fundamental task in crystal physics where the typical effects given

by the interaction of the particles with the crystallographic planes (or axes) are of

the order of hundreds of µrad [1] (see section 1.3 for more details).

Since 2007 the INSULAB Research Group1 has provided the tracking system

for several INFN2 research and R&D projects:

- the characterization of several bent crystals of a large variety of materials

(Si, Ge, SiGe graded, LiNbO3, etc. [99, 100]), types (quasimosaic, single-

or multi-strip [1, 101]) and dimensions (from hundreds of µm down to tens

of nm along the beam direction [102]) for the NTA-HCCC3, COHERENT4

and ICE-RAD5 experiments [1, 20–22, 60];

- the study of large area and large dynamic range Silicon PhotoMultipliers

(SiPMs) coupled to shashlik or LYSO/PbWO4 crystal based electromag-

1INSUbria LABoratory Research Group (Università degli Studi dell’Insubria - section of

Como), http://insulab.dfm.uninsubria.it/index.php.
2Istituto Nazionale di Fisica Nucleare, http://www.infn.it/index.php?lang=en.
3INFN experiment dedicated to the crystal physics [1, 28, 103].
4COHERENT effects in crystals for the physics of accelerators.
5Interaction in Crystals for Emission of RADiation.

75
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netic calorimeters for high energy and space physics (the FACTOR6 and

TWICE7 projects [74–76, 104]). In this case the tracking system is based

on the so-called Silicon Beam Chambers (SiBCs [105, 106]) developed in

the AGILE (Astro-rivelatore Gamma a Immagini LEggero) satellite frame-

work8 in 1999 and completely upgraded last year with the electronics de-

veloped for the COHERENT experiment and presented in this thesis work.

The tracking system used for the crystals tests, the so-called INSULAB Tele-

scope [27, 86], is based on microstrip silicon detectors. It has been developed

in collaboration with INFN-Ts9 and during the past years several modules have

been assembled both to test different solutions (in terms of ASICs and detectors)

and to develop a high performance system (both in terms of spatial resolution and

time response) limiting the material along the beamline. Silicon detectors from

three different manufacturers (single side ones by HAMAMATSU10 and double

side ones by FBK-irst11 and CSEM12) and different readout ASICs (VA2 [92],

VA1 prime2 [93] and VA1TA [94] by IDEAS13) have been used to improve the

telescope performance and assemble a very compact silicon-only system [27].

This chapter describes the design and construction of the first INSULAB Tele-

scope modules featuring double side silicon detectors produced by CSEM and the

VA2 ASICs14. The first part of the chapter presents a complete description of the

detector characteristics (the silicon tiles and the readout ASICs), the assembly and

the mechanics while the second part describes the new readout electronics devel-

oped in 2012 to replace the old one based on commercial ADCs. The performance

of the telescope modules is defined in terms of noise, Signal to Noise Ratio (SNR)

and Charge Sharing (CS) among the strips as obtained in dedicated beamtests at

the CERN SPS H4 and PS (Proton Synchrotron) T9 beamlines.

6Fiber Apparatus for Calorimetry and Tracking with Optoelectronic Read-out.
7Techniques for Wide-range Instrumentation in Calorimetry Experiments.
8AGILE Official Website, http://agile.rm.iasf.cnr.it/
9INFN Sezione di Trieste, http://www.ts.infn.it/.

10HAMAMATSU Photonics, http://www.hamamatsu.com.
11Fondazione Bruno Kessler, http://www.fbk.eu.
12Centre Suisse d’Electronique et Microtechnique, http://www.csem.ch.
13Integrated Detector & Electronics AS, http://www.ideas.no.
14The description and the results obtained with the modules built with the HAMAMATSU and

FBK-irst silicon tiles + the VA1TA ASIC (indicated in the following as the VISION Telescope)

are presented in chapter 5 while the ones for the FBK-irst+VA1 prime2 modules (named the UA9

modules) are given in appendix B.
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3.1 The CSEM+VA2 reference modules

The so-called INSULAB Telescope [27, 86] consists in several independent el-

ements, called modules, equipped with microstrip silicon detectors, the readout

ASICs and the frontend and readout electronics. The following sections describe

the first version of the telescope which used the modules described in [107] and

developed to test the BaBar Silicon Vertex Detector (SVT) prototype [108].

Four modules (indicated in the following as reference modules) have been

assembled in 1994 with the CSEM silicon tiles and the VA2 ASICs at INFN-Ts

and tested in the last five years at the CERN PS and SPS beamlines with charged

particles in the 1-150 GeV/c momentum range [27, 86]. In 2012 the readout

electronics has been upgraded (section 3.2); three reference modules have been

successfully used at the CERN SPS H8 beamline for the COHERENT experiment

to characterize several new generation crystals [99, 100, 109].

3.1.1 The silicon detectors

Table 3.1 summarizes the general features of the CSEM+VA2 reference modules

while figure 3.1 presents a photo of an assembled detector. Each module houses

a high resistivity 300 µm thick double side silicon microstrip detector with a sen-

sitive area of 1.92×1.92 cm2 for a total of 384 strips [27, 107]. The so-called one

floating strip scheme has been adopted for the readout of the p-side (the junction

side) i.e. the detector has a p+ implantation strip every 25 µm and a readout pitch

of 50 µm. The n-side (the ohmic side), with the strips perpendicular to the p-side

ones, has a n+ implantation every 50 µm separated by p+ blocking strips; also in

this case the readout pitch is 50 µm.

The silicon tile is fully depleted with a bias voltage in the 36-54 V range and

the average leakage current is of the order of 1.5-2.0 nA per strip.

3.1.2 The readout ASIC

Three VA2 ASICs [92] per side are needed to readout the whole detector. The

VA2 ASIC, whose technical features are listed in table 3.2, is a 128 channel radi-

ation tolerant integrated circuit built with the 1.2 µm N-well CMOS technology.

A top view photo and the ASIC architecture are shown in figure 3.2: each chan-

nel contains a folded cascode low-noise/low-power preamplifier (CSA), a CR-RC

slow shaper and a Sample&Hold (S&H) circuit. The output information is a mul-

tiplexed analog one with a maximum clock frequency of 10 MHz15.

15A multiplexed readout is the one in which the sampled signals are sent out one after the other

thanks to a clock signal; the typical clock values used with the reference modules are 1.25, 2.5 and
5 MHz.
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Figure 3.1: Photo of the CSEM+VA2 reference detector assembled on the fiber-

glass frame together with the readout ASICs and the ceramic hybrid.

(a) (b)

Figure 3.2: The VA2 ASIC [92]: (a) a top view photo and (b) the architecture of

the ASIC (S&H stands for Sample&Hold).
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Detector Double

Produced by CSEM

ASIC VA2

Detector dimensions [cm2] 1.92×1.92

Number of readout channels 384

Bulk thickness [µm] 300

Resistivity [kΩ·cm] > 4

Leakage current [nA/strip] 1.5-2.0

Full depletion bias voltage [V] 36-54

AC coupling no (150 pF ext. cap.)

p-side - junction

physical pitch [µm] 25

readout pitch [µm] 50

floating scheme yes

n-side - ohmic

physical pitch [µm] 50

readout pitch [µm] 50

floating scheme no

Fiberglass support

shape square

dimensions [cm2] 12.5×12.5

thickness [cm] 1.0

ASIC connection direct bonding

Table 3.1: General features of the CSEM+VA2 reference modules.
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ASIC name VA2

Process (N-well CMOS) 1.2 µm

Die surface [mm2] 6.18×4.51

Die thickness [µm] ∼600

Number of channels 128

Input pad size [µm2] 50×90

Output pad size [µm2] 90×90

ENC at 1 µs of peaking time [e− rms] 80+15·Cd

Power consumption [mW] 170

Slow shaper peaking time [µs] 1-3

Fast shaper peaking time [µs] not present

Dynamic range [# MIPs] ±4

Current gain [µA/fC] ∼25

Table 3.2: Technical features of the VA2 ASIC [92]; Cd stands for the overall

input capacitance of the silicon tile.

Several adjustable parameters can be tuned to properly operate the shaper and

the preamplifier to obtain a proper output signal (in terms of shaping time and am-

plitude) [92]. Figure 3.3 shows the output signals of the junction (black squares)

and ohmic (red triangles) side with a different setting of the configuration param-

eters (in particular the delay bit16 was turned OFF/ON only for the ohmic side).

To study the analog output signal shape an automatic procedure has been used:

- the test on bit of the ASIC has been enabled via software; only 1 channel at

a time out of 384 is enabled; the channel is selected via a 128-bit input shift

register [92];

- a calibration signal (that is a single square signal of variable amplitude and

time width generated by an Agilent 33220A Waveform Generator17) has

been fed into the ASIC input lines;

- the value of the hold (that is the time at which the signal is sampled18) has

been automatically varied by the DAQ (Data AcQuisition) system in the 0-

5750 ns range with a step of 100 ns; 100 events per step have been acquired.

The readout sequence is started by the sync signal of the pulse generator;

16It acts on the input signal to the ASIC and delays the signal itself of a given quantity.
17Agilent Technologies, http://www.agilent.com.
18The hold is defined as the interval between the trigger signal which in this case is gener-

ated by the sync signal of the pulse generator) and the sampling of the shaper output signal (see

section 5.2.3 for more details about the hold scan working principle).
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- for each hold value the output signal of the selected channel has been record-

ed by a dedicated readout board (see section 3.2.2) and saved as a PAW19

ntuple; this information allows to study the output signal value as a function

of the hold one (figure 3.3).

The peaking time for the junction side (black squares) is ∼1500 ns while for the

ohmic one (red triangles) is ∼2000 ns when the delay bit is disabled (figure 3.3(a))

and ∼1000 ns less when the delay bit is ON (figure 3.3(b)); the difference in the

signal amplitude of the two sides in both cases is given by the different gain of the

complete electronics chain.

Moreover, as explained in [86], the signal sampled by the ADC readout boards

(section 3.2.2) is affected not only by a different setting of the ASIC parameters

but also by a different length of the cables connecting the ADC boards to the

VME (Versa Module Eurocard) electronics and the crate itself (section 3.2.2).

The cables length in fact depends on the experimental area conditions and could

vary from 1 up to some tens of meters.

(a) (b)

Figure 3.3: The junction (black squares) and ohmic (red triangles) side output

signals of a single channel measured with the calibration input: the delay bit was

always disabled for the junction side and (a) disabled and (b) enabled for the

ohmic one.

19Physics Analysis Workstation, http://wwwasd.web.cern.ch/wwwasd/paw/.
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3.1.3 The mechanical assembly

The silicon tile and the ceramic hybrid (hosting the ASICs) are assembled on

a 12.5×12.5 cm2 1 cm thick fiberglass support (figure 3.1). The ASICs have

been glued with conductive epoxy glue (H20E by Epotek20) and their control and

output pads are bonded with 17 µm diameter Al wires (figure 3.4(a)). The strips

are capacitively coupled to the input of the amplifier-multiplexer ASICs using

custom 128 channel capacitor chips built on a quartz substrate (figure 3.4(b));

each capacitor chip channel comprises a 150 pF capacitor and protection diodes

against the capacitor breakdown [107]. The fiberglass frame and the first part of

the readout electronics are housed in an aluminum box (12× 50 cm2 and 4 cm

thick) that protects the detectors from the light and possible damages and makes

the entire module very easy to handle and transport (figure 3.4(c)).

3.2 The electronics chain

Up to 2011 the readout electronics for the CSEM+VA2 reference modules was

based on standard ADC boards, the V550 ones by CAEN21 operating in the zero

suppression mode [103]. In particular during the readout sequence the data were

transferred from the ASICs to the ADCs and written on the disk on an event by

event basis. If 4 modules were used and the overall noise of each module allowed

a large enough cut for the zero suppression in order to have less than 5 strips per

module above threshold, the readout sequence required:

- 384×0.2 µs = 76.8 µs for the analog to digital conversion (the so-called

multiplexing time);

- 5 strips×8 sides×5 µs (VME cycle) = 200 µs for the transfer from the ADCs

to the PC.

Adding these values together one obtains a total readout time of ∼300 µs, allowing

a maximum DAQ rate of ∼3 kHz [103]. To increase this value, in 2012 the readout

electronics has been changed exploiting a completely different phylosophy (as

discussed in the following).

A schematic view of the new electronics chain is shown in figure 3.5: it is

designed to minimize the dead time and to work with pulsed beams such as the

CERN extracted ones or the continuous wave ones such as the electron beam at

MAMI22. The dead time reduction allows to acquire a large enough statistics in

20Epoxy Technology Inc, http://www.epotek.com.
21Costruzioni Apparecchiature Elettroniche Nucleari S.p.A., http://www.caen.it/
22More details about the CERN beamlines are given in section 3.3 while the one of the MAMI

accelerator is presented in chapter 5 (section 5.3.1).
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(a) (b)

(c)

Figure 3.4: Details of the CSEM+VA2 reference module assembly: (a) the Al

bonding wires and (b) the coupling capacitors connecting the silicon tile to the

VA2 ASICs. (c) The module mounted on the CERN PS T9 beamline with its

frontend electronics.



84 The INSULAB reference detector: description and commissioning

a short time, that is a key element in many experiments and is fundamental, for

example, when studying very small effects (in terms of deflection angle) like the

ones in bent crystals.

The interface between the detector+ASIC hybrids and the readout electronics

is presented in section 3.2.1 and is provided by the so-called frontend electronics

(pink dashed box in the top right part of figure 3.5); this part has not been changed

since 2007 [86, 103]. The readout electronics is a VME (Versa Module Eurocard)

custom one with three main elements for the output signals sampling, the data

storage and the trigger generation; its description is given in section 3.2.2.

Figure 3.5: Schematic view of the complete electronics chain [27]: its main parts,

the frontend (pink dashed box) and the readout one, are shown.

3.2.1 The frontend electronics

The frontend electronics is based on the so-called repeater and optocoupler boards

[27]. Each repeater board (figure 3.6(a)) is a 4 layer Printed Circuit Board (PCB)

responsible of the first part of the signal conditioning and the biasing of the detec-

tor and the ASICs. Each board performs the following tasks:

- it provides the configuration digital signals to the ASICs through 50 pin

ERNI23 cables; since the signals are differential in order to transport them

23ERNI Electronics Inc., Richmond (USA), http://www.erni.com.
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to long distances24 without being affected by noise, the board transforms

the RS422 differential signals25 to single ended ones as requested by the

ASICs;

- it provides the bias to the detector and the ASICs themselves. The ASICs

power rails (±2 V) are generated starting from ±6 V power regulators on

the repeater itself while the biasing for the silicon tiles is provided by a

dedicated battery box (in the range 18-54 V with 9 V steps). The digital and

analog supplies are filtered separately;

- it amplifies with a NE59226 the multiplexed analog output of the hybrid; the

current-voltage conversion takes place on the hybrid itself;

- it allows to choose the configuration settings (threshold and trigger mask)

for the VATA ASIC family as will be discussed in chapter 5.

Since the modules house a double side silicon tile, the n-sides of each module

have a “zero” level which is not ground (0 V) but the bias voltage (18-54 V). For

this reason both the digital and analog signals from and to the ohmic side are level

shifted by the optocoupler board (figure 3.6(b)) with the ADUM 240027 for the

digital signals and the HCPL 456228 for the analog ones.

3.2.2 The readout electronics

The Data AcQuisition (DAQ) system is a VME one controlled by a SBS Bit3 620

board29 optically linked to a PC running the Linux operating system. The DAQ

software is written in C with Tcl/Tk30 for the user graphical interface (figure 3.7).

For the experiments with crystals the DAQ system is also able to remotely control

the goniometric system to align the crystal with respect to the incoming beam [1].

On the other hand, for the new modules based on the self-triggering VATA ASICs,

a configuration window (figure 3.7 right) is available and allows the setting of the

trigger mask of the ASICs.

24For instance, the setup used by the COHERENT experiment at CERN features a typical dis-

tance between each module of ∼ 10 m to be able to distinguish the different effects induced by the

interaction of the particles with the crystallographic lattice [1, 20].
25RS422 (also EIA-422) is a technical standard that specifies the electrical characteristics of a

digital signaling transmission.
26ON Semiconductors, http://www.onsemi.com.
27Analog Devices, http://www.analog.com.
28AVAGO Technologies, http://www.avagotech.com.
29SBS Technologies Inc., now acquired by GE Intelligent Platforms, Virginia (USA),

http://www.geautomation.com.
30Tcl (Tool Command Language) is a dynamic programming language and Tk is its graphical

user interface toolkit, http://www.tcl.tk.
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(a)

(b)

Figure 3.6: Photos of the frontend electronics [27]: (a) the repeater board and (b)

the optocoupler one; the main blocks performing the different tasks listed in the

text are shown.
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Figure 3.7: The DAQ user interface: several buttons are available and allow the

setting of both the goniometer motors for the experiments with crystals (not shown

in this picture) and the trigger configuration for the VATA ASICs (the Trigger

Mask VA1TA window).
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The DAQ system philosophy is the following: the events are stored in ded-

icated memories during the spill31 and then transferred and written on the PC

during the interspill period (that is when no particles are present) to reduce the

dead time and increase the DAQ rate.

The DAQ system is divided into three main parts and it is based on custom

ADC boards, dedicated VME readout/memory ones (the so-called VME Readout

Boards - VRBs) and a custom trigger board [27]:

- each ADC board (figure 3.8(a)) is located close to the module and hosts

up to 3 channels with an AD9220 12 bit ADC (Analog Devices) for the

“in situ” signal digitization. The board is controlled by an Altera Cyclone

II EP2C832 FPGA (Field Programmable Gate Array) and the communi-

cation with the VRBs is performed with 16+16 I/O (Input/Output) LVDS

(Low-Voltage Differential Signaling) lines. A Gigabit link either on optical

fiber with the GOL Opto-Hybrid (GOH [110]) or on coaxial cables with a

TLK1501 ASIC [111] (by TI33) is available;

- the VRBs (INFN-Ts [112], figure 3.8(b)) are used to readout the ADC out-

put signals and to store the data. Each VRB hosts an Altera EP2C50 FPGA

with 50k cells and 581 kbit of internal RAM (Random Acces Memory)

and 4 PLLs (Phase Locked Loops) for the clock generation. The board

has 16+16 LVDS inputs/outputs, 2+2 TTL (Transistor-Transistor Logic) in-

puts/outputs, a TLK1501 Gigabit link and 4 Mword of 32 bit RAM. The

FPGA is also in charge of the interface with the VME A32D32.

Each VRB can operate both in normal and in zero suppression mode:

* in the first case the signal coming from the ADC board is de-multiple-

xed and the overall stream of data is stored in the RAM with a maxi-

mum of 4096 events with 384×2 strips each; this mode is used for the

pedestal runs and the non zero suppressed ones;

* in the second solution only the strips with a signal above a given

threshold are stored in the RAM; the threshold is set considering the

noise rms of each channel (see appendix A). A maximum of 65536

events with 16×2 strips each can be stored;

- the last part of the DAQ system is a dedicated trigger board (figure 3.8(c))

designed by INFN-Ts; it is responsible for the DAQ trigger generation (to

31Both at the SPS H4 and PS T9 beamlines, the particles are delivered to the users as parti-

cle bunches (the so-called spills) whose number and time structure depend on the beamline (see

section 3.3 for more details).
32Altera Corporation, http://www.altera.com.
33Texas Instrument, http://www.ti.com.
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start the readout sequence) that is the AND of the discriminated signals

coming from a set of plastic scintillators (section 3.3) and the spill signal;

the trigger generation is vetoed when the spill signal is not present. A ran-

dom signal is used for the pedestal runs while several scalers are used to

evaluate the particle and trigger rate.

(a) (b)

(c)

Figure 3.8: Photos of the readout electronics [27]: (a) the ADC board, (b) the VRB

and (c) the trigger board; the main blocks performing the different tasks listed in

the text are shown.

The present maximum DAQ rate is ∼ 6 kHz: if 3 VRBs are used (that is 6

silicon sides are readout) the overall time to readout an event is 170 µs due to the

irreducible multiplexing time (∼ 80 µs with a 5 MHz readout clock) and to the

initialization time of the boards themselves (80 µs); this latter has already been
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reduced to 10 µs. More details about the readout sequence and the data storage

can be found in [86]. As will be discussed in chapter 5, a possible way to reduce

the multiplexing time to one third (from ∼ 80 to ∼ 27 µs) is to read in parallel the

three ASICs; in this case every ADC reads the output signals coming from one of

the ASICs thus needing only 128 clock pulses for the complete signal shifting.

This DAQ system features a very high versatility; it could in fact operate with

different tracking systems and frontend boards based on different ASICs (for ex-

ample the MAROC334 one [113, 114]). As already mentioned the system has

been used with larger silicon detectors (with a larger physical and readout pitch

and the TA1 ASIC [115]), the SiBCs [105, 106], to test LYSO/PbWO4 and shash-

lik calorimeters readout by SiPMs [74, 76, 104] for the FACTOR and TWICE

experiments.

3.3 The experimental setup

The CSEM+VA2 reference modules have been tested both at the CERN SPS H4

beamline (with 150 GeV/c electrons) and at the PS T9 one (with muons and pions

in the 1-10 GeV/c momentum range). Table 3.3 summarizes the main parameters

of the two beamlines. As far as the time structure of the beam is concerned, the

typical spill duration on the PS T9 line is 400 ms and the number of spills ranges

from 1 to 3 in each 45 s cycle with a time distance which depends on the cycle

type, while on the SPS H4 line the spill lasts 8 s with a cycle of 45 s.

The standard setup used at the SPS H4 beamline (figure 3.9(a)) consisted in:

- a 10×10 cm2 1 cm thick plastic scintillator for the trigger generation (the

so-called large trigger); the light produced by the interacting particles is

readout by a PhotoMultiplier Tube (PMT) directly connected to the scintil-

lator tile (figure 3.9(b)); the typical operational voltage is ∼ +1600 V;

- the INSULAB Telescope: the 4 modules were placed as close as possible to

reduce the multiple scattering contribution; two external modules have been

used as a high precision reference system (as in [1, 27]) while the module

under test has been placed in the center;

- the DAQ system described in section 3.2 for the telescope readout; the sig-

nal used for the trigger generation (the one coming from the large plastic

scintillator) is conditioned with a Nuclear Instrumentation Module (NIM)

34Multi-Anode ReadOut Chip 3. This ASIC has been developed by the Laboratoire

del’Acélérateur Linéaire (LAL) of Orsay (http://omega.in2p3.fr) for the readout of the HAMA-

MATSU PMTs used by the ATLAS (A Toroidal LHC ApparatuS) Luminometer [113].
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Beamline H4 SPS T9 PS

Located at North Area East Hall Area

building 887 157

Momentum range [GeV/c] 20-250 1-15

Particle type e, µ, hadrons e, µ, hadrons

Polarity ± ±
Intensity [particles/spill] 4·104 103-104

Time structure

# spills/cycle 1 1-3

spill time width 8 s 400 ms

spill cycle 45 s 45 s

spill distance 45 s variable

Divergence [mrad] (in both directions) 0.1-0.2 0.5-5

Beam size [cm] (in both directions) 0.1-0.6 3-10

Table 3.3: The main technical parameters of the CERN SPS H4 and PS T9 beam-

lines; the beam divergence and size have been measured by the INSULAB Group

during several beamtests and correspond to the FWHM of the corresponding dis-

tributions [1, 86, 116].

crate and standard NIM electronics; the discriminated signal is sent to the

trigger board to generate the start of the readout sequence.

For the data taking at the PS T9 line some changes have been implemented

given that:

- the beam energy is more than 10 times smaller than the SPS H4 line one;

to limit the multiple scattering contribution only 3 modules have been set

up and were placed closer than in the SPS H4 setup (the typical distance

between each module was ∼10-15 cm, blue values in figure 3.9(a));

- the beam size is ∼100 times larger than that of the SPS H4 line and ∼10

times larger than the detector sensitive area; an additional scintillator (fig-

ure 3.9(c) - the so-called small trigger) has been installed behind the last

module; it consists in a 7 mm thick polystyrene tile with an active area of

2×4 cm2 [1] readout by a single anode 931-B PMT (HAMAMATSU [117]).

The typical operational voltage is ∼ -900 V and the scintillator has been di-

rectly coupled to the silicon module. Also in this case the signals coming

from the two trigger systems (the large and the small one) were conditioned

by standard NIM electronics, put in coincidence and vetoed with the spill

signal.
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Figure 3.9(d) shows a photo of the SPS H4 setup with the 150 GeV/c electron

beam coming from the bottom.

3.3.1 The tests goals

The goal of the beamtests performed at the CERN beamlines was twofold:

- to study the behavior of the CSEM+VA2 reference modules with the new

electronics both in the high and low momentum range. Each module has

been charaterized in terms of the following figures of merit:

* the pedestal and noise;

* the cluster35 analysis; the number of clusters, the number of strips

per cluster and the SNR distributions have been computed for each

module;

- to evaluate the spatial resolution of one CSEM+VA2 reference module (chap-

ter 4), i.e. to measure the precision with which the detector is able to re-

construct the hit position. As will be discussed in section 4.2.1, the high

energy test allowed both to evaluate the Charge Sharing (CS) among the

strips (section 3.5) and to compute the ultimate spatial resolution with the

eta algorithm (section 4.3) for the junction side. On the other hand, given

a strange behavior of the ohmic side of the third module (named TELE 3-

A), it was not possible to evaluate the spatial resolution for this side. The

problem has been ascribed to the high particle rate of the SPS H4 beam

and to the damaged bondings (figure 3.10) found once the module has been

dismounted at the end of the beamtest. For this reason the test has been

repeated on the PS T9 beamline (section 4.2.2).

The analysis procedure used to select the set of the so-called good events is the

same for all the beamtests and is presented in appendix A together with the module

alignment procedure.

3.4 The commissioning phase @ SPS H4

3.4.1 Pedestal and noise

Figure 3.11(a) presents an example of the pedestal distribution both for the junc-

tion (top) and ohmic (bottom) side of one CSEM+VA2 reference module (named

TELE 4-E). The three different regions in both pictures correspond to the three

35See section 3.4.2 and appendix A for the definition of cluster.
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(a)

(b) (c)

(d)

Figure 3.9: (a) Schematic view of the CERN SPS H4 setup (a similar one has

been used at the PS T9 beamline with some changes described in the text). Photos

of (b) the large 10×10 cm2 plastic scintillator and (c) the small 2×4 cm2 one;

(d) photo of the INSULAB Telescope during the SPS H4 data taking [27]: the

150 GeV/c electron beam comes from the bottom.
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Figure 3.10: Photo of the damaged bondings of the TELE 3-A ohmic side.

readout ASICs (see section 3.1 for details). The global noise rms (black lines) and

the noise rms after the common mode subtraction (red lines) distributions are pre-

sented in figure 3.11(b): the peaks correspond to the noisy channels which have

been excluded in the analysis. The details about the pedestal and noise (global,

common mode and intrinsic one) calculation can be found in appendix A while

table 3.4 summarizes the values obtained for all the reference modules at the SPS

H4 high energy beamtest together with the percentage of the unused (dead/noisy)

strips. Similar values have been obtained during the PS T9 low energy beamtest

while the ones for the TELE 3-A ohmic side are missing given the problem already

mentioned above.

3.4.2 Cluster analysis: the modules behavior

All the reference modules have been characterized in terms of cluster SNR36.

The first step of the analysis is the good event selection reconstructing the in-

coming particle impact position through the so-called maximum pull distribution.

The pull is defined as the ratio between the Pulse Height (PH), in ADC counts,

of the strip with the maximum signal in the event and its corresponding noise rms

(see details in appendix A). Figure 3.12 shows an example of the pull distribution

of one CSEM+VA2 reference module: the two peak-shape of the distribution in

figure 3.12(a) is given by the one floating strip readout scheme adopted for the

junction side. When the particle crosses the center of the floating strip, each of

36The examples presented here refer to the test of the TELE 4-E module at the SPS H4 beamline;

the other modules behave in a similar way and the obtained values are listed in table 3.5.
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Module Pedestal range Global noise CM noise Intrinsic noise Unused ch

(TELE) [ADC] [ADC] [ADC] [ADC] [%]

3-A

jun. 1940-2210 8.51±0.03 2.72±0.15 3.79±0.02 3.39

ohm. - - - - 2.08

2-C

jun. 1875-2115 4.44±0.02 2.51±0.09 3.27±0.02 4.95

ohm. 1810-2010 4.33±0.02 2.24±0.09 2.71±0.02 2.60

1-D

jun. 1860-2170 6.28±0.03 1.81±0.06 6.03±0.02 1.83

ohm. 1815-1970 2.43±0.03 0.59±0.02 2.12±0.02 0.78

4-E

jun. 1910-2220 5.52±0.02 1.82±0.06 5.21±0.02 1.30

ohm. 1870-2105 3.94±0.02 0.67±0.02 3.75±0.04 0.78

Table 3.4: Comparison of the pedestal, noise and number of unused (dead or

noisy) channels of the CSEM+VA2 reference modules: the global, common mode

and intrinsic noise values have been computed following the procedure in ap-

pendix A.

(a) (b)

Figure 3.11: (a) The pedestal and (b) the noise distributions for the junction (top)

and ohmic (bottom) side of a CSEM+VA2 reference module. The black lines rep-

resent the global noise rms while the red ones the intrinsic noise after the common

mode subtraction.
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the two neighbouring readout strips collects ∼39% [27] of the total charge and the

pulse height is smaller: this case corresponds to the first peak while the larger PH

one is the one due to the particle crossing a readout strip.

The red solid lines in both figures indicate the threshold set to identify the hit

strips: the pedestal has been subtracted from the raw data of each strip and the

obtained value compared with the threshold (typically around 15-20σ); the strip

with the maximum is the one whose signal overcomes both the threshold and the

signal of all the other channels.

(a) (b)

Figure 3.12: The maximum pull distributions of (a) the junction and (b) the ohmic

side of one CSEM+VA2 reference module; the two peak-shape in (a) reflects the

fact that a floating strip readout scheme is used.

Since the charge deposited by the particle can be shared among several strips

(the so-called cluster), the hit position has been reconstructed using a cluster-

finding algorithm based on the Center Of Gravity method (COG [118]). The anal-

ysis consists of the following steps:

- the number of clusters (figure 3.13(a)) and the number of strips composing

the cluster (figure 3.13(b)) have been taken into account on an event by event

basis. A strip has been considered as part of the cluster if its signal is larger

than a given threshold set by the so-called lateral pull distribution37, that

is the pull distribution of the strips surrounding the one with the maximum

signal in the event: typically the chosen threshold is smaller than the one

for the strip with the maximum and is of the order of 5-10 σ. As expected,

for both the junction (top) and ohmic (bottom) cases, more than 82% of

37The complete definition and an example of the lateral pull distribution are given in appendix A.



3.4 The commissioning phase @ SPS H4 97

the events are single cluster events38 with more than 92% of the clusters

typically composed of 1-2 strips. In the following analysis the good events

are the ones with a single 1 or 2-contiguous strips cluster; for small incident

angles, in fact, this is a reasonable approximation since only one or two

strips collect the whole charge generated by the particle;

(a) (b)

Figure 3.13: Distributions of (a) the number of clusters and (b) the number of

strips per cluster of the junction (top) and ohmic (bottom) side of one CSEM+VA2

reference module: typically single 1-2 strips cluster events are present on both

sides.

- the particle hit position has been computed as [118]

xp =

N

∑
i
(PHi ·ST RIPi)

N

∑
i

PHi

(3.1)

where the i index runs over the number of strips composing the cluster and

PHi is the corresponding pulse height. An example of the SPS H4 beam

profile measured by one CSEM+VA2 reference module (named TELE 4-E)

considering only the set of good events is given in figure 3.14(a): both the

horizontal (right) and vertical (left) direction have a Gaussian-like shape

38Two clusters are considered as separated if there are at least five strips below threshold (set

with the maximum pull distribution) between their respective highest strips i.e. the ones with the

largest signal among the strips composing the clusters themselves.
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while the regions with low statistics correspond to the dead/noisy chan-

nels. The same module together with the first one (named TELE 1-D) has

been used to compute the beam divergence (figure 3.14(b)) that is less than

155 µrad in both directions39. During the low energy beamtest at the PS

T9 beamline, a parallel beam (that is a top-hat shape one) has been used in

order to obtain a small enough divergence value;

(a) (b)

Figure 3.14: The SPS H4 (a) beam profile and (b) divergence measured by two

CSEM+VA2 reference modules: the junction sides measure the horizontal direc-

tion while the ohmic sides the vertical one.

- to study the analog response of the detector in terms of the cluster pulse

height and noise, and thus to compute its SNR, the following procedure has

been applied:

39It must be noted that for the TELE 1-D ohmic side the percentage of the 1-2 strips single

cluster events was ∼10% due to a non correct readout clock (see later on); for this reason the

statistics used to compute the vertical divergence is much lower (∼ two orders of magnitude) than

that for the horizontal one.
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* the cluster SNR has been defined as:

SNRclu =
clu

clunoise

clu =
N

∑
i

PHi

clunoise =

√

√

√

√

√

N

∑
i

σ2
i

N

(3.2)

where clu is the total signal of the cluster, i.e. the sum of the pulse

heights (PHi) of all the strips (N) composing the cluster, and clunoise

is the noise rms of the cluster after the common mode subtraction (σi

is the noise rms of each strip);

* for each module the cluster pulse height distribution (clu) has been

fitted with a Landau-like function (figure 3.15(a)), that can be parame-

trized as follows [119]:

F(λ) =
1√
2π

exp[−0.5(λ+ exp(−λ))]

λ =
∆E −∆EMPV

ξ

ξ = FWHM/4.02

(3.3)

where ∆EMPV is its Most Probable Value (MPV) [38]; the fit parame-

ters represent, respectively, the normalization factor (P1), the FWHM

(P2) and the MPV (P3). On the other hand, the cluster noise distri-

bution (clunoise) has been fitted with a Gaussian-like function (fig-

ure 3.15(b)). The values obtained for all the CSEM+VA2 reference

modules are listed in table 3.5;

* the last step is the SNR calculation from equation 3.2; figure 3.16

shows an example of the junction side SNR distribution fitted with

a Landau-like function: the MPV is 71.97±0.07. The values for the

other modules are reported in table 3.5: typically the SNR values of the

junction sides are larger than the ohmic sides ones, with the exception

of the one for TELE 1-D which has a smaller noise value. Nevertheless

it must be noted that during the SPS H4 high energy beamtest the delay

bit of the ohmic sides was turned ON causing an uncorrect analog
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(a) (b)

Figure 3.15: Fitted distributions of the cluster (a) pulse height and (b) noise of a

CSEM+VA2 reference module; the pulse height distribution has been fitted with

a Landau-like function while the noise one with a Gaussian.

Module Pulse Height Noise SNR

(TELE) [ADC] [ADC]

3-A

jun. 390.52±0.05 3.95±0.01 108.46±0.03

ohm. - - -

2-C

jun. 250.07±0.05 3.43±0.01 85.37±0.06

ohm. 189.37±0.22 2.72±1.00 69.27±0.08

1-D

jun. 352.26±0.06 5.96±0.01 57.75±0.01

ohm. 168.10±0.06 1.83±0.01 91.95±0.08

4-E

jun. 381.50±0.06 5.32±0.01 71.60±0.02

ohm. 181.74±0.02 2.85±0.01 63.87±0.01

Table 3.5: Comparison of the cluster pulse height, noise and Signal to Noise Ratio

(SNR) values of the CSEM+VA2 reference modules.
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signal sampling, i.e. the multiplexed output of the ASICs has not been

sampled at its maximum (see section 3.1.2);

Figure 3.16: Fitted distribution of the cluster Signal to Noise Ratio of a

CSEM+VA2 reference module; a Landau-like function has been used.

* to better understand the large difference in the behavior of the TELE

4-E and TELE 1-D modules, the correlation between the charge col-

lected by the junction and the ohmic side of both modules has also

been considered (figure 3.17); the cluster SNR for both sides has been

taken into account. The so-called slicing method40 has been applied

to evaluate the correlation value and the superimposed blue dots have

been fitted with a linear function. A -0.15±0.67 value for the inter-

cept (P1) and a 0.96±0.06 one for the slope (P2) have been found for

the TELE 4-E module (figure 3.17(a)); the bisector (black line), cor-

responding to a 1:1 correlation, is also shown for comparison. Once

again the two sides behave in a similar way and a similar amount of

charge is collected by each one.

On the other hand the intercept and slope values for the TELE 1-

D module (figure 3.17(b)) are -229.66±3.39 and 6.17±0.06, respec-

tively. In this case the correlation is completely lost: it has been as-

cribed to a non correct sampling of the ASIC output signal. For this

module, in fact, it was not possible to adjust the so-called clock jumper

40The basic idea of this analysis method (whose details will be presented in chapter 4) is to

project the contour histograms in figure 3.17 into either vertical or horizontal slices and fit each of

them with a given function; in this case a Landau-like function has been used.
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placed on the ohmic side repeater board and in turn it was not possi-

ble to set a clock value to have a symmetric eta distribution; for this

side the deposited charge is thus not equally shared among the strips.

This fact has been confirmed considering and comparing the lateral

and the maximum pull distributions (figure 3.18): the right strip pull

(blue line) and the maximum strip one (black line) have a similar shape

suggesting a certain amount of the charge has been shifted in the right

strip while the left one (red line) collects a small amount of the signal

(see [86] for more details).

3.5 The charge sharing distribution

As mentioned in section 2.2.2, in silicon detectors the capacitive coupling among

the strips causes the charge deposited by a ionizing particle to be shared among

neighbouring channels. The charge sharing for all the CSEM+VA2 reference

modules has been studied with the same procedure described in [86].

The contour histograms in figure 3.19 show the signal collected by the strip

with the maximum signal in the event as a function of the interstrip position41

computed with the standard COG method. In both cases 0 µm is the center of the

first readout strip and 50 µm is the center of the nearby one; in figure 3.19(a) the

center of the floating strip of the junction side is at 25 µm while for the ohmic side

(figure 3.19(b)) the position at 25 µm corresponds to the border between the two

readout strips.

As expected given the COG method does not take into account the dependence

of the charge division from the particle hit position inside the strip itself, the distri-

bution is not homogeneous and presents different regions that recall the shape of

the eta distribution (figure A.3). The superimposed dots have been obtained with

the slicing method presented in chapter 4: in this case the contour histograms in

figure 3.19 have been projected in 50 vertical slices which have been fitted with a

Landau-like function to obtain the MPV of the slice itself.

The charge sharing (CS) value has been computed as follows:

CS =

([

(MPV25 +MPV26)/2

(MPVsli start +MPVsli stop)/2

]

·100

)

·2 (3.4)

where sli start and sli stop correspond, respectively, to the first and the last fitted

slices42. The charge sharing is thus defined as the ratio between the average of the

41The definition of the interstrip position (xscal j) is given in section 4.3 (equation 4.7).
42In both the examples presented in figure 3.19 only the slices from the 6th to the 45th have been

considered given the statistics was too low for the others.



3.5 The charge sharing distribution 103

(a)

(b)

Figure 3.17: Correlation between the junction and ohmic cluster SNR of (a) the

TELE 4-E module and (b) the TELE 1-D one; a slicing method (presented in chap-

ter 4) has been applied to compute the blue dots while the black lines represent

the bisectors.
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Figure 3.18: The maximum (black line), left (red line) and right (blue line) strip

pull distributions of the ohmic side of the TELE 1-D module.

MPVs of the two central slices (yellow dots in figure 3.19) and the average of the

MPVs of the first and last slice (red dots in figure 3.19) and the factor 2 reflects the

fact that the signal is shared into the two neighbouring readout strips. Table 3.6

summarizes the values obtained from equation 3.4 for all the CSEM+VA2 refer-

ence modules; the values for the ohmic sides (with the exception of the TELE 4-E

one) are missing given the used readout clock has not allowed to have a symmetric

eta distribution which introduces a bias in the position reconstruction.

To evaluate the real charge sharing value the so-called eta algorithm has been

applied following the procedure in [86, 108] to take into account the effective

charge division between the strips and compute the correct particle hit. The details

about this analysis method are given in section 4.3. Figure 3.20 presents the same

contour histograms of figure 3.19 computed with the correct interstrip position

(section 4.3): also in this case the superimposed dots have been obtained with

the slicing method presented in chapter 4 and using a Landau-like function to

identify the peak position43. As expected both the junction (figure 3.20(a)) and

the ohmic (figure 3.20(b)) distributions are more homogeneous compared to those

in figure 3.19 and also the regions on the edges (i.e. the ones near 0 and 50 µm)

are more populated.

The charge sharing value (table 3.6) has been computed with equation 3.4;

also in this case the values for the ohmic sides (except the TELE 4-D one) are

missing given that the eta algorithm cannot be applied if the eta distribution is

43In this case for both the examples presented in figure 3.20 all the slices (from the 1st to the

50th) have been taken into account.
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(a)

(b)

Figure 3.19: The charge sharing distributions of a CSEM+VA2 reference module:

(a) junction and (b) ohmic side using the COG method for the particle position

reconstruction; in both cases the blue dots have been computed with the slicing

method presented in chapter 4 and using a Landau-like function.
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Module Charge Sharing (COG) Charge Sharing (η)

(TELE) [%] [%]

3-A

jun. 96.39 92.33

ohm. - -

2-C

jun. 89.03 76.72

ohm. - -

1-D

jun. 73.89 76.20

ohm. - -

4-E

jun. 80.53 70.90

ohm. 85.95 75.05

AVERAGE

jun. 81.15 74.62

ohm. 85.95 75.05

Table 3.6: Comparison of the charge sharing values of the CSEM+VA2 reference

modules; the ones in the second column have been computed using the standard

COG method while the ones in the third column with the eta algorithm (presented

in chapter 4).
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too asymmetric and the integration with equation 4.8 is not possible. The average

between the junction side CS values (computed excluding the one for the TELE

3-A) is 74.62% and is similar to the one computed for the ohmic side of the TELE

4-E (75.05%). As mentioned in appendix A the capacitive coupling among the

strips is similar for the two sides confirming they behave in a similar way in terms

of charge sharing among the strips.
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(a)

(b)

Figure 3.20: The charge sharing distributions of a CSEM+VA2 reference module:

(a) junction and (b) ohmic side using the eta algorithm for the particle position

reconstruction; in both cases the blue dots have been computed with the slicing

method presented in chapter 4 and using a Landau-like function.



Chapter 4

The INSULAB reference detector:

spatial resolution measurement

This chapter is devoted to the study of the spatial resolution of one INSULAB

Telescope module as measured in dedicated beamtests at CERN; both 10 GeV

e/µ and 150 GeV e beams have been used for the module characterization.

The so-called residual method has been adopted to measure the module per-

formance and a dedicated analysis procedure has been applied to evaluate the

Multiple Coulomb Scattering (MCS) contribution in the low energy case: the

comparison between two different analysis algorithms, used for the particle po-

sition reconstruction, is given.

4.1 The spatial resolution measurement

The spatial resolution of a CSEM+VA2 reference module has been studied both

with the 150 GeV electron beam at the SPS H4 beamline and the 10 GeV one at

the PS T9 beamline. As already mentioned in chapter 2, the spatial resolution of

a tracking system is defined as the capability to reconstruct the particle position

in a given reference system. To measure this capability, the reference system

should have a spatial resolution which is better or at worst similar to the one of

the detector under test and at the same time should contribute as little as possible

to the material budget not to perturb the particle trajectory.

Two different position finding algorithms have been used for the particle hit

identification:

- the standard COG method [118] (section 4.2) where the particle position is

defined as the weighted average given by equation 3.1;

109
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- the so-called eta algorithm [108] (section 4.3) which takes into account the

actual dependence of the charge division from the particle hit position.

In both cases the so-called residual method (section 4.1.1) has been used to

compute the spatial resolution which is defined as the rms of the residual distribu-

tion.

4.1.1 The residual method

As shown in figure 4.1, the residual method consists in the following:

- the reference detectors (i.e. the TELE 1-D and TELE 3-A modules) have

been placed at the zsili1 and zsili3 positions along the beamline and aligned

with the method presented in section A.3;

- the position (in cm) computed with either the COG method or the eta algo-

rithm for each module side has been taken into account (pink arrows);

- the particle trajectory (red arrow) has been reconstructed by the reference

system and projected on the surface of the module under test (i.e. the TELE

2-C one) with the following formulae:

xpro j2 = xtan31 ∗ (zsili2− zsili1)+ xp1

xtan31 =
xp3 − xp1

zsili3− zsili1

(4.1)

where xtan31 defines the tangent of the angle between the two reference

silicon detectors (yellow triangle);

- the residual (xres2) is defined as the difference between the particle posi-

tion reconstructed by the reference system (xpro j2, blue arrow) and the one

measured by the module under test itself (xp2):

xres2 = xpro j2 − xp2 (4.2)

- both the horizontal and the vertical directions have been considered; the

obtained distributions have been fitted with a Gaussian-like function con-

sidering only the peak region to exclude the non Gaussian-like lateral tails

(if present);

- the sigma value represents the spatial resolution including the Multiple Cou-

lomb Scattering (MCS) contribution (equation 4.3). It must be noted that

the MCS contribution is practically negligible for the energy used during
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Figure 4.1: Schematic view of the residual method principle: the residual is de-

fined as the difference between the trajectory reconstructed by the external refer-

ence modules (xpro j2) and the one computed by the module under test (xp2).

the SPS H4 high energy beamtest (150 GeV): in practice, the values ob-

tained from the Gaussian fit correspond to the intrinsic resolution. On the

other hand during the PS T9 low energy beamtest, given the working en-

ergy is ∼10 times smaller than the H4 line one, the MCS contribution has

been computed and subtracted following the procedure described in sec-

tion 4.2.2.1;

- the obtained values have been compared with the so-called theoretical spa-

tial resolution computed as follows:

* the measured spatial resolution can be parametrized with the following

equation:

σ2
meas = σ2

MCS +σ2
det (4.3)

where σ2
meas is the experimental spatial resolution obtained from a fit

with a Gaussian-like function; σ2
MCS is the MCS contribution [37] and

σ2
det is the spatial resolution of the module under test which in turn are

given by

σ2
MCS =

(

k

Ebeam

)2

σ2
det = ∑

i

[

σi ·
∂ f (xi)

∂xi

]2 (4.4)
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where k is the multiple scattering contribution factor, Ebeam is the beam

energy, f (xi) is given by equation 4.2 and σi and xi are, respectively,

the intrinsic resolution and the measured position of the ith module

(figure 4.2);

* assuming all the modules have the same intrinsic resolution (σtheo =
σi) the measured spatial resolution σmeas is given by

σmeas =

√

(

2− 2 ·A ·B
(A+B)2

)

·σ2
theo +

(

k

Ebeam

)2

(4.5)

where A and B are the distances between the module under test and

the ones used as reference1 as shown in figure 4.2;

Figure 4.2: Schematic view of the elements considered for the theoretical (intrin-

sic) spatial resolution calculation (σtheo in equation 4.5).

* neglecting the MCS term and taking as σmeas the so-called digital spa-

tial resolution (computed as p/
√

12 where p is the strip pitch), one

obtains the theoretical values listed in table 4.1 and used for the com-

parison with the measured ones.

1See figure 3.9 for the exact value of the distances between the modules both at the SPS H4

and the PS T9 beamline.
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4.2 Results with the standard COG method

4.2.1 The SPS H4 high energy beamtest

The residual distributions computed with both the junction and ohmic side of the

TELE 2-C module are shown in figures 4.3(a) and 4.3(b) while table 4.1 summa-

rizes the values obtained from the Gaussian fit (fourth column):

- a 4.90±0.01 µm value has been obtained for the junction side (figure 4.3(a))

fitting the ±13 µm peak region; as expected, given the high SNR, the correct

setting of all the ASICs parameters and the one floating strip scheme used

for the readout, this value is smaller than the theoretical one (i.e. 5.89 µm);

Module σdigi σtheo σmeas (COG)

(TELE) [µm] [µm] [µm]

2-C

jun. 7.22 5.89 4.90±0.01

ohm. 14.45 11.65 17.28±0.29

Table 4.1: The spatial resolution of the TELE 2-C CSEM+VA2 reference mod-

ule measured during the SPS H4 high energy beamtest; also the digital and the

theoretical ones are listed for both sides (see text for details).

- on the other hand a 17.28±0.29 µm value has been found for the ohmic side

(figure 4.3(b)) fitting the ±50 µm interval; in this case the measured value

is much larger than the theoretical one (i.e. 11.65 µm) given that:

* the TELE 3-A ohmic side could not be used to compute the residual

given the bonding problem already presented in section 3.3. The posi-

tion reconstructed by the TELE 4-E ohmic side has thus been consid-

ered and in turn the MCS contribution has slightly been increased; the

theoretical value reported in table 4.1 for the ohmic side already takes

into account this fact;

* as already discussed in section 3.4.2, the ohmic side SNR is smaller

than the junction side one given the uncorrect settings of the ASICs

parameters (the delay bit was turned ON);

* the readout clock was not the ideal one for the ohmic side of all the

modules causing an unbalanced charge sharing among the strips (fig-

ure 3.18): the resolution gets worse since it is like having doubled the

readout pitch (i.e. it is like having a 100 µm readout pitch detector).
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This fact has been studied using the TELE 08-2 FBK-irst+VA1 prime2

UA9 module (appendix B) and considering the behavior of the junc-

tion side spatial resolution as a function of three different readout

clocks (figure 4.3(c)): as expected, the resolution increases of ∼36%

when using a 5 MHz clock. A similar worsening in the spatial resolu-

tion value could be in principle foreseen for the ohmic side: the real

ohmic side spatial resolution could be thus around 11 µm; the valida-

tion of this predicted value is presented in section 4.2.2.

4.2.2 The PS T9 low energy beamtest

The spatial resolution measurement has been repeated during the PS T9 low en-

ergy beamtest for the reasons mentioned in section 3.3 and listed above and, in

particular, to validate the value obtained for the ohmic side. The same modules

used at the SPS H4 beamline have been tested (with the exception of the TELE

3-A one) and the residual method (section 4.1.1) has been applied to compute

the spatial resolution. The results are presented in figures 4.4(a) (junction side)

and 4.4(b) (ohmic side): in both cases the rms value2 is much larger than the ex-

pected one and the residual distributions themselves show a non Gaussian top-hat

shape which has been ascribed to a rotational tilt angle introduced by the Newport

supports3 (the so-called knights) used to fix the modules along the beamline.

This fact has been confirmed and corrected in the offline analysis:

- the horizontal (vertical) residual value has been plotted as a function of the

position along the vertical (horizontal) coordinate as shown in figure 4.5(a)

for the junction side and in figure 4.5(b) for the ohmic one. The linear de-

pendence is represented by the slopes of the blue histograms in figure 4.5

(A1 red values) and reflects the fact that the two coordinates are not uncor-

related but are joined by the presence of a rotational angle in the x-y plane;

- in both cases a p1-polynomial function fit (red lines in figure 4.5) has been

performed excluding the regions with a poor statistics and the obtained pa-

rameters (red values in figure 4.5) have been used to compute the correct

residual as follows:

xres2new = xres2 − (A0+A1 · yp2)

yres2new = yres2 − (A0+A1 · xp2)
(4.6)

2In this case the Gaussian-like fit is meaningless (since the distributions are not Gaussian-like)

and only the statistical parameters given by the analysis program (PAW) have been reported.
3Newport Corporation. http://www.newport.com.
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(a) (b)

(c)

Figure 4.3: The residual distributions of (a) the junction and (b) the ohmic side

of the TELE 2-C CSEM+VA2 reference module: in both cases the standard COG

method has been used for the particle hit identification. (c) The junction side

residual of the TELE 08-2 FBK-irst+VA1 prime2 UA9 module (appendix B) as a

function of three different readout clock values.
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(a) (b)

Figure 4.4: The residual distributions of the TELE 2-C CSEM+VA2 reference

module: (a) junction and (b) ohmic side computed with equation 4.2.

(a) (b)

Figure 4.5: (a) The horizontal and (b) the vertical residual as a function of (a) the

vertical and (b) the horizontal position (see text for details).
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- the slopes in figure 4.5 have been straightened adding the correction fac-

tors given by equation 4.6 (A0 and A1 parameters): the results for both

sides are represented by the black histograms in figure 4.5 where the de-

pendence of the horizontal (vertical) residual from the vertical (horizontal)

coordinate has been completely removed. Fitting the new distributions with

a p1-polynomial function (green lines in figure 4.5) one obtains the new

slope and intercept values (black values in figure 4.5) which are practically

0;

- the residual distribution has been then recomputed and the central peak re-

gion has been fitted with a Gaussian-like function obtaining (figure 4.6) a

5.59±0.05 µm value for the junction side and a 11.62±0.18 µm one for the

ohmic side which is very similar to the one predicted during the SPS H4

high energy beamtest (see tables 4.1 and 4.2).

(a) (b)

Figure 4.6: The residual distributions of the TELE 2-C CSEM+VA2 reference

module: (a) the junction and (b) the ohmic side after the position has been cor-

rected with equation 4.6.

4.2.2.1 The MCS subtraction

Since the maximum available energy at the PS T9 beamline is 10 GeV, a dedicated

study of the MCS contribution affecting the spatial resolution has been performed

in the 1-10 GeV energy range. Figure 4.7 shows both the junction and ohmic

residuals (computed with the method presented in section 4.1.1) as a function of

the beam energy: the standard COG weighted average has been used to reconstruct



118 The INSULAB reference detector: spatial resolution measurement

Module σdigi σtheo σmeas (COG) σint

(TELE) [µm] [µm] [µm] [µm]

2-C

jun. 7.22 5.87 5.59±0.05 4.54±0.58

ohm. 14.45 11.74 11.62±0.18 8.61±0.44

Table 4.2: The spatial resolution of the TELE 2-C CSEM+VA2 reference module

measured during the PS T9 low energy beamtest; also the digital and the theoret-

ical ones are listed.

the particle hit position which has been corrected with equation 4.6 to remove the

dependence from the rotational tilt angle introduced by the mechanical supports.

Both the distributions have been fitted with equation 4.5 to evaluate the σint

intrinsic spatial resolution (table 4.2) and the k MCS contribution factor, corre-

sponding, respectively, to the P1 and P2 parameters in the fit boxes. The following

considerations hold:

- the intrinsic resolution is 4.54±0.58 µm for the junction side which is smaller

than the theoretical one (i.e 5.87 µm); moreover this value is also better than

the one found during the SPS H4 high energy beamtest since the MCS con-

tribution has been properly subtracted;

- the intrinsic resolution is 8.61±0.44 µm for the ohmic side and also in this

case it is smaller than the theoretical one (i.e 11.74 µm); this fact confirms

the good quality (in terms of particle reconstruction capability) of the design

used for the CSEM+VA2 reference module ohmic side;

- as far as the k MCS factor is concerned, they are very similar and the average

is 38.65±0.32: this value will be used to compute the intrinsic resolution of

the VISION modules (section 5.2.5).

4.3 Results with the eta algorithm

The standard COG method [118], presented in section 3.4.2 and used to esti-

mate the spatial resolution of the TELE 2-C CSEM+VA2 reference module (sec-

tion 4.2), is the most widespread and used pattern recognition algorithm. How-

ever, as mentioned in [80], it is a good approximation for a uniform charge distri-

bution while it becomes inadequate for a Gaussian-like one. The standard COG

method, in fact, does not take into account the real shape of the charge distribu-

tion causing the spatial resolution measurement to be affected by a wrong particle
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(a) (b)

Figure 4.7: The TELE 2-C CSEM+VA2 reference module residuals as a function

of the beam energy: (a) the horizontal and (b) the vertical direction; in both cases

equation 4.5 has been used for the fit.

position reconstruction. This fact is schematically shown in figure 4.8: a particle

crossing the detector between two strips at 3/4 of their distance (corresponding to

the readout pitch pRO) deposits in each strip a certain amount of charge which in

turn depends on the shape of the charge distribution [80]:

- if the charge is uniformly distributed (figure 4.8(a)) the left and right strips

collect, respectively, 1/4 and 3/4 of the total deposited charge: applying

the standard COG method for the hit position reconstruction one obtains the

correct position of the track at x = 3/4 pRO (yellow star in figure 4.8(a));

- on the other hand, for a Gaussian-like charge distribution (figure 4.8(b)) the

signal collected by the left strip is less than 1/4 and, in turn, the right strip

collects more than 3/4 of the total deposited charge: the position computed

with the standard COG method is thus shifted towards the right strip (at

x > 3/4 pRO, yellow star in figure 4.8(b)) and, similarly, tracks passing

closer to the left strip will be shifted to the left (at x < 1/4 pRO). This effect

introduces a bias in the position reconstruction and is clearly highlighted by

the experimental eta distribution (figure 4.9): its non flat shape indicates that

the hit position reconstruction inside the strip depends on the hit position

itself.

The use of a non-linear method which takes into account the effective charge

division between the strips could improve the spatial resolution [80] and allow
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(a)

(b)

Figure 4.8: Schematic view of a particle crossing the detector at 3/4 of the readout

pitch (pRO): (a) a uniform charge distribution and (b) a Gaussian-like one are

considered.
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to compute its ultimate value. Among several non-linear position reconstruction

methods [91], the so-called eta algorithm has been chosen for the analysis pre-

sented in this thesis work. It has been applied following the procedure described

in [86, 108] and consists in the following analysis steps:

- only the events with a single 2-contiguous-strip cluster have been consid-

ered and the eta distribution for both the sides of the TELE 2-C CSEM+VA2

reference module has been computed (figure 4.9). The one for the junction

side (figure 4.9(a)) is symmetric enough given the correct sampling of the

signal. On the other hand, as already mentioned in sections 3.4.2 and 3.5,

for the ohmic sides it was not possible to properly adjust the clock value

to have a symmetric eta distribution (figure 4.9(b)); for this reason the eta

algorithm has been applied to the junction side only;

(a) (b)

Figure 4.9: The eta distribution of the TELE 2-C CSEM+VA2 reference module:

(a) the junction side and (b) the ohmic one.

- the so-called interstrip position, defined as the particle hit position rescaled

to the strip dimension (i.e. in the interval [0,50] µm), has been computed

both for the modules used as a reference system and the under test one; the

following equation has been used:

xscal j = xp j − int

(

xp j

pRO

)

· pRO (4.7)

where xp j is the particle position computed with the standard COG method

(equation 3.1), pRO is the readout pitch and int is the integer part of the

argument in the brackets and gives the number of the hit channel (which
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is a number in the strip interval [1,384]). The interstrip position for the

TELE 2-C junction side is presented in figure 4.10(a): 0 µm is the center of

the first readout strip and 50 µm is the center of the nearby one while the

position at 25 µm is the center of the floating strip. As expected, given the

aforesaid considerations on the COG method, the distribution is not flat and

resembles the eta one (figure 4.9(a));

(a) (b)

Figure 4.10: The interstrip position (a) before and (b) after the eta algorithm cor-

rection.

- the correct particle position on each module has been computed with the

following formulas [108]:

xpeta j = xle f t + f (η) · pRO

f (η) =

η∫
−1

(dN/dη
′
) dη

′

1∫
−1

(dN/dη
′
) dη

′

(4.8)

where, as shown in figure 4.11, xle f t is the position of the left strip in the

pair composing the cluster4 and f (η) is the eta cumulative probability dis-

tribution function [108]. It is defined as the integral of the experimental eta

distribution dN/dη
′
(figure 4.9(a)) in a given range (-1,η) normalized to the

integral over the whole range (-1,1);

4In this case the position of the left strip has been computed as xle f t = chle f t · p where chle f t

indicates the first channel composing the 2-strip cluster of the jth module.
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Figure 4.11: Cluster elements as used in the eta algorithm (adapted from [86]).

- the corrected interstrip position has been recomputed using xpeta j in equa-

tion 4.7 obtaining the result presented in figure 4.10(b): as expected, the

distribution is flat if compared to the one shown in figure 4.10(a) and the

dependence of the recontructed position from the impact position inside the

strip has been removed;

- the new residual distribution (figure 4.12(a)) has been recomputed using

xpeta j in equations 4.1 and 4.2: a 5.78±0.01 µm value has been found

which is worse than the one obtained with the standard COG method (i.e.

4.90±0.01 µm). Nevertheless, the lateral non Gaussian-like tails are slightly

less populated and present a smaller asymmetry;

- the increase in the spatial resolution value has been ascribed to the eta algo-

rithm itself which introduces a further dependence on the position; this fact

has been studied considering the residual as a function of the corrected in-

terstrip position (figure 4.12(b)) and applying the so-called slicing method:

* the contour histogram in figure 4.12(b) has been projected into vertical

slices: in total 50 slices of 1 µm of width have been considered;

* in order to compute the exact position of the slice peak, a Gaussian-

like function fit has been performed for each slice obtaining a set of

values for the mean and the sigma, respectively. Figure 4.12(c) shows

an example of the central slice fit: the range for the fit has been chosen

by hand in order to exclude the lateral regions with a poor statistics

and to fit the interval ±13 µm with respect to the peak position of each

slice;

- the sets of mean and sigma values have been used to straight the contour

histogram in figure 4.12(b) (with the same phylosophy applied for the tilt
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(a) (b)

(c) (d)

Figure 4.12: (a) The residual distribution of the TELE 2-C junction side after the

eta correction. (b) The residual as a function of the corrected interstrip position.

(c) Example of the Gaussian-like fit of the central slice: only the interval ±13 µm

with respect to the peak position has been taken into account. (d) The sets of mean

(top) and sigma (bottom) values obtained from the slicing method and fitted with

a p1- and a p0-polynomial function, respectively.
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angle correction presented in section 4.2.2) and to find the ultimate spatial

resolution value. Both the sets of data have been plotted as a function of the

corrected interstrip position (figure 4.12(d)) and fitted with a given fuction:

* the set of mean values (figure 4.12(d) top) has been fitted with a p1-

polynomial function to evaluate the slope which has been in turn used

to remove the dependence of the residual on the position as follows:

xres2corr = xres2eta − (P0+P1 · xscal2eta) (4.9)

where both xres2eta and xscal2eta have been computed using the def-

inition of xpeta j (equation 4.8) in equations 4.1, 4.2 and 4.7, respec-

tively. The obtained results are presented in figure 4.13(a) and in the

top of figure 4.13(b): fitting with a p1-polynomial function the new

set of mean values, obtained applying again the slicing method on fig-

ure 4.13(a), one gets a slope value which is practically 0;

* as far as the set of sigma values is concerned, it has been fitted with a

p0-polynomial function (figure 4.12(d) bottom) which shows that the

sigma of the residuals remains practically constant at 3.97±0.14 µm;

the behavior remains practically the same also after the additional cor-

rection with equation 4.9 (figure 4.13(b) bottom).

(a) (b)

Figure 4.13: (a) The residual distribution of the TELE 2-C junction side after the

eta and slope correction as a function of the interstrip position. (b) The new sets

of mean (top) and sigma (bottom) values obtained from the slicing method and

fitted with a p1- and a p0-polynomial function, respectively.
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- the ultimate residual distribution obtained after the eta and the slope correc-

tion is predented in figure 4.14(a): fitting the distribution with a Gaussian-

like function the measured value is 4.22±0.01 µm. It must be noted that

the asymmetric non Gaussian-like tails are much smaller than the ones in

figures 4.3(a) and 4.12(a) even if they have not been completely removed

due to the non 100% symmetry of the starting eta distribution (figure 4.9(a))

and, in particular, of the one measured for the TELE 3-A reference module

(figure 4.14(b)) used as a reference. Further tightening the range for the fit

to better exclude the lateral tails, considering the (-10.,9.5) µm interval only,

a 4.11±0.01 µm value (figure 4.14(c)) has been obtained.

Table 4.3 summarizes the comparison between the two different analysis meth-

od used for the residual calculation: as expected, given the aforesaid considera-

tions on the COG method, an improvement up to ∼0.90 µm has been obtained

applaing the eta algorithm.

Module σmeas (COG) σmeas (η) σmeas (η ±13) σmeas (η ultim)

(TELE) [µm] [µm] [µm] [µm]

2-C

jun. 4.90±0.01 5.78±0.01 4.22±0.01 4.11±0.01

Table 4.3: The ultimate spatial resolution of the TELE 2-C CSEM+VA2 reference

module junction side; the one computed with the standard COG method is also

listed for comparison. The red and blue values refer, respectively, to the Gaussian

fit of the histograms in figures 4.14(a) and 4.14(c).
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(a) (b)

(c)

Figure 4.14: The ultimate spatial resolution of the TELE 2-C junction side after

the eta and slope correction fitting (a) the ±13 µm peak region and (c) the interval

between -10 and +9.5 µm. (b) The TELE 3-A eta distribution: its not perfect

symmetry is the reason why the lateral tails in the residuals ((a) and (c)) are not

perfectly removed even with the eta algorithm.
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Chapter 5

The VISION tracking system:

moving to a high performance

system

As already described in section 3.2 the new electronics chain developed and tested

with the INSULAB Telescope (chapter 3) allowed to double the DAQ rate with

respect to the standard electronics used until 2011 [103]. A 6 kHz DAQ rate value

has been obtained in dedicated beamtests at the CERN SPS and PS beamlines

maintaining the particle position reconstruction capability of the system; in the

best case the intrinsic spatial resolution is ∼4.11 µm, if a floating strip scheme is

adopted (section 4.3), and ∼8.61 µm in the no floating strip configuration (sec-

tion 4.2.2).

To further increase the DAQ rate value and in parallel to develop a more com-

pact and general purpose readout system, a new version of the telescope has been

assembled in the last 3 years. The so-called VISION Telescope, Versatile and In-

novative SIlicON Telescope, consists in several modules featuring both single and

double side silicon tiles from HAMAMATSU and FBK-irst, the VA1TA ASIC

by IDEAS and the same electronics chain used with the CSEM+VA2 reference

modules (section 3.2).

The complete description of the VISION telescope modules (in terms of sili-

con tiles, ASICs, assembly and mechanics) is given in the first part of this chap-

ter. In particular the attention will be focused on the VA1TA working principle

and its possibility to generate a trigger signal for the readout sequence, and on

the slow control system developed to remotely monitor the whole system. The

second part of the chapter presents the results in terms of noise, SNR, spatial

resolution and charge sharing obtained in a dedicated commissioning phase at

INSULAB and during the PS T9 low energy beamtest. The last part of the chap-

ter deals with the results obtained by the ICE-RAD experiment at the Mainzer

129
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Mikrotron1 (MAMI [120]) where one of the VISION modules is installed since

January 2013 and used to reconstruct the electron beam after the interaction with

bent and straight crystals [24, 60, 66]. The description of the new data transmis-

sion system based on Gigabit link connections (through standard LEMO2 cables

or optical fibers) or on a Universal Serial Bus 2 (USB2) interface is also presented.

5.1 The VISION modules

The so-called VISION Telescope [27, 66] consists in several modules equipped

with the FBK-irst and the HAMAMATSU silicon tiles coupled to the self-trigger-

ing VA1TA ASICs [94] and the same frontend and readout electronics used with

the CSEM+VA2 reference modules (section 3.2). All the modules have been de-

signed and produced by INFN-Ts starting from the design described in [121] and

used by the UA9 experiment3 for the modules presented in appendix B:

- only one module (named in the following FBK-irst-Ω) has been assembled

with the FBK-irst tile (the same used in [121]);

- three modules with the HAMAMATSU tiles have been mounted; two mod-

ules house a pair of silicon tiles, assembled one close to each other on the

same support, while in the third module only one tile is present. A total

of five HAMAMATSU silicon tiles (named in the following SN01-05) have

been tested.

The following sections describe the silicon detectors, the characteristics and

the working principle of the VA1TA ASIC and the modifications implemented on

the electronics chain for the conditioning of the self-triggering part of the ASICs.

The description of the so-called Slow Control (SC) system (to remotely monitor

the whole telescope) is also given.

5.1.1 The silicon detectors

Figure 5.1 presents a photo of the VISION modules whose technical features are

summarized in table 5.1. The design for both the FBK-irst and the HAMAMATSU

modules is very similar:

- the FBK-irst-Ω module (figure 5.1(a)) consists in a double side silicon mi-

crostrip detector with a sensitive area of 1.92×1.92 cm2 (as the CSEM+VA2

reference modules one);

1http://www.kph.uni-mainz.de/eng/108.php.
2LEon MOuttet, http://www.lemo.com.
3UA9 Official Website, http://home.web.cern.ch/about/experiments/ua9
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- the HAMAMATSU SN01-05 tiles (figures 5.1(b) and 5.1(c)) have a slightly

larger sensitive area (2.10×2.10 cm2) and house single side silicon mi-

crostrip detectors.

In both cases the detectors are high resistivity 300 µm thick silicon tiles and

have a total of 384 readout channels; no floating strip scheme has been adopted

for the readout. In the FBK-irst-Ω module the strips are oriented perpendicularly;

only the ohmic side of the tile has been bonded to the readout ASICs while the

junction side is connected only for biasing. The silicon tiles are fully depleted

with a bias voltage in the 36-54 V range and the average leakage current is of the

order of 1.5-2.0 nA per strip.

Detector Double (only Ω) Single

Produced by FBK-irst HAMAMATSU

ASIC VA1TA VA1TA

Detector dimensions [cm2] 1.92×1.92 2.10×2.10

Number of readout channels 384 384

Bulk thickness [µm] 300 300

Resistivity [kΩ·cm] > 4 > 4

Leakage current [nA/strip] 1.5-2.0 1.5-2.0

Full depletion bias voltage [V] 36-54 36-54

AC coupling yes yes

p-side - junction

physical pitch [µm] not bonded 50

readout pitch [µm] - 50

floating scheme - no

n-side - ohmic

physical pitch [µm] 50 -

readout pitch [µm] 50 -

floating scheme no -

Fiberglass support

shape L-shape rectangular

dimensions [cm2] 13.5×13.5 13.5×9.5

thickness [cm] 0.5 0.35

ASIC connection direct bonding upilex fanout

Table 5.1: General features of the VISION modules.
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(a)

(b)

(c)

Figure 5.1: Photos of the VISION microstrip silicon detectors assembled on a

fiberglass support together with the readout ASICs [27, 66]: (a) the FBK-irst-Ω
module; the HAMAMATSU modules with (b) the straight and (c) the bent flexible

upilex fanout.
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5.1.2 The VA1TA ASIC

The readout of the whole detector (or detector side in the FBK-irst-Ω case) is

accomplished by three VA1TA ASICs. The technical features of this ASIC are

listed in table 5.2: it is a 128 channel radiation tolerant integrated circuit built

with the 0.35 µm N-well CMOS technology.

ASIC name VA1TA

Process (N-well CMOS) 0.35 µm

Die surface [mm2] 9.28×6.12

Die thickness [µm] ∼ 725

Number of channels 128

Input pad size [µm2] 50×90

Output pad size [µm2] 90×90

ENC at 1 µs of peaking time [e− rms] 180+7.5·Cd

Power consumption [mW] 195

Slow shaper peaking time [µs] 0.3-1

Fast shaper peaking time [µs] 0.075 or 0.3

Dynamic range [# MIPs] ±10

Current gain [µA/fC] ∼10

Table 5.2: Technical features of the VA1TA ASIC [94].

The ASIC has the same architecture of the VA2 one for the analog sampling

(the so-called VA-part) while the self-trigger signal generation is performed by

the so-called TA-part. Figure 5.2(a) presents the ASIC working principle:

- the two parts share the same charge preamplifiers (located in the VA-part)

and the inputs of the TA-part are directly coupled to the corresponding out-

puts of the preamplifiers;

- each channel of the VA-part includes the same components of the VA2

ASIC one (described in section 3.1.2); in the VA1TA case also a pole zero

cancellation has been implemented for the CR-RC shaper;

- each channel of the TA-part (figure 5.2(b)) consists in

* a charge sensitive preamplifier (shared with the VA-part);

* a CR-RC fast shaper with a peaking time of either 0.075 or 0.3 µs;

* a level-sensitive discriminator with a tunable threshold and a monos-

table to generate fixed width trigger signals; both positive and negative
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(a)

(b)

Figure 5.2: (a) The VATA working principle [94]: the first part (the VA one) has

the same architecture of the VA2 ASIC; (b) the TA architecture is responsible of

the self-trigger generation [94].
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input signals can be used to generate the ASIC trigger. A high-pass

filter (not shown in figure 5.2(b)) with a very low cut-off frequency is

also present before the discriminator to reduce the offset spread across

the whole ASIC;

* a 4 bit Digital to Analog Converter (DAC) to trim the local (i.e. on a

channel by channel basis) and in turn the global threshold values.

The ASIC trigger output is the OR of all the discriminators outputs: whenever

a signal in any of the channels rises above the discriminator threshold, a global

ASIC trigger is generated. The readout is a multiplexed one with a maximum

clock frequency of 10 MHz (as for the CSEM+VA2 reference modules, the chosen

readout clock was 1.25, 2.5 or 5 MHz).

The so-called configuration mask has to be loaded serially to properly operate

the VA1TA ASIC; thanks to this sequence of bits (mask), it is possible to set and

adjust all the main ASIC parameters as the CR-RC slow/fast shaper peaking time,

the gain of the preamplifier, the trigger width, the DAC threshold, etc. The 680 bit

shift register performing this task is presented in figure 5.3: the sequence numbers

are shown at the top of each box; bit 0 is the first one to be loaded. More details

about the serial data shift-in register can be found in [94].

Figure 5.3: The sequence of the serial shift register mask for the VA1TA

ASIC [94]; the mask loading starts from bit 0.
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5.1.3 The mechanical assembly

Depending on the used detector (the FBK-irst or the HAMAMATSU ones), dif-

ferent solutions have been adopted for the module assembly (see table 5.1 for de-

tails). In the FBK-irst-Ω case the silicon tile is assembled on a L-shape fiberglass

support, 13.5×13.5 cm2 wide and 0.5 cm thick (figure 5.1(a)), and directly con-

nected to the readout ASICs which are in turn hosted on a custom PCB inserted

in the support itself. On the other hand, for the HAMAMATSU SN01-05 tiles

the connection between the detector and the readout ASICs is performed through

a flexible 50 µm thick upilex4 fanout with 5 µm copper lines where about 1 µm

of galvanic gold is deposited for the bonding. Two different fanout types have

been manufactured: in the first case (figure 5.1(b)) the so-called straight design

has been adopted i.e. the fanout directly connects the strips to the ASICs; in the

second solution, the so-called bent fanout (figure 5.1(c)), the copper lines are bent

of a 90◦ angle. The silicon tiles, the ASICs PCB and the fanouts are mounted on

a 13.5×9.5 cm2 0.35 cm thick rectangular fiberglass frame.

In both the FBK-irst-Ω and HAMAMATSU SN01-05 cases the ASICs have

been glued with the Epotek H20E epoxy glue and the control and output pads are

bonded with 17 µm diameter Al wires; the detectors are AC coupled. 18×45 cm2

4 cm thick aluminum boxes have been used to house the fiberglass frame and the

first part of the readout electronics.

5.1.4 The electronics chain

The same electronics chain described in section 3.2 has been used for the readout

of the VISION modules; the following modifications, introduced to fulfill the

conditioning and the generation of the self-trigger signal, have been implemented:

- the ASICs configuration part of the repeater boards has been enabled via

software and controlled by a piggy-back daughter board directly plugged

onto the master VRB; it allows to load the VA1TA shift-in register (fig-

ure 5.3) and to read back the mask to check the correct settings of all the pa-

rameters; the connection between the VRB daughter and the repeater boards

is made via two 17 pins twisted cables and scotchflex connectors;

- the self-triggering TA-part of the ASICs generates the trigger signal which

in this case is not vetoed with the spill one; it means that when the particles

arrive on the detector the readout sequence is immediately started by the

detector itself.

4It is the material commonly used to fabricate the fanouts: it is a heat resistant polymide film

made of biphenyl tetracarboxylic dianhydride (BPDA) monomers and has been developed by UBE

industries (http://www.ube-ind.co.jp/english/).
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5.1.5 The Slow Control system

In the present version of the electronics chain the biasing of the VISION Telescope

silicon tiles is provided by dedicated battery boxes placed near the detectors (as

for the CSEM+VA2 reference modules case, section 3.2.1). On the other hand the

electronics chain voltages (both the ones for the repeater and the ADC boards) are

generated by standard power supplies, the Agilent 3631A voltage generator or the

QL335TP one (by TTI5).

During the beamtest the power supplies for the electronics should be placed in

a low radiation zone which typically is not accessible when the beam is running;

moreover the detectors could be placed in vacuum chambers (as in the ICE-RAD

experiment presented in section 5.3). For these reasons a slow control system has

been developed to continuously monitor the behaviour of the whole detector and

to turn OFF/ON the power supplies. Moreover the possibility of biasing the silicon

tiles themselves with a dedicated power supply (such as the Agilent E3647A one)

has pushed the INSULAB Group to implement the SC system.

The SC design (figure 5.4(a)) starts from the one of the UA9 experiment [122,

123] and consists in:

- a GPIB6/Ethernet controller (GPIB-ENET/1000 by NI7) placed near the

power supplies and connected through GPIB cables to the voltage gener-

ators themselves (red square in figure 5.4(b));

- a standard net cable connecting the GPIB/Ethernet controller to the DAQ PC

(red arrow in figure 5.4(a)); both the input and output signals are managed

by the same cable.

The SC software is written in C with a Tcl/Tk user interface; it performs the

following tasks:

- it allows to turn OFF and ON the tracking modules and their whole elec-

tronics;

- it continuously measures the voltages and the currents of the power supplies;

an alert signal is sent to the DAQ PC in case of a too high current and the

SC system turns OFF all the supplies in the case of latch up events;

- it stores on a dedicated log file the interesting ASICs and detectors param-

eters such as the analog and digital currents, the bias current (to check the

correct working of the silicon tiles) and the DAC threshold values for the

trigger;

5TTI Global Distribution, http://www.tti.com/.
6General Purpose Interface Bus.
7National Instruments S.r.l., http://italy.ni.com/.
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(a) (b)

Figure 5.4: (a) Schematic view and (b) photo of the Slow Control system.

- dedicated temperature, pressure and dose probes would be also installed

(on the ASICs PCBs) in case the detector is placed in a vacuum system to

monitor the chamber environment.

As far as the present thesis work is concerned, the SC system has not been used

either during the commissionig phases at INSULAB and the PS T9 line or during

the beamtest at MAMI. The final version of the SC system will be implemented

and manufactured in the next months and further tests are foreseen at the CERN

SPS, at MAMI and at the Beam Test Facility (BTF) of Frascati (LNF8).

5.2 The commissioning phases

5.2.1 The tests setup and goals

The VISION modules have been tested both with a standard 90Sr β− source

(SPECTECH9) at INSULAB and at the PS T9 beamline at CERN. In particular:

- all the HAMAMATSU SN01-05 modules have been tested with the 90Sr

source; the pedestal, the noise and the SNR have been used as figures of

merit to select the best modules to be used for the spatial resolution eval-

uation at CERN (section 5.2.5) and the test with bent crystals at MAMI

(section 5.3). During this phase the SN04-05 module has also been used

8Laboratori Nazionali di Frascati, http://w3.lnf.infn.it/.
9Spectrum Techniques, http://www.spectrumtechniques.com.
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to optimize the signal sampling (in terms of the hold value) as will be dis-

cussed in section 5.2.3;

- both the FBK-irst-Ω module and the HAMAMATSU SN04-05 one have

been characterized in terms of spatial resolution and charge sharing at the

PS T9 beamline (section 5.2.5); during the data taking only two of the three

readout ASICs have been sampled given the strips connected to the first

ASIC were not inside the incoming beam acceptance (section 5.2.5): thus

only 256 channels out of the 384 strips measuring the horizontal direction

have been considered.

Figure 5.5(a) shows a schematic view of the setup used for the test at Como

consisting in:

- the module under test housed in its aluminum box together with the frontend

electronics and placed on a table;

- the 90Sr placed above the module; the Al box is cut and covered with a thin

Al window (a ∼17 µm thick foil) in the position corresponding to the silicon

tile both to limit the absorption of the β− particles and the MCS contribution

due to the box material budget;

- the DAQ system described in section 3.2.2.

In figures 5.5(b) and 5.5(c) a photo of the used β− source and its decay scheme

are presented: the 90Sr isotope undergoes a β− decay with a 28.79 years half-life

and a 0.55 MeV decay energy shared among an electron, an anti-neutrino and the
90Y daughter; in turn the 90Y undergoes a β− decay with a 64 hours half-life and

a 2.28 MeV decay energy distributed among an electron, an anti-neutrino and the

stable 90Zr isotope10. The electrons are isotropically emitted with a 2.28 MeV end

point energy and an emission rate of ∼5000 particles/s.

As far as the CERN PS T9 setup is concerned, as already mentioned in sec-

tion 3.3, only three modules have been assembled with either the HAMAMATSU

SN04-05 module or the FBK-irst-Ω one placed in the center and characterized by

means of two CSEM+VA2 reference modules. In the following sections both the

results obtained at Como and at CERN are presented.

5.2.2 Pedestal and noise

Figure 5.6 presents the pedestal and rms noise distributions of a few VISION

modules while table 5.3 summarizes the values (both for the pedestal and global,

10The 90Sr/Y source is almost a pure β− particle source; the γ emission from 90Y is in fact so

rare that can normally be ignored; http://atom.kaeri.re.kr/ton/nuc6.html.
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(a) (b)

(c)

Figure 5.5: (a) Schematic view of the setup used for the 90Sr source test; (b) the

used source with (c) its decay scheme.
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common mode and intrinsic noise) obtained with all the modules. The ones re-

ported for the FBK-irst-Ω refer to the PS T9 low energy beamtest while all the

others (i.e. the ones for the HAMAMATSU SN01-05 modules) refer to the test

with the 90Sr source. Figure 5.6(a) shows the distributions of only the channels

which are readout; in all the cases the peaks in the rms noise distribution corre-

spond to the noisy channels and have not been taken into account in the pedestal

and noise calculation. The analysis procedure presented in appendix A has been

applied.

(a)

(b) (c)

Figure 5.6: Pedestal and noise rms distributions of the VISION modules. (a) The

FBK-irst-Ω one measured during the PS T9 data taking: only the 256 readout

channels are shown. The HAMAMATSU (b) SN05 and (c) SN04 distributions as

obtained at INSULAB.
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Module Pedestal range Global noise CM noise Intrinsic noise Unused ch

(SN) [ADC] [ADC] [ADC] [ADC] [%]

01 2000-2200 7.06±0.03 2.03±0.07 6.76±0.03 8.85

02 2100-2250 6.04±0.02 1.85±0.06 5.67±0.02 3.38

03 2050-2150 5.03±0.02 1.26±0.04 5.14±0.02 2.08

04 2000-2200 8.83±0.03 2.37±0.08 8.37±0.03 1.56

05 2100-2300 6.08±0.02 1.49±0.04 5.70±0.02 2.35

FBK-irst 1950-2050 7.53±0.02 6.88±0.36 2.86±0.02 3.9

Table 5.3: Comparison of the pedestal, noise and number of unused (dead or

noisy) channels of the VISION modules; the values in blue refer to the PS T9 low

energy beamtest. The global, common mode and intrinsic noise values have been

computed following the procedure in appendix A.

5.2.3 Hold scan

As mentioned in section 5.1.2, the VA1TA slow shaper peaking time can be varied

in the 0.3-1 µs range. Given the signal sampling plays an important role for the

module characterization, the so-called hold scan has been performed to study the

analog shape of the ASIC output signal and to select the hold value that corre-

sponds to the maximum of the signal itself. The knowledge of the signal shape

helps in fact to understand the degree of freedom one has during a beamtest where

the choice of the correct hold value could be affected not only by the experimental

area conditions (e.g. by the time structure of the beam itself) but also by the length

of the cables.

The hold is defined as the interval between the trigger signal, which in this

case is generated by the TA-part of the ASIC, and the sampling of the slow shaper

output signal. Figure 5.7(a) presents the hold scan working principle:

- after a particle crosses the silicon detector at t=0, the deposited charge is

amplified by the ASIC preamplifier (top blue line); as already mentioned

in section 5.1.2, the VA1TA ASIC is equipped with a fast CR-RC shaper

which has been used for the trigger generation and a slow shaper which is

the one performing the analog signal sampling;

- the trigger signal (pink line) is generated by the TA-part of the ASIC and

sent to and processed by the master VRB (section 3.2.2) which at this point

generates the hold delay (cyan line);

- the rising edge of the hold signal is the one sampling the slow shaper output
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(black line) and the sampled value is stored to be sent to the ADC board

during the readout sequence;

- since the hold value must be set in order to sample the peak of the signal,

the shape of the analog output signal can be obtained varying the hold time

width thus sampling the signal in different places. Referring to figure 5.7(a),

a ∆t1 hold value (black) allows to sample the signal peak while a ∆t2 one

(red) causes the signal to be sampled after its peak.

(a) (b)

Figure 5.7: (a) The hold scan principle: the charge deposited by the particle is

amplified by the preamplifier and the master VRB generates the trigger signal; the

hold signal is generated by the DAQ to sample the shaper output. (b) The hold

scans performed with the HAMAMATSU SN05 (dots) and SN04 (squares) tiles

with different DAC threshold values: in all the cases the peaking time is ∼350 ns.

To perform the scan the hold value has been varied in the 200-1200 ns range

with steps of variable time width (50, 100, 200 or 400 ns). The pull of the strip

with the maximum signal in the event has been taken into account and fitted with

a Landau-like function (equation 3.3) to evaluate the peak position (i.e. the MPV

of the distribution). Figure 5.7(b) shows the obtained MPVs as a function of the

hold values for both the HAMAMATSU SN05 (dots) and SN04 (squares) tiles.

Two different DAC threshold values have been used: the peaking time in all the

cases is ∼350 ns while the difference in the signal amplitude of the two tiles is

given by a different gain of the entire electronics chain.



144 The VISION tracking system: moving to a high performance system

5.2.4 Cluster analysis

All the VISION modules have been characterized in terms of Signal to Noise Ra-

tio with the same procedure for the good event selection and the SNR calculation

presented in section 3.4.2 for the CSEM+VA2 reference modules. Figure 5.8(a)

shows the SNR distribution obtained for the FBK-irst-Ω module during the PS

T9 low energy beamtest: the MPV obtained with a Landau-like function fit is

50.36±0.11. The SNR distributions for the HAMAMATSU SN05 and SN04 tiles

are presented in figures 5.8(b) and 5.8(c), respectively: also in this case the dis-

tributions have been fitted with a Landau-like function obtaining 48.04±0.30 for

the SN05 tile and 31.93±0.27 for the SN04 one; the values obtained for the other

modules are summarized in table 5.4. The SN04 and SN05 tiles are not the ones

with the highest SNR but they have a very low percentage of unused channels;

for this reason they have been selected both for the PS T9 low energy beamtest

at CERN and for the crystals tests at MAMI. The SN03 tile has the highest SNR

value but it has been excluded since it allows to measure only one coordinate at

a time; finally the SN01 and SN02 tiles have a larger percentage of dead/noisy

strips.

Module Pulse Height Noise SNR

(SN) [ADC] [ADC]

01 282.10±2.19 6.54±0.01 41.76±0.33

02 290.41±1.44 5.22±0.01 55.35±0.45

03 341.88±1.99 4.40±0.01 76.41±0.57

04 259.36±2.91 8.15±0.01 31.93±0.27

05 257.77 ±1.31 5.36±0.01 48.04±0.30

FBK-irst 119.55±0.22 2.34±0.01 50.36±0.11

Table 5.4: Comparison of the cluster pulse height, noise and Signal to Noise Ratio

of the VISION modules; the values in blue refer to the PS T9 low energy beamtest.

5.2.5 The spatial resolution and charge sharing measurement

@ PS T9

The spatial resolution for the VISION modules has been measured at the PS T9

beamline considering the 2-strip single cluster events; the eta algorithm has not

been applied given the low statistics after the event selection. Figure 5.9 presents

the distributions obtained for both the FBK-irst-Ω tile and the HAMAMATSU

SN05 one: in both cases the rms value is much larger than the theoretical spatial
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(a)

(b) (c)

Figure 5.8: The Signal to Noise Ratio distributions fitted with a Landau-like func-

tion of (a) the FBK-irst-Ω tile (measured at the PS T9 line), (b) the HAMA-

MATSU SN05 and (c) the SN04 ones (measured during the 90Sr source test).
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resolution value (i.e. 11.76 µm) and the distributions have not a Gaussian-like

shape; for this reason the fit is missing.

(a) (b)

Figure 5.9: The residual distributions of (a) the FBK-irst-Ω tile and (b) the

HAMAMATSU SN05 one.

As in the CSEM+VA2 reference module case (section 4.2.2), a rotational tilt

angle has been introduced by the mechanical supports: in this case the effect on

the residual distribution is much more evident given a custom mechanical support

has been used instead of the standard Newport knights (figure 5.10). The same

procedure described in section 4.2.2 has been used to compute the correct parti-

cle position (equation 4.6): the ultimate spatial resolution values after the MCS

contribution substraction11 are listed in table 5.5 together with the digital and the

theoretical ones (computed with equation 4.5).

Module σdigi σtheo σmeas σint

[µm] [µm] [µm] [µm]

FBK-irst 14.45 11.76 9.12±0.41 6.72±0.38

SN05 14.45 11.76 11.74±0.92 9.02±0.79

Table 5.5: The measured spatial resolution of the FBK-irst-Ω tile and the HAMA-

MATSU SN05 one; also the digital and the theoretical ones are listed.

Figure 5.11(a) for the FBK-irst-Ω tile and figure 5.11(c) for the HAMA-

MATSU SN05 one show the obtained distributions (after the position correc-

tion) fitted with a Gaussian-like function; the correlations between the residual

11The procedure described in section 4.2.2.1 has been applied to compute and subtract the MCS

contribution.
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Figure 5.10: Photo of the mechanical supports used during the PS T9 low energy

beamtest: the red insert shows the custom support used to fix the VISION module

under test.

itself and the vertical projected position ypro j12 are presented in figures 5.11(b)

and 5.11(d), respectively. The blue histograms with the red fit lines are the ones

computed without the tilt angle correction while the black histograms with the

green fit lines refer to the residuals obtained after the correction given by equa-

tion 4.6; the red and black values refer, respectively, to the red and green fit re-

sults. In both cases the inital flat region (ypro j ≤ 0.6 cm) corresponds to the first

readout ASIC which has not been readout since it was out of the incoming beam

acceptance.

A 6.72±0.38 µm value and a 9.02±0.79 µm one have been obtained fitting the

central peak region for the FBK-irst-Ω module and the HAMAMATSU SN05 tile,

respectively; in both cases the spatial resolution values are smaller than the theo-

retical ones (table 5.5). Moreover, the poorer spatial resolution with respect to the

CSEM+VA2 reference module junction side one (i.e. 4.54±0.58 µm measured at

the PS T9 line in the same experimental conditions) reflects the larger physical

pitch (50 µm) scheme adopted for these modules with respect to the smaller one

(25 µm) used in the CSEM+VA2 case. On the other hand, comparing the obtained

12It must be remembered that for the VISION modules only the horizontal direction has been

taken into account during the PS T9 low energy beamtest: the junction side is not bonded in the

FBK-irst-Ω module while the HAMAMATSU SN04 tile has not been readout.



148 The VISION tracking system: moving to a high performance system

values with the CSEM+VA2 reference module ohmic side (i.e. 8.61±0.44 µm), a

similar spatial resolution value has been found for both the tested VISION mod-

ules.

(a) (b)

(c) (d)

Figure 5.11: The residual distribution after the tilt angle correction of (a) the FBK-

irst-Ω tile and (c) the HAMAMATSU SN05 one [66]; the residuals as a function

of the projected vertical position ((b) and (d)): before (blue histograms with red

fit lines) and after (black histograms with green fit lines) the position has been

corrected with equation 4.6.

As far as the charge sharing is concerned, even if the readout clock was set

to the slowest available value (i.e. 1.25 MHz), for the FBK-irst-Ω module the

signal sampling was not performed in the correct way and the eta distribution was

not symmetric (figure 5.12(a)); on the other hand the one for the HAMAMATSU
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SN05 tile presents a much more symmetric shape (figure 5.12(b)). For this reason

the charge sharing has been studied with the procedure described in section 3.5

with the HAMAMATSU SN05 tile only.

(a) (b)

(c)

Figure 5.12: The eta distribution of (a) the FBK-irst-Ω and (b) the HAMAMATSU

SN05 tile; (c) the charge sharing distribution of the HAMAMATSU SN05 tile

using the COG method for the particle position reconstruction [66].

As already mentioned above, given the low statistics after the good event se-

lection, the eta algorithm has not been applied and the particle position has been
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computed with the standard COG method only. The maximum strip signal as a

function of the interstrip position is presented in figure 5.12(c): 0 µm is the cen-

ter of the first readout strip and 50 µm is the center of the nearby one while the

position at 25 µm corresponds to the border between the two strips. Equation 3.4

has been used to find a CS value of 71.43% (table 5.6), which is slightly less

than the one found for both the CSEM+VA2 reference modules (table 3.6) and the

FBK-irst+VA1 prime2 UA9 ones (table B.3).

Module Charge Sharing (COG)

[%]

FBK-irst -

SN05 71.43

Table 5.6: Charge sharing of the VISION modules: the value for the FBK-irst-Ω
tile is missing given the reason explained in the text.

Both the spatial resolution and the charge sharing will be measured again in

the next beamtests at CERN and at BTF for both the FBK-irst-Ω and the HAMA-

MATSU SN05 tile. A large enough statistics will be acquired to evaluate the tiles

performance with the eta algorithm and to test all the VISION modules as a whole

tracking system.

5.3 The detector at work: beamtest @ MAMI

5.3.1 The Mainzer Mikrotron

The Mainzer Mikrotron (MAMI [120]) is a normal conducting Continuous Wave

(CW) 4-stage electron accelerator located at the Institute for Nuclear Physics (In-

stitut für Kernphysik - IKPh13) at the University of Mainz (Germany). It was

started in 1975 [124] and since 1991 delivers a high quality 100 µA electron beam

with a maximum energy which was 180 MeV in the first two stages (MAMI-

A, 1983), 855 MeV in the third stage (MAMI-B, 1990) and now is 1.5 GeV, as

provided by the innovative Harmonic Double Sided Microtron (HDSM) system

completed in 2006 [125].

Figure 5.13(a) shows the MAMI acceleration complex consisting in a pre-

accelerator (a RF-Linac up to 3.7 MeV) and a 4-stage cascade based on three

RaceTrack Microtrons (RTM1, RTM2 and RTM3) and the HDSM [126]. The

13http://www.kph.uni-mainz.de/eng/index.php.
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RTM working principle is presented in figure 5.13(b)14 while table 5.7 summa-

rizes the main parameters of each stage (SYTRACE15 simulated values are re-

ported in red) while figure 5.13(c) shows a photo of the RTM3 stage at MAMI.

Stage Injector RTM1 RTM2 RTM3 HDSM

Starting operation year 1990 1983 1983 1990 2006

Injection energy [MeV] 0.511 3.5 14.86 180 855

Extraction energy [MeV] 3.5 14.86 180 855 1500

Number of turns - 18 51 90 43

Frequency [GHz] 2.45 2.45 2.45 2.45 2.45 / 4.90

Magnetic field [T] - 0.10 0.55 1.28 0.95 - 1.53

Energy spread [keV] 1.2 1.2 2.8 13 110

Normalized emittance

horizontal [π· 10−6 m] 0.05 0.07 0.25 13 27

vertical [π· 10−6 m] 0.04 0.07 0.13 0.84 1.2

Delivered energy [MeV] - - 180 195 - 855 855 - 1500

Table 5.7: Technical parameters of the MAMI accelerator stages [120, 125, 126].

The values simulated with SYTRACE are shown in red while the energy range

delivered by the third and fourth stages are indicated in blue: in both cases a

15 MeV stepping is possible.

The MAMI accelerator supplies electron beams to the 4 experimental sites

where 4 different collaborations perform several research activities16:

- the A1 Collaboration (A1 hall) studies hadrons with electromagnetic probes

for high precision tests of the structure of matter and the so-called kaons

14The RaceTrack Microtron (RTM [127]) is a type of particle accelerator consisting in a couple

of 180◦ bending magnets facing each other and separated by a field free zone in which a LINear

ACcelerator (LINAC) stage is placed [127]. The particles acceleration takes place in a recirculat-

ing way i.e. the beam is turning around in the magnets and passes several times through the LINAC

stage until the final energy is reached; the particle beam is then deflected into a further acceleration

stage or to an experimental area. The ∆E energy gained at each turn is proportional to the mag-

netic field intesity (B) and the RF-system wavelength (λRF) through the following expression [125,

127]:

∆E =
ecB

2π
·n ·λRF (5.1)

where n is an integer, e is the electron charge and c the speed of light.
15SYTRACE is a particle tracking program including effects of stochastic emission of syn-

chrotron radiation photons [125].
16“20 Years of Physics at the Mainz Microtron MAMI” Symposium, October 20-22 2005 held

at the IKPh of the Mainz University; http://wwwa1.kph.uni-mainz.de/Symposium/ and IKPh web-

site.
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(a)

(b) (c)

Figure 5.13: (a) The MAMI accelerator floor plan [126]: the acceleration stages

together with the 4 main experimental areas are shown with the maximum ex-

traction energy for each stage. (b) Basic setup scheme for a RaceTrack Mi-

crotron [125]. (c) Photo of the RTM3 stage at MAMI [courtesy of the MAMI

Group].
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electroproduction;

- the reactions induced by circularly and linearly polarized high energy pho-

tons incident on nucleons or nuclei are measured by the A2 Collaboration

(A2 hall);

- the A4 Collaboration (A4 hall) investigates the nucleon form factor through

the polarized electron scattering off unpolarized protons;

- the X1 Experiment (X1 hall) is dealing with the production of a high bril-

liance X-ray source (both in the soft and hard region) for applications in

several fields of physics, material science, biology and medicine.

5.3.2 The experimental setup: detectors & crystals

The experimental setup used at MAMI in the INFN ICE-RAD project framework

has been installed near the X1 hall (green circles in figure 5.13(a)); it allows to

characterize the crystals in terms of both their deflection and radiation emission

properties17. The schematic view of the used setup is shown in figure 5.14; two

functional parts can be identified: the so-called deflection part is dedicated to the

beam monitoring and to the study of the crystals deflection properties while the

so-called radiation part is in charge of the crystals radiated energy measurements.

Figure 5.14: Schematic view of the experimental setup used at MAMI with the

electron beam coming from the left [66]: both the deflection and the radiation

part are shown.

17More details on the experimental setup can be found in [66]
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The setup working principle can be described as follows:

- the 855 MeV electron beam18 comes from the left (from the RTM3 accel-

eration stage) and encounters a first vacuum chamber where the crystals

are installed on the same mechanical holder and mounted on a goniometric

system19. Several different crystal samples, produced by INFN-Fe20 and

LNL21, have been tested. Figures 5.15(a) and 5.15(b) present the photos

of some of the used samples whose technical parameters are summarized

in table 5.8. Several germanium samples and silicon membranes of differ-

ent thickness have been tested to study their properties as a function of the

thickness itself and to find the best thickness value to be used for deflec-

tion at low energy. Figure 5.15(a) also shows a single wire detector (purple

square) used to check the beam profile in the first vacuum chamber (i.e. at

the crystals z position along the beam direction);

- the charged beam is deflected by the BM1 magnet (with a 44◦ horizontal

angle and a 7.2◦ vertical one) to the silicon detector station (figure 5.16(a)):

the HAMAMATSU SN04-05 module has been used as a profilometer. It has

been mounted on a couple of remotely controlled motors (figure 5.16(b)),

to adjust its position with respect to the incoming beam, and placed in a

vacuum chamber, a 593 mm inner diameter cylinder 675 mm high (red in-

sert in figure 5.16(a)) placed before the BM2 magnet. The connection with

the “outside” world (the repeater and ADC boards) is made via two 50 pin

1.2 m long ERNI cables (one per tile) glued in one of the chamber flange

(figure 5.16(b)); the frontend and the readout electronics have been placed

near the vacuum chamber on a dedicated table. The SN05 tile and the SN04

one have been used to measure, respectively, the horizontal and the verti-

cal direction. A 40 mm diameter flourescence screen placed about 2.5 cm

beside the profilometer has been also installed to monitor the beam spot;

- before the beam dump there is a ZnS luminescent screen with a professional

1/3” Sony black/white CCD (Charge Coupled Device) camera (400 TV

lines resolution) that allows to monitor the electron beam when the detec-

18At this energy the typical emittance of the beam is εh=0.01 mm·mrad and εv=0.001 mm·mrad

in the horizontal and vertical direction, respectively. The beam has been focused with dedicated

quadrupole lenses: the resulting dimension and divergence are, respectively, less than ∼230 µm

and ∼50 µrad in both the directions.
19The relevant stages (three rotational ones, with a 10−3 −10−4 deg repeatability [66], and two

linear ones) are from Physik Instrumente (PI, http://www.physikinstrumente.com) and controlled

by the PI Mercury C863.11 DC motor controller.
20INFN Sezione di Ferrara, http://www.fe.infn.it/.
21Laboratori Nazionali di Legnaro, http://www.lnl.infn.it/.
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(a)

(b)

Figure 5.15: Photos of the crystals tested at the MAMI accelerator: (a) the first set

of samples has been tested in the first 3 months of 2013 [66] while (b) the second

one has been characterized in January 2014.
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(a)

(b) (c)

Figure 5.16: (a) The deflection profilometer station; the electron beam comes from

the rigth while the red insert shows a top view photo of the vacuum chamber with

the detector installed inside. Photos of (b) the profilometer support and the flange

with the ERNI cables connecting the VA1TA ASIC PCBs to the repeater boards

and (c) the beam spot recorded by the ZnS-CCD camera with the SiB crystal in

channeling regime [courtesy of the MAMI Group].
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Crystal SiB SiF1 GeB GeF1 GeF2 SiM1 SiM2

Produced by Fe Fe LNL LNL LNL Fe Fe

Material Si Si Ge Ge Ge Si Si

Type bent flat bent flat flat memb. memb.

Figure color blue green white pink - yellow cyan

Dimensions 20×14 4×4 13×15 13×15 13×15 1×1 1×1

[mm2]

Thickness 30.5 30 13 20.5 27.2 1 0.2

[µm]

Curvature radius 33.5 - 15.5 - - - -

[mm]

Deflecting planes (111) (110) (110) (110) (110) (110) (110)

(112) (112) (112)

Deflection angle 905 - 840 - - - -

[µrad]

Table 5.8: Technical parameters of the crystals used at MAMI in the 2013 and

2014 beamtests.

tor is in the so-called safe position22 (i.e., it is outside the incoming beam

acceptance): figure 5.16(c) shows an example of the beam spot recorded

by the CCD camera with the bent silicon crystal (named SiB) in channeling

regime;

- as far as the neutral particle beam is concerned, the photons produced by

the interaction with the crystals follow a straight line of ∼8 m and are de-

tected by a 10” diameter 10” length NaI detector shielded by a 100 mm thick

lead wall with a 20 mm diameter aperture [128]. The signal is readout by

three standard PMTs whose signals are summed together and conditioned

by two parallel lines with a different gain23. Each line consists in a 2025

Automatic Fine Tuning (AFT [129]) Research Amplifier module (Canberra

Industries24) and a Multiport-II MultiChannel Analyzer (MCA [130], Can-

berra Indutries) connected via the USB interface to the PC [131]. In addi-

tion the photon beam can be collimated with a movable rod of Densimet

22During the radiation measurement phases the beam voltage (that in turn acts on the beam

intensity) has been raised from -25 up to -11.8 V. Given a very high beam intensity could damage

the silicon tiles, the profilometer was placed out of the beam acceptance and the deflected electron

beam has been reconstructed by the forward ZnS screen only.
23In this way the system is sensitive at the same time to different regions of the radiation spec-

trum.
24Canberra Industries Inc., http://www.canberra.com.
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D176 (from PLANSEE25, density 17.6 g/cm3, 92.5% tungsten, 5% nickel

and 2.48% iron) which has a 4 mm diameter 261 mm long hole [66].

Some results in terms of deflection capabilities obtained with the bent silicon

crystal are given in section 5.3.4; the complete charaterization of the crystal, both

in terms of deflection and radiation emission properties, can be found in [24, 60].

5.3.3 Performance of the HAMAMATSU profilometer

5.3.3.1 Pedestal and noise

Figure 5.17 shows the pedestal and noise distributions of the HAMAMATSU

SN04-05 profilometer used at MAMI. The study of the pedestal has been repeated

for two reasons:

- the noise condition of the experimental area at MAMI could in princi-

ple be different from the one either at Como or at CERN; the knowledge

of the noise induced on the detector cables is fundamental to set the cor-

rect bit configuration (mask) for the self-trigger generation of the VA1TA

ASICs26; in particular a possible contribution of electromagnetic noise due

to the presence of pumps for the beamline vacuum could negatively affect

the detector performance (limiting its capabilities) and must be eventually

reduced;

- the ERNI cables (connecting the ASIC PCBs and the repeater boards) have

been mounted once the detector has been brought at MAMI; an increase of

the number of dead/noisy channels was thus in principle possible.

Comparing the distributions measured at Como (figures 5.6(b) and 5.6(c)) and

the ones obtained at MAMI (figure 5.17) it is clear that the number of unused

channels remains unchanged; moreover both the HAMAMATSU SN04-05 tiles

have a lower noise value (∼3-4 ADC) and no particular care has been required to

reduce the noise further.

5.3.3.2 Hold and DAC threshold scans

Since a different length of the ERNI cables connecting the ASICs and the frontend

boards could modify the output signal timing (especially the peaking time when

25PLANSEE SE Group, http://www.plansee.com/.
26If in fact the noise value is large and the threshold is too low, the system is always triggered

and most of the events are noise ones; on the other hand a too high threshold value to avoid the

noise events means no counts (see figure 5.19(a) for details).
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(a) (b)

Figure 5.17: Pedestal and noise distributions of the HAMAMATSU SN05 (top)

and SN04 (bottom) tiles measured at MAMI.

the signal should be sampled), the hold scan has been repeated; the same proce-

dure described in section 5.2.3 for the test with the 90Sr source has been applied.

A data run has been acquired for each of the hold values in the 100-1200 ns range

(with 100 or 200 ns steps); the maximum pull distribution has been fitted with a

Landau-like function (equation 3.3) to evaluate the peak position.

Figure 5.18 shows the obtained MPVs as a function of the hold ones for both

the HAMAMATSU SN05 (black dots) and SN04 (black squares) tiles; in this case

the DAC threshold was set to 170 mV27. The peaking time in both cases is ∼300 ns

and is slightly smaller than the one computed with the 90Sr source (figure 5.7(b))

because of the different length of the used ERNI cables. As far as the signal

amplitude is concerned, the difference with respect to the 90Sr source test is given

by the low noise value measured at MAMI (especially for the SN04 tile whose

noise decreased from ∼8-9 down to 3-4 ADC).

Once the exact hold value was selected, it was also possible to study the output

signal shape as a function of the different DAC threshold settings of the ASIC

TA-part; only the global DAC threshold has been changed (see section 5.1.2 for

details). In figure 5.18 the hold scans performed with 3 different DAC threshold

values (170, 180 and 200 mV) are shown: for both the HAMAMATSU SN05

(dots) and SN04 (squares) tiles, the larger is the DAC threshold value, the larger

is the pull peak position. As expected, given the DAC threshold value does not

affect the time structure of the output signal, the peaking time remains ∼300 ns in

27See later on to understand the meaning of the other coloured points.
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Figure 5.18: The hold scans performed with the HAMAMATSU SN05 (dots) and

SN04 (squares) tiles with different DAC threshold values [66]: in all the cases the

peaking time is ∼300 ns.

all the cases.

A scan varying the DAC threshold value in the 130-240 mV range has also

been performed with a fixed hold value of 300 ns (∆tHold). Referring to fig-

ure 5.19(a), the working principle of the threshold scan is the following:

- when the threshold value is very small (blue line - TH0) the system is al-

ways triggered given the input signal is always higher than the discriminator

threshold in the ASIC TA-part. The value set for the threshold is thus very

similar to the noise signal amplitude: a large number of events are noise

ones and the DAQ rate is very high;

- increasing the threshold, only the signals actually given by a particle event

are recorded; moreover, since the signal is sampled after a time interval

(∆tHold) due to the hold delay, a further increase of the threshold value

means sampling the signal in a different place as indicated by the yellow

stars in figure 5.19(a): for TH1 (red line) the ouput signal amplitude is PH1

while for a higher threshold TH2 (black line) the ouput is PH2 ≫ PH1;

- when the threshold is too high (i.e. it reaches the value indicated by the pink

line in figure 5.19(a)), the shaper signal never crosses the threshold and the

system does not count28.
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(a) (b)

Figure 5.19: (a) The threshold scan principle. (b) The DAC threshold scan of the

HAMAMATSU SN05 (black dots) and SN04 (red squares) tiles [66]; in both cases

the linear fit is also shown.

The same procedure used for the hold scans presented above and in sec-

tion 5.2.3 has been applied to evaluate the position of the maximum pull distri-

bution; the results for both the HAMAMATSU SN05 (black dots) and SN04 (red

squares) tiles are presented in figure 5.19(b). In both cases, after a flat-like trend at

threshold values from 130 mV up to ∼170-190 mV (which correspond to the blue

line case in figure 5.19(a)), the behavior becomes linear and has been fitted with

a p1-polynomial function. The values of the linear fit slopes (P2 parameters) are

very similar for both the tiles confirming they behave in a similar way and the two

complete chains (tile+ASIC+electronics) are similar in terms of gain and settings.

To better understand which is the best DAC threshold value, both the pull of

the strip with the maximum signal in the event (figure 5.20(a)) and the DAQ rate29

(figure 5.20(b)) as a function of the threshold itself have been taken into account.

As expected, the larger the DAC threshold, the smaller the number of noise

events in the pull distribution: the peak near 0 in figure 5.20(a) decreases increas-

ing the threshold. On the other hand, the larger the DAC threshold, the smaller the

DAQ rate: a reduction of ∼40% has been measured going from a threshold value

28For the VA1TA ASIC the maximum available DAC threshold value is 255 mV which at MAMI
implied a DAQ rate smaller than 10 Hz.

29The DAQ rate has been directly computed by the DAQ software and is striclty related to the

trigger rate of the VA1TA ASIC. The DAQ rate is defined as the number of coincidence events,

i.e. the ones in which the signal of at least one channel of both tiles is larger than the cut set with

the maximum pull distribution; in other words it means that both the tiles have seen at least one

particle.
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(a) (b)

Figure 5.20: (a) The HAMAMATSU SN04 maximum pull distribution and (b) the

DAQ rate as a function of different DAC threshold values: the red line and the red

square indicate the chosen value (used for the tests with the crystals).

of 180 mV to a 190 mV one and a decrease of more than 90% has been found

with a DAC threshold of 240 mV. The chosen value for the following tests with

the INFN-Fe and LNL crystals was the one that allows both to maintain an ade-

quate DAQ rate (∼200 Hz, red square in figure 5.20(b)) and to limit the number

of noise events in the pull distribution (red line in figure 5.20(a)).

5.3.3.3 Analog response

Once the exact hold and threshold values have been selected (300 ns and 180 mV,

respectively) the analog response of each tile has been analysed. The cluster

SNR distributions (equation 3.2) of the HAMAMATSU module are shown in

figure 5.21 and have been fitted with a Landau-like function (equation 3.3) to

evaluate the MPVs. A 75.49±0.21 and 76.48±0.19 value have been found for the

SN05 (figure 5.21(a)) and the SN04 tile (figure 5.21(b)), respectively: once again,

the behavior of the two tiles is very similar and the higher SNR values, compared

to the one measured in the 90Sr source test (figures 5.8(b) and 5.8(c)), are given

by the lower noise present at MAMI.

5.3.3.4 Beam profile analysis

Figures 5.22(a) and 5.22(b) show, respectively, the electron beam profile and the

number of strips per cluster measured at MAMI with the HAMAMATSU silicon

profilometer. The following considerations hold:
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(a) (b)

Figure 5.21: The SNR fitted with a Landau-like function of the HAMAMATSU

(a) SN05 and (b) SN04 tile.

- as expected, the MAMI electron beam has a Gaussian-like shape with a

very small size: both the horizontal direction (figure 5.22(a) top) and the

vertical one (figure 5.22(a) bottom) have a σ smaller than ∼265 µm. The

beam divergence has been estimated by the MAMI Group (with a custom

beam optic program taking into account the beamline magnets current and

the distance between the two vacuum chamber stations) to be 70 µrad and

30 µrad, respectively, for the horizontal and vertical directions [60];

- in both the tiles the clusters are typically composed of 2 or 3 strips; more-

over, considering the histograms in figure 5.22(b) refer to the single cluster

events only and the fact that a total of 66000 events had been acquired,

∼98% of the events are single cluster ones.

5.3.4 Some results with a Si crystal

As mentioned in section 5.3.2, during the last two years several crystal samples

have been tested with the MAMI electron beam in the 195-855 MeV energy range.

This section briefly describes some of the results obtained with the SiB bent sil-

icon crystal tested in 2013 with a 855 MeV beam [60]. Only the single cluster

events (selected with the procedure described in appendix A) have been consid-

ered.

Figure 5.23(a) shows a schematic view of the orientation of the SiB crystal

planes with respect to the incoming electron beam: the so-called quasi mosaic

effect [1] has been exploited in order to obtain a bending of the (111) planes
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(a) (b)

Figure 5.22: (a) The electron beam profile [66]: (top) horizontal and (bottom) ver-

tical direction; both the distributions have been fitted with a Gaussian-like func-

tion. (b) The number of strips per cluster measured by both the tiles.

resulting in a deflection of the incoming beam along the vertical coordinate (i.e. up

or down referring to figure 5.23(a)). The gold arrows correspond to the channeled

particles while the pink ones to the over barrier particles.

Figure 5.23(b) shows the beam profile measured by the HAMAMATSU SN04

tile with the SiB crystal oriented in different regimes30:

- the black histogram refers to the amorphous condition: with respect to

the one presented in figure 5.22(a)-bottom the presence of the crystal is

clearly visible given that the vertical distribution is ∼3.8 times larger; a σ
of ∼990 µm has been found fitting the distribution with a Gaussian-like

function (not shown in figure 5.23(b) for simplicity);

- the blue histogram refers to the volume reflection condition: the peak on

the left corresponds to the portion of the beam which has been reflected

while the smaller one on the right refers to the particles in volume capture;

the Gaussian-like fit of the VR peak gives a xmean of 4.56±0.01 mm i.e. a

displacement of more than 1 mm (corresponding to a deflection angle31 of

∼190 µrad [60]) has been imparted by the crystal to the incoming electron

beam;

30See section 1.1 and figure 1.2 for the details about the bent crystal working principle and the

definition of the different regimes.
31The lever arm used for the deflection angle calculation is given by the distance between the

crystal and the detector stations which is 5973 mm [60].
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(a) (b)

(c)

Figure 5.23: (a) Scheme of the SiB bending and planes orientation with respect

to the incoming beam [60]; (b) the vertical beam profile recorded by the HAMA-

MATSU SN04 tile with the crystal aligned in different orientations (see text for

details): the values in the brackets give the position of the main peak of each his-

togram. (c) The scatter plot measured with the crystal in channeling regime: it

resembles the one presented in figure 5.16(c).
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- finally, the red histogram corresponds to the channeling condition; the peak

on the right corresponds to the channeled particles while the one on the

left to the over barrier particles which are slightly deflected in the opposite

side with respect to the channeling ones (xmean = 5.28±0.01 mm). Also in

this case a Gaussian-like fit has been used to estimate the channeling peak

position which is ∼11.19±0.01 mm (corresponding to a deflection angle of

∼910 µrad [60]).

As can be seen from figure 5.23(b) (and described more quantitatively in [60]),

the channeling efficiency is much smaller (∼20%) with respect to the volume re-

flection one (∼76%)32; this latter is in turn smaller than the one measured at higher

energy, which for 13 GeV negative particles is ∼88% [1]. On the other hand,

thanks to the high spatial resolution of the HAMAMATSU SN04-05 module, the

different regimes depending on the crystal orientation have been identified: the

channeling beam spot in figure 5.23(c) (which shows the 2D beam profile mea-

sured with the profilometer) is clearly separated by the one in the bottom part of

the plot which corresponds to the non-channeled particles.

5.4 Faster and general purpose: the new data trans-

mission

As already mentioned in section 3.2.2, a way to increase the DAQ rate up to

∼20 kHz is to read in parallel the output signals of each of the three VA1TA

ASICs of each silicon tile or side (in the double side detector case); moreover, the

possibility to use a limited number of cables for the ASICs configuration/readout

or to move to optical fiber connections has pushed the INSULAB Group to design

and develop a new data transmission system.

Figure 5.24 presents the new concept for the data transmission system devel-

oped and produced up to now; the following considerations hold:

- the mask configuration operation is performed one time at the beginning of

each data/pedestal run; for this purpose it is not necessary to work with very

high speed connections and both the ADC and VA1TA ASICs signals can

be sent on LVDS lines travelling on two standard LEMO cables (2 ± in-

puts); the piggy back daughter board used at the PS T9 low energy beamtest

(section 5.1.4) and plugged onto the master VRB performs this task;

32Both the channeling and the volume reflection efficiencies are defined as the number of par-

ticles in the CH or VR regime over the total number of particles impinging on the crystal (sec-

tion 1.1).
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Figure 5.24: Schematic view of the new data transmission based on the

TLK+Fiber+VME (top left part) or on the USB2 interface (bottom pink part);

the solid green box indicates the final version of the detector side electronics (see

text for details).

- on the other hand, the readout operation should be as fast as possible to

increase the overall DAQ rate: a gigabit link with LEMO cables or dedicated

optical fiber connections could represent a valid option for this purpose.

At the same time the electronics should be as compact and as simple as

possible: a USB2 interface could be the easiest way to achieve this goal.

Following the phylosophy explained above, two separate strategies (whose

pros and cons are summarized in table 5.9) have been adopted:

- the so-called solution I (top left part of figure 5.24) is based either on the

TLK1501 ASIC [111] or on the GOL (Gigabit Optical Link) one coupled,

respectively, to standard LEMO cables or optical fibers (figure 5.25(a) top)

and readout by the INSULAB Telescope VME electronics (section 3.2.2)

with some minor modifications; in both cases the data transmission sys-

tem has been designed starting from the one developed for the UA9 experi-

ment [121–123]. A VRB for each module is responsible of the data readout,

performing the zero suppression (if needed) and identifying the good events

(thanks to the characteristic pattern of the time stamp) before sending the

data to the PC. The so-called TLK/GOH driver board is in charge of the out-

put data transmission; depending on the used connections (LEMO cables or
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fibers), the board contains a different electronics:

* in the first case (LEMO cables), the clever part of the board is rep-

resented by the TLK1501 ASIC which provides a very high-speed

I/O bidirectional data transmission (with a 1.5 Gbps maximum speed).

The two input lines of the ASIC are used for the configuration signals,

coming from the master VRB and sent to both the ADC and repeater

boards. On the other hand, the two ASIC outputs are used for the

readout and directly connected with two standard LEMO cables to the

input LEMO connectors of the VRB of each module;

* in the second case (optical fibers), the GOH (GOL Opto-Hybrid) part

is used. It is in charge of the electrical-to-light signal conversion and

consists in the GOL ASIC [110] and a laser diode (figure 5.25(a) bot-

tom). The GOH acts as a SERializer-DESerializer (SERDES) with

a 40 MHz maximum clock frequency: in other words it takes the

stream of 16 bit words from the ADC boards and serializes the bits at

640 Mbit/s. A small mezzanine adapter, plugged onto each VRB, con-

tains a PhotoDiode (PD) for the reception of the fiber signals and the

ligth-to-electrical signal conversion. Figure 5.25(b) shows the mezza-

nine used by the UA9 experiment: a simpler new version, hosting a

PD whose pins are directly soldered onto the VRB LEMO inputs, will

be integrated in the existing VRBs. The TLK1501 ASIC installed on

each VRB acts as a deserializer and performs the data readout;

- the so-called solution II consisting in a USB2 interface (bottom part of fig-

ure 5.24); it is based on the FT2232H Mini Module [132] by FTDI33 (fig-

ure 5.26(a)). The clever part of the module is the FT2232H ASIC [133]

which handles all the USB signalling and protocols and performs the data

transmission with a maximum speed of 480 Mbit/s which correspond to

a maximum DAQ rate of ∼2 kHz in the VISION Telescope case. More

details about the FT2232H functionalities can be fond in [133] while fig-

ure 5.26(b) shows the module plugged onto one of the ADC boards through

a custom DIN41612 connector (RS34) adapter. The same USB2 interface

has been already successfully used by the INSULAB Group for the readout

of the MICE (Muon Ionization Cooling Experiment) EMR (Electron Muon

Ranger) detector [116, 134].

In both the solutions the electronics for the silicon detector readout (right part

in figure 5.24) is the same and is very similar to the one presented in sections 3.2.1

33Future Technology Devices International Ltd, http://www.ftdichip.com/.
34RS Components S.p.A., http://it.rs-online.com/web/.
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(a)

(b)

Figure 5.25: Photos of the TLK/GOH data transmission system: (a) the optical

fiber and the GOH/GOL (blue square); (b) the UA9 mezzanine where the PDs are

installed; a smaller one will be designed for the VISION Telescope (see text for

details).
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(a)

(b)

Figure 5.26: The prototype of the USB2 interface: (a) the detail of the USB FTDI

FT2232H Mini Module connection: the FT2232H ASIC is also visible on the Mini

Module itself; (b) the ADC board with the module plugged through a custom DIN

connector.
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and 3.2.2 for the INSULAB Telescope; also in this case the DAQ software is

written in C and the graphical user interface is based on the Tcl/Tk toolkit.

The INSULAB Telescope (chapter 3) will be used as a test bench for the com-

missioning of the new data transmission system based on the TLK/GOH ASICs

(solution I); its performance, in particular in terms of DAQ rate and speed, will be

studied in dedicated beamtests both at the CERN beamlines (PS T9 and SPS H4

and H8) and at the BTF of Frascati.

On the other hand, the system based on the USB2 interface (solution II) will be

used with the HAMAMATSU modules; the space available at the MAMI exper-

imental ares is in fact limited (the setup shown in figure 5.16(a) is ∼2×3×3 m3)

and a more compact and easy to handle system is needed. A commissioning

phase with cosmic rays and with the 90Sr source is foreseen for the next months.

Moreover, the whole system should be brought at SLAC35) to study the crystals

properties in an intermediate energy range between the MAMI and the CERN

ones36.

System Pros Cons

TLK/GOH Faster (up to ∼20 kHz) Expensive

More complicated

USB2 Compact & Simple Slower (up to ∼2 kHz)

Cheap

User friendly

Rapid integration into existing electronics

Table 5.9: Comparative table between the two data transmission systems.

As far as the final version of the electronics is concerned, a single more com-

pact board (solid green box in figure 5.24) will integrate the TLK/GOH + ADC

+ frontend parts performing all the tasks of the present three boards at once: a

single input for the ASICs mask configuration and three parallel output lines for

the analog readout will be necessary for the signal conditioning of 384 channels

(which means for the complete configuration/readout of a single silicon tile of the

HAMAMTSU modules or a single side of the FBK-irst ones).

35Stanford Linear Accelerator Center, https://www6.slac.stanford.edu/.
36A proposal, the CHAnneling of NEgative Leptons (CHANEL) project aimed to the study of

the flat/bent crystals deflection and radiation properties in the 100 MeV - 400 GeV energy range,

has been submitted by the INSULAB Group, the INFN-Fe group and the LNL one to the INFN

Commissione Scientifica Nazionale V (CSNV - http://http://www.infn.it/csn5/). The project has

been approved for the 2015-2016 biennium.
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Chapter 6

Conclusions & Outlooks

This thesis work has dealt with the commissioning and the characterization of

two tracking and beam profiling systems (the so-called INSULAB and VISION

Telescopes), both developed and tested in the framework of the NTA-HCCC,

COHERENT, ICE-RAD and CHANEL INFN experiments, all dedicated to the

study, in terms of deflection and electromagnetic radiation emission capability, of

straight/bent crystals in the 0.5-200 GeV energy range.

As shown in the first chapter (which is dedicated to the crystals physics and its

main applications in high energy particle experiments), to study and characterize

the crystals with a good enough accuracy, a very high precision (in the 5-10 µm

range) in the particle position reconstruction is required.

The last 30 years were characterized by a strong effort to develop very high

spatial resolution systems: from the first Drift Chambers, through the Nuclear

Emulsions to arrive to the modern tracking systems based on semiconductor de-

tectors which combine a very high spatial resolution with fast response.

The working principle and the peculiarities of this kind of devices (in particu-

lar the ones based on silicon microstrips) have been illustrated in the second chap-

ter listing the figures of merit, such as the noise response and the Signal to Noise

Ratio (SNR), used to study the performance of the modules under test. Moreover,

since the focus of this thesis work was the measurement of the particle position

reconstruction capability, a detailed discussion on the parameters affecting the fi-

nal value of the intrinsic spatial resolution (σint ) and the Charge Sharing (CS)

among the strips has been given; in particular different design solutions, such as

the choice of both the physical (p) and readout (pRO) pitch or the use of a floating

strip scheme, have been taken into account and compared.

As shown in chapters 3 and 5, two very high spatial resolution telescopes have

been developed and assembled: several modules, equipped with different silicon

tiles and readout ASICs sharing the same very fast readout electronics have been

tested in the last three years with high and low energy particle beams (from 10
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to 150 GeV) at the CERN SPS H4 and PS T9 beamlines and used at the MAMI

accelerator to characterize a set of new generation crystals. The readout chain,

upgraded in 2012 to comply with high particle rate minimizing the dead time

and to be at the same time as compact as possible, is based on custom ADC and

memory/readout boards and allows a Data AcQuisition (DAQ) rate up to 6 kHz.

The results obtained with the offline analyses and algorithms presented in

chapters 3, 4 and 5, are listed in table 6.1 (the general features of each module

are also shown for comparison). All the values in the second column refer to the

INSULAB TELE 2-C module (except the one indicated by the (∗) which has been

computed with the TELE 4-E one) while the ones in the third and fifth columns

are, respectively, from the UA9 TELE 08-2 and the HAMAMATSU SN-05 ones.

The red values refer to the SPS H4 high energy beamtest where the so-called eta

algorithm has been used to caltulate σint while the blue ones refer to the PS T9

low energy data taking where the standard COG method, together with the cor-

rection of the tilt angle introduced by the module supports and the subtraction of

the MCS contribution (both presented in chapter 4), has been adopted.

The following considerations hold:

- as far as the SNR is concerned, for all the tested modules the SNR is around

or larger than 40 which ensures that the noise of the whole readout electron-

ics is low enough;

- as a consequence the measured spatial resolution is very high; in particular,

considering the so-called residual distribution (chapter 4), it follows that:

* in the best case σint is ∼ 4.1 µm, if a floating strip scheme is adopted,

and ∼ 6.7 µm in the no floating strip configuration;

* the values obtained with all the modules with a readout and physical

pitch of 50 µm are very similar except the one for the HAMAMATSU

SN-05 one which could be ascribed to a slightly smaller capacitive

coupling among the strips; as shown in chapter 2, in fact, the number

of events with a cluster composed by more than one strip is reduced

and the spatial resolution worsens;

* finally, even if the improvement on the spatial resolution using the

eta algorithm is not so critical, ∼1-1.4 µm (i.e. ∼18-24% less, see

also table 4.3 and B.3), both the non Gaussian lateral tails and the

asymmetry in the residual distribution have been reduced;

- as far as the CS is concerned, it is larger than 70% in all the cases; the largest

value obtained with the UA9 TELE 08-2 has been ascribed to a different

width of the strip implant.
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Detector Double Double Double (only Ω) Single

Produced by CSEM FBK-irst FBK-irst HAMAMATSU

ASIC VA2 VA1 prime2 VA1TA VA1TA

Detector dimensions [cm2] 1.92×1.92 1.92×1.92 1.92×1.92 2.10×2.10

Number of readout 384 384 384 384

channels

Bulk thickness [µm] 300 300 300 300

Resistivity [kΩ·cm] > 4 > 4 > 4 > 4

Leakage current [nA/strip] 1.5-2.0 1.5-2.0 1.5-2.0 1.5-2.0

Full depletion bias 36-54 36-54 36-54 36-54

voltage [V]

AC coupling no yes yes yes

p-side - junction

physical pitch [µm] 25 25 not bonded 50

readout pitch [µm] 50 50 - 50

floating scheme yes yes - no

n-side - ohmic

physical pitch [µm] 50 50 50 -

readout pitch [µm] 50 50 50 -

floating scheme no no no -

Fiberglass support

shape square L-shape L-shape rectangular

dimensions [cm2] 12.5×12.5 13.5×13.5 13.5×13.5 13.5×9.5

thickness [cm] 1.0 0.5 0.5 0.35

ASIC connection direct direct direct upilex

bonding bonding bonding fanout

SNR

junction 85.37±0.06 39.99±0.01 - 48.05±0.30

ohmic 69.27±0.08 - 50.36±0.11 -

σint [µm]

junction 4.11±0.01 4.49±0.01 - 9.02±0.79

ohmic 8.61±0.44 - 6.72±0.38 -

CS [%]

junction 76.72 81.29 - 71.43

ohmic 75.05 (∗) - - -

Table 6.1: Comparison of the SNR, σint and CS values of the INSULAB and

VISION modules; the general features of the silicon detectors and modules are

also indicated (see text for details on the colors).
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As far as the future steps are concerned, the following actions are foreseen:

- as mentioned in chapter 5, from the hardware and electronics points of view,

a new faster and general purpose DAQ system is being developed; in partic-

ular:

* the telescopes will now be equipped with a new data transmission sys-

tem based on a Gigabit link;

* the parallel readout of the 3 VA1TA ASICs will be implemented on

the repeater board allowing to reduce the overall readout cycle and

increase the DAQ rate up to ∼20 kHz;

* the slow control of the overall frontend electronics (based on the ex-

isting parts used in the UA9 experiment framework) will be also inte-

grated in the present DAQ to remotely monitor the whole telescopes;

* the more compact electronics based on the USB2 interface will be

tested to limit the complexity of the whole system maintaining at the

same time an adequate DAQ rate (up to ∼2 kHz).

Dedicated beamtests are thus foreseen both to characterize the new parts of

the electronics and to measure again the spatial resolution and the charge

sharing, in particular with the VISION Telescope, acquiring a large enough

statistics to evaluate the tiles performance with the eta algorithm;

- from the software (analysis and simulation) point of view:

* a detailed analysis of the multicluster events, based on the correlation

between the signals recorded by each detector side, is foreseen for the

INSULAB Telescope modules;

* a complete simulation of both the INSULAB and VISION telescopes

will be implemented to better understand the effect on the spatial res-

olution of a wrong detector positioning along the line (such as the tilt

given by the supports); part of the simulation work has been already

done by some members of the INSULAB Research Group;

* an offline algorithm to remove the zone corresponding to the noisy/dead

channels is under study; a possible solution should be, after a dedi-

cated equalization of the response of all the strips in a tile, to assign to

a dead channel a signal equal to the average of the ones recorded by

the two neighbour strips.

This thesis work has been developed in the framework of the straight and

bent crystals physics: the two tracking systems developed in the last years (the
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INSULAB and the VISION Telescopes) have demostrated to be a fundamental

part of the system for the crystals characterization. Both of them allow a very

precise particle position reconstruction (up to ∼4 µm) in a very short time (the

DAQ rate is 6 kHz) which are two primary tasks when working with straight/bent

crystals.

On the other hand both the telescopes proved to be general purpose tracking

systems that have been used in the test of SiliconPhotoMultiplier (SiPM) readout

calorimeters and in the characterization of other tracking systems (such as the

prototype of the GAMMA-400 Silicon detector): they are compact, easy to handle

and mount, fast and with a very good particle reconstruction capability and, at

last, extremely versatile. They have been already used, in fact, in several different

experimental enviroments (for instance, with the continuous low energy electron

beam at MAMI or the pulsed high energy ones at CERN) for testing new detectors

(and detector components) and characterize them in terms of efficiency, signal and

time response and linearity.
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Appendix A

Analysis procedure

The same data taking/analysis procedure has been applied to all the data collected

in the data taking periods presented in chapters 3, 4 and 5 in order to select the

set of the so-called good events. The examples discussed in the following sec-

tions refer to the high and low energy beamtest at the CERN SPS H4 and PS T9

beamlines with the CSEM+VA2 INSULAB reference modules. The procedure

has been divided in different steps:

- acquisition and analysis of the so-called pedestal run (section A.1); the

baseline of the electronics chain and its noise behavior have been studied

to evaluate a threshold for each channel to identify the strips in which the

particle has deposited its energy. This threshold value has also been used

to operate the VRBs in the zero suppression mode (see section 3.2.2 for

details);

- data acquisition and selection of the good events (section A.2); for each

event, the charge deposited by a particle can be shared among several strips,

defining the so-called cluster; a position finding algorithm based on the

Center Of Gravity method (COG [118]) has been applied to reconstruct the

exact hit position on each module; moreover the study of the eta distribution

as a function of the readout clock has been performed in order to optimize

the signal sampling;

- detector alignment (section A.3); an offline procedure has been applied to

align all the detectors with respect to the same reference system;

- offline data analysis; to evaluate the ultimate spatial resolution the particle

impact position has been reconstructed using the so-called eta algorithm

(section 4.3) instead of the COG one. In this case also the information

of the charge deposit in each strip must be known to perform the correct

analysis.
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The output data are saved in binary files (PAW ntuples) and the data storage

for the physics analysis is performed by a dedicated stripping program which au-

tomatically generates an ASCII (American Standard Code for Information Inter-

change) DST (Data Summary Tape) output file containing the relevant information

for all the detectors:

- the hit position on each module (in cm);

- the number of clusters and/or the number of strips per cluster (to monitor

the beam intensity);

- if present, as in the COHERENT experiment at CERN, both the energy

released by the particles in a calorimeter (as in [20]) and the values of the

goniometric system (2 rotational stages and 2 translation ones);

- the event number.

The analysis software is written in FORTRAN (FORmula TRANslation) [135].

A.1 Pedestal analysis

When a particle crosses a silicon detector, it deposits a certain amount of charge

which is then amplified and sampled by the readout ASICs and sent to the ADC

boards for the digitization. When no signal is present, the baseline level digitized

by the ADC boards (due to the complete detector+electronics chain) is called

pedestal. To evaluate the electronics baseline and the noise of each channel a

pedestal run is acquired with a random trigger: 200 triggers are randomly gen-

erated and the mean value of each channel of the ASICs represents the pedestal

while the rms corresponds to the noise.

The results obtained for one of the CSEM+VA2 reference modules have been

already shown in section 3.4.1. The presented noise distributions (figure 3.11(b))

have been also used to identify the noisy or dead channels which have been ex-

cluded in the analysis.

As mentioned in section 3.4.1, the pedestal run also allows to evaluate the so-

called Common Mode (CM) noise which is defined as the noise contribution due

to the external noise on the detector bias line (for example the electromagnetic

noise). In other words, the common mode noise corresponds to a common vari-

ation of the baseline of all the channels of the electronics chain. The following

procedure has been performed in order to compute the pedestal and the intrinsic

noise rms (that is without the common mode contribution):

- calculation of the pedestal and noise rms values of each strip (figure 3.11);
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- calculation of the common mode for each ASIC:

CM j =
ΣN

i (rawi − pedei)

N

j → number of ASIC i → number of channel per ASIC

j = 1,2,3 and i = 1, ..,128

(A.1)

i.e., on an event by event basis, the pedestal value of each channel (pedei)

has been subtracted from the raw data (rawi) and the mean value CM j has

been computed ASIC by ASIC excluding the dead/noisy channels (N indi-

cates the number of good channels); the rms value associated to this number

(i.e. the rms of CM j) represents the common mode noise of a single ASIC;

- subtraction of the mean value of the common mode on an event by event

basis from the raw data

pedecmi = rawi − pedei −CM j (A.2)

- re-calculation of the pedestal and noise rms distributions.

The common mode noise is a detector feature as can be seen in figure A.1(a),

that presents the correlation of the common mode of two different ASICs con-

nected to the same silicon side.

Figure A.1(b) shows an example of the common mode noise of one of the

CSEM+VA2 reference modules; both the junction (top) and ohmic (bottom) distri-

butions have been fitted with a Gaussian function. The mean value is ∼ 0 for both

cases while the σ one is ∼ 1.82 ADC for the junction side and ∼ 0.67 ADC for the

ohmic one. Considering the distribution of the global noise (figure A.1(c) top) and

subtracting in quadrature the common mode noise value (given by the Gaussian

fit in figure A.1(b)) one obtains, for the junction side, a 5.2 ADC value for the

intrinsic noise1 that is perfectly in agreement with the value obtained through the

Gaussian fit in figure A.1(c) bottom. The same procedure may be applied to the

ohmic side obtaining a 4.1 ADC intrinsic noise value. The value of the common

mode for both sides is clearly negligible with respect to the intrinsic noise which

means the VRBs can work in a zero suppression mode (see section 3.2.2 for de-

tails). If in fact the common mode noise is large, the threshold used for the zero

suppression should be increased reducing the detector efficiency. On the other

1The following equation has been used for the intrinsic noise calculation:

σint =
√

σ2
global −σ2

CM (A.3)
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(a) (b)

(c)

Figure A.1: (a) The common mode correlation of two readout ASICs connected

to the same silicon side. (b) The common mode noise distribution of a single

tile fitted with a Gaussian function: junction (top) and ohmic (bottom) side. (c)

Gaussian fit of the global noise (top) and intrinsic noise (bottom) distribution of

the junction side.
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hand, large noise and standard threshold means a larger number of strips to read

per module (since they are over threshold) and thus a smaller DAQ rate. The typ-

ical threshold value used with the INSULAB reference modules and the VISION

ones was set to 3-5 times the overall noise rms (that means ∼15−25 ADC). A

study of the number of strips above the threshold as a function of the considered

threshold value for the INSULAB reference modules can be found in [86].

A.2 Particle position finding algorithm

As mentioned in section 3.4.2, the reconstruction of the hit position on each mod-

ule has been performed considering the maximum pull distribution, defined as

the ratio between the pulse height of the channel with the maximum signal in the

event and its corresponding noise rms: in practice the signal is expressed in terms

of its noise rms (figure 3.12). Moreover, given the capacitive coupling and the

fact that the tracks incidence angle is not 90◦ with respect to the strip, the charge

deposited by the particle is shared among several neighbouring strips: as already

mentioned in section 3.4.2, this group of contiguous strips is called cluster.

To select the set of good events, the cluster-finding algorithm based on the

COG method [118] (equation 3.1) has been applied to identify the exact position

of the particle in the detector. The lateral pull distributions, defined as

pullle f t = pullmax−1 =
PHmax−1

rmscmmax−1

pullright = pullmax+1 =
PHmax+1

rmscmmax+1

(A.4)

where PH indicates the pulse height and rmscm is the noise rms after the common

mode subtraction, have been studied for both sides to choose the threshold value

for the strips that surround the one with the maximum. Figure A.2 presents an

example of the left (a) and right (b) pull distributions for the junction side of

one of the CSEM+VA2 reference modules; the other side behaves in a similar

way. The typical lateral threshold values used with the INSULAB and VISION

modules (red lines in figure A.2) are 5-10σ.

Two sets of good events have been selected depending on the data taking pe-

riod:

- @ CERN (SPS H4 and PS T9) with the CSEM+VA2 reference modules,

only the events with a single 1 or 2-contiguous strips cluster on each module

have been considered;

- @ MAMI with the HAMAMATSU VISION module, only the events with

a single cluster in both the module sides have been included in the analysis.
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(a) (b)

Figure A.2: (a) The left and (b) the right lateral pull distributions of the junction

side of one CSEM+VA2 reference module.

As mentioned in section 3.1.2, the clock sampling the multiplexed analog in-

formation of the readout ASIC can be set to 1.25, 2.5, 5 and 10 MHz. The so-

called eta distribution2 (figure A.3) helps to identify the best clock value to be

used. Figures A.3(a) and A.3(b) report the distributions measured with a read-

out clock value of 2.5 MHz (the typical one used during the SPS H4 and PS T9

beamtests): as expected, given the correct sampling of the output signals, both

the distributions are symmetric. The large central peak in figure A.3(a) is due to

the floating strip while the lateral ones around ±0.75 in both figures reflect the

fact that the capacitive coupling among the strips is similar for the two sides. Fig-

ures A.3(c) and A.3(d) show the same distributions for a 5 MHz readout clock: in

this case the distributions are completely asymmetric given the signal sampling is

not the correct one. Details about the asymmetries introduced by a readout clock

that causes a non correct sampling of the signal itself can be found in [86].

A.3 Module alignment

During all the beamtests presented in chapters 3, 4 and 5 the silicon detectors

have not been installed with absolute precision (figure A.4 left). For this reason an

alignment procedure has been applied as follows (the data presented in this section

refer to the PS T9 low energy beamtest where only 3 modules were installed):

- only the alignment in the x-y plane (the one perpendicular to the incoming

2The definition of the eta is given in chapter 2.
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(a) (b)

(c) (d)

Figure A.3: The junction (a) and ohmic (b) eta distributions with a 2.5 MHz

readout clock and a 5 MHz one ((c) and (d)): the symmetry of the distributions is

lost when the sampling is not performed in the correct way.
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beam direction) has been considered;

- the first step, the so-called coarse alignment, consists in acquiring scout data

runs (with low statistics, ∼2000 events) and moving the modules until each

of them is inside the incoming beam acceptance: figure A.5(a) shows an

example of correctly aligned modules while in figure A.5(b) the last module

is slightly out of the beam (left tail) and misaligned with respect to the

others;

- an additional offline detector alignment, the so-called fine alignment, based

on the translation of the coordinate system of the module themselves (fig-

ure A.4 right) is also needed. The main steps are the following:

* the distribution of the difference of the particle position reconstructed

by the external modules is computed for each direction:

x4 − x1 = a

y4 − y1 = b
(A.5)

Figure A.4: The silicon detector alignment procedure is based on a translation of

the coordinate system of the detectors themselves.

* if the detectors are perfectly aligned, the distribution is centered on 0

(red histogram in figure A.5(c)); on the other hand, if the detectors are

misaligned (blue histogram in figure A.5(c)) the values computed with

equation A.5 are used to translate the axes of the last module to obtain

the red histogram;



A.3 Module alignment 187

(a) (b)

(c)

Figure A.5: The coarse alignment of the modules: (a) all the detectors are aligned

while (b) the last module is slightly misaligned; (c) the fine alignment: the distri-

butions of the difference of the particle position reconstructed by the two external

modules; the one calculated after the alignment is shown in red.
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* to align the central module the residual distribution (section 4.1) is

computed and fitted with a Gaussian-like function: the mean value is

used to shift the residual distribution itself to 0 (with the same phylos-

ophy applied for the external modules);

- as presented in section 4.2.2 an additional rotational tilt angle of the mod-

ules themselves could be introduced by the supports used to fix them along

the beamline; moreover during the PS T9 low energy beamtest custom sup-

ports have been used to mount the VISION modules (section 5.2.5). The

procedure described in sections 4.2.2 and 5.2.5, based on the study of the

residual in one direction (e.g. the horizontal one) as a function of the po-

sition along the other coordinate (i.e. the vertical one), has been applied to

compute the correct residual (equation 4.6).



Appendix B

The FBK-irst+VA1 prime2 UA9

modules

The following sections present the design and the SPS H4 high energy beamtest

results of the two FBK-irst+VA1 prime2 UA9 modules. They have been designed

and produced as prototypes for the UA9 experiment [121] and in parallel as a

test bench for the development and test of the final electronics chain presented in

section 3.2 and to study the performance of the VA1TA ASIC.

B.1 Module description

B.1.1 The silicon tiles and the mechanical assembly

Both the FBK-irst+VA1 prime2 UA9 modules (figure B.1) house the same 300 µm

thick high resistivity double side silicon microstrip detector used in [121] whose

technical features are summarised in table B.1. The silicon tile has a 1.92×1.92 cm2

sensitive area for a total of 384 channels on both sides. The physical strip pitch is

25 µm on the junction side and 50 µm on the ohmic one while the readout pitch is

50 µm for both sides: a one floating strip scheme has been adopted for the junction

side readout. The silicon tile is fully depleted with a bias voltage in the 36-54 V

range and the average leakage current is of the order of 1.5-2.0 nA per strip.

The silicon tiles are assembled on a 13.5×13.5 cm2 0.5 cm thick L-shape

fiberglass support while the ASICs have been glued with the Epotek H20E epoxy

glue on dedicated PCBs inserted in the fiberglass frame. The detectors are AC

coupled and the connection between the ASICs control and output pads is made

via 17 µm diameter Al wires. The same Al boxes used with the VISION modules

(section 5.1.3) have been used to handle and protect the silicon tiles and the first

part of the electronics.
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(a)

(b)

Figure B.1: Photo of (a) the junction and (b) the ohmic side of one FBK-

irst+VA1 prime2 UA9 module assembled on the fiberglass frame together with

the ASICs PCBs.
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Detector Double

Produced by FBK-irst

ASIC VA1 prime2

Detector dimensions [cm2] 1.92×1.92

Number of readout channels 384

Bulk thickness [µm] 300

Resistivity [kΩ·cm] > 4

Leakage current [nA/strip] 1.5-2.0

Full depletion bias voltage [V] 36-54

AC coupling yes

p-side - junction

physical pitch [µm] 25

readout pitch [µm] 50

floating scheme yes

n-side - ohmic

physical pitch [µm] 50

readout pitch [µm] 50

floating scheme no

Fiberglass support

shape L-shape

dimensions [cm2] 13.5×13.5

thickness [cm] 0.5

ASIC connection direct bonding

Table B.1: General features of the FBK-irst+VA1 prime2 UA9 modules.
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B.1.2 The readout ASIC and electronics

Three VA1 prime2 ASICs [93] per side have been used to readout the whole

detector. This ASIC, whose technical features are listed in table B.2, is a 128

channel radiation tolerant integrated circuit build with the 0.35 µm N-well CMOS

technology. It has the same architecture of the VA2 ASIC for the analog out-

put signal conditioning (section 3.1.2) and has been developed and optimized to

work with larger overall capacitance Cd (the one seen by the ASIC inputs). The

ENC noise term which depends on the input capacitance is in fact the half with

respect to the VA2 one (tables 3.2 and B.2): assuming a ∼10 pF value for the

overall capacitance of the silicon tiles typically used in this thesis work, one ob-

tains 80+15 ·Cd = 230 and 180+7.5 ·Cd = 255 for the VA2 and the VA1 prime

ASIC, respectively.

ASIC name VA1 prime2

Process (N-well CMOS) 0.35 µm

Die surface [mm2] 4.95×6.12

Die thickness [µm] ∼ 725

Number of channels 128

Input pad size [µm2] 50×90

Output pad size [µm2] 90×90

ENC at 1 µs of peaking time [e− rms] 180+7.5·Cd

Power consumption [mW] 235

Slow shaper peaking time [µs] 0.3-1

Fast shaper peaking time [µs] not present

Dynamic range [# MIPs] ±10

Current gain [µA/fC] ∼10

Table B.2: Technical features of the VA1 prime2 ASIC [93].

As far as the readout chain is concerned, the same version of both the frontend

and readout electronics used with the CSEM+VA2 reference modules (section 3.2)

has been used.

B.2 The SPS H4 beamtest results

The FBK-irst+VA1 prime2 UA9 modules have been tested during the SPS H4

high energy beamtest; the same setup described in section 3.3 has been used and

both the modules have been charaterized by means of two CSEM+VA2 reference

modules in terms of Signal to Noise Ratio, charge sharing among the strips and
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spatial resolution (section B.2.1). The same analysis procedures described in sec-

tions 3.4.2, 3.5 and 4.3 to study, respectively, the SNR, the charge sharing and the

spatial resolution have been adopted.

B.2.1 The modules behavior

Figure B.2(a) presents the Signal to Noise Ratio of one FBK-irst+VA1 prime2

UA9 module; equation 3.2 has been used to compute the SNR and the distribution

has been fitted with a Landau-like function (equation 3.3). The values obtained for

both the FBK-irst+VA1 prime2 UA9 modules are listed in the second column of

table B.3: a slightly larger value has been found for the TELE 08-1 junction side

and in both cases, as expected given the different used ASICs and silicon tiles, the

SNR is smaller than the one of the CSEM+VA2 reference modules (table 3.5).

Module SNR Charge Sharing (η) σmeas (COG) σmeas (η)

(TELE) [%] [µm] [µm]

08-1

jun. 47.48±0.02 85.68 - -

ohm. - - - -

08-2

jun. 39.99±0.01 81.29 5.81± 0.01 4.43±0.01

ohm. - - - -

Table B.3: Comparison of the cluster SNR, the charge sharing and the spatial

resolution values of the FBK-irst+VA1 prime2 UA9 modules.

The charge sharing distribution of one FBK-irst+VA1 prime2 UA9 module is

presented in figure B.2(b). The interstrip position has been computed with the eta

algorithm (section 4.3); 0 µm and 50 µm are the center of the two readout strips

while 25 µm is the center of the floating one. Equation 3.4 has been used to find the

charge sharing value (third column of table B.3): in both cases when the particle

crosses the center of the floating strip, each of the two neighbouring readout strips

collects ∼42% of the total charge deposited by the particle. The charge sharing

among the strips is thus slightly larger than the one of the CSEM+VA2 reference

modules; it has been ascribed to a different width of the strip implant.

Figure B.2(c) shows the residual distribution of the junction side of one FBK-

irst+VA1 prime2 UA9 module; also in this case the residual method presented in

section 4.1 has been applied. The spatial resolution (table B.3) decreases from

5.81±0.01 µm using the standard COG method to 4.43±0.01 µm applying the

eta algorithm; as in the CSEM+VA2 reference module case the improvement in
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(a) (b)

(c)

Figure B.2: (a) The cluster SNR, (b) the charge sharing and (c) the residuals dis-

tributions of the junction side of one FBK-irst+VA1 prime2 UA9 module; the in-

terstrip position and the residuals have been computed applying the eta algorithm

(section 4.3).
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the spatial resolution is not so critical (∼1.38 µm i.e. ∼24% less) but the non

Gaussian-like lateral tails in the residual distribution are much smaller.
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