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Riassunto della Tesi

La fisica dei neutrini riveste un ruolo fondamentale nell@fisnoderna e, in parti-
colare, rappresenta la prima evidenza sperimentale dianfigiea oltre il Modello
Standard.

Tradizionalmente la nascita della fisica del neutrino @afssl 4 Dicembre 1930
guando Wolfgang Pauli diede per la prima volta una spiegezadl’anomalia 0s-
servata nello spettro del decadimeftdn tale decadimento, infatti, si ipotizzava
che fossero coinvolte solo due particelle e quindi dal pultasta sperimentale
ci si aspettava uno spettro a righe discrete. Tuttavia, @&l lin un esperimento
condotto da Lise Meitner e Otto Hahn presso I'Universitd8drlino, lo spettro
energetico misurato risultava essere continuo e cio eintraddizione con le
leggi di conservazione di momento ed energia; inoltre, anlchalore dello spin
dell’atomo dil*N utilizzato nell’esperimento risultava in disaccordo ¢amprece-
dente previsione fatta da Rutherford.

L'idea di Pauli fu quella di postulare I'esistenza di unaribre particella (fino ad
allora non osservata e molto complicata da rivelare) cdiaveel decadimento
3; in questo modo I'energia disponibile nel processo venu@dsvisa tra il nu-
cleo, I'elettrone e la nuova particella rispettando le letigonservazione e dando
origine ad un cosiddetttihree-body final staté cui spettro risulta effettivamente
essere continuo.

Ci vollero pero quasi trent’'anni (1956) perché I'esisterdi tale particella (de-
nominata da Enrico Fernmeutrinoper distinguerla dal neutrone di James Chad-
wick) venisse effettivamente provata: furono Clyde L. CoveaFrederick Reines
i primi ad osservare, presso il reattore di Savannah Riveeuento di neutrini
attraverso il processo di decadimeftmverso ¢ + p — e +n). Il rivelatore uti-
lizzato era costituito da taniche riempite da centinaiguidi scintillatore liquido
(acqua + CdGJ) e circondate da un centinaio di fotomoltiplicatori per ddtlira
del segnale. Questo storico risultato confermo I'ipotiidPauli e apri la strada
dell'inesplorato mondo dei neutrini dando inizio alla axttadiscovery era

| neutrini sono pero molto difficili da osservare; essi mgscono solo attraverso
l'interazione debole e con sezioni d’urto molto piccote 1037 cn¥). Per questi
motivi la loro osservazione ha richiesto (e richiede tw#jda costruzione di de-
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2 Riassunto della Tesi

tector enormi posti in laboratori sotterranei per limitdr®ndo di raggi cosmici.
Le principali tecniche su cui si basarono e si basano anaggagh esperimenti
di neutrini sono:

- il metodo radiochimicobasato sulla trasmutazione del materiale del detec-
tor in un altro elemento chimico (tipicamentéCl—3’Ar o0 "'Ga—"'Ge) e
utilizzato fino alle fine degli anni 90 dai cosidde#&sperimenti di vecchia
generazionéHomestake, GALLEX, GNO, SAGE);

- la misura in tempo reale dello spettro di neutrini che sfrutta il pro-
cesso di emissione di luce Cherenkov degli elettroni pribdiotseguito
all'interazione dei neutrini col materiale del rivelatofigpicamente HO
o D,0); questo e altri metodi simili sono la base dei cosidatierimenti
di nuova generazion@amiokande, SuperKamiokande, SNO);

- 'osservazione dtorrenti cariche in seguito all'interazione dei neutrini con
il materiale del detector,

- lo studio deldecadimentof3 inverso (come nell’esperimento di Cowan e
Reines) e dellaiduzione del flusso di neutrini prodotti artificialmentdié-
appearance experiments

In particolare le prime due tecniche vengono utilizzatagpalmente negli esper-
imenti sui neutrini solari mentre gli altri due metodi sompettivamente utilizzati
per I'osservazione di neutrini atmosferici e di neutrinbgotti artificialmente (da
reattori o da acceleratori).

Nonostante i molti risultati ottenuti dagli anni '60 ad ogguali la misura dell’eli-
cita, la prova dell’esistenza di diverse generazioni efdeabmeno delle oscil-
lazioni), la fisica del neutrino rimane ancora un campo apelfatto che questa
particella abbia una massa cosi piccola, la corretta geiedelle masse, il ruolo
dei neutrini in cosmologia, il numero esatto di generazramangono questioni
irrisolte che non trovano una completa spiegazione adliiimd del Modello Stan-
dard. Per questo motivo risulta fondamentale la realizzezdi nuovi complessi
(Neutrino Factory e I'impiego di nuove tecnichadnization cooling grazie alle
quali sara possibile produrre fasci di neutrini sufficemente intensi, ben colli-
mati e con una limitata contaminazione da parte di altreigedi®. Il lavoro di
guesta tesi si inserisce in questo filone.

La tesi si apre con una panoramica dei principali aspettadisica dei neutrini e
dei risultati ottenuti finora dal punto di vista sia sperirtad@ che fenomenologico,
dal meccanismo che da origine a masse cosi piccole al fenowkelle oscillazioni
sia nel vuoto che nella materia. 1l Capitolo 1 contiene iredk descrizione di una
Neutrino Factory, dei principali elementi necessari pesua realizzazione e le
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motivazioni che ne giustificano la costruzione.

Questo lavoro di tesi, in particolare, e stato svolto relibito dell’esperimento
MICE (Muon lonization Cooling Experiment) il cui principabbiettivo e la di-
mostrazione sperimentale della tecnica di ionizationiogapplicata ad un fascio
di muoni (dal cui decadimento vengono prodott) i

La tecnica di ionization cooling (presentata nel Capitgl@ 3tata proposta negli
anni '70 ma non e mai stata dimostrata sperimentalmeriteed’di base € quella
di sfruttare la perdita di energia per ionizzazione in urodasisore leggero (tipica-
mente idrogeno o elio liquidi) e successivamente riacaetele particelle utiliz-
zando cavita a radio frequenza. In particolare, questadacisulta fondamentale
nel caso in cui il fascio di neutrini venga prodotto da un fasti muoni (come
nella maggior parte delle soluzioni proposte per una Neatfactory); la vita
media di soli 2.3us dei muoni rende infatti impossibile I'impiego di altre téche
di cooling (quali I'electron cooling o lo stochastic coaiin

La sezione di cooling di MICE € in fase di costruzione preis&utherford Ap-
pleton Laboratory (RAL) in Inghilterra e necessita di ra&ri ad alta precisione
per la misura dell’efficienza di cooling in termini di emitiza (definita come il
volume occupato dal fascio di particelle nello spazio d&k), con una preci-
sione dello 0.1%, e di un sistema in grado di distinguere i mndal fondo, che
in MICE e rappresentato da pioni (da cui i muoni vengono pttifed elettroni
(derivanti dal decadimento dei muoni stessi). Rivelatagdti su sistemi di Time
Of Flight e luce Cherenkov permettono I'identificazione pigini all'inizio della
sezione di cooling mentre la distinzione degli elettrota &he del canale & fornita
da un apposito calorimetro costituito da un preshower dmfio e fibre scintil-
lanti seguito da un rivelatore realizzato con materialatdtante, I'Electron Muon
Ranger (EMR). Lo sviluppo, la costruzione e i test di EMR ra@gentano il fulcro
di questo lavoro di tesi.

EMR (Capitolo 3) e costituito da 48 piani di barre estrusesclntillatore pla-
stico; ogni piano e formato da 59 barre di 1.1 m a sezionado&re lette da
una fibra Wave Length Shifter (WLS) connessa da entrambi ialatistemi di
fotomoltiplicatori, sia a singolo canale (PMT) che multao (MAPMT). | seg-
nali dei MAPMT sono amplificati da una scheda di frontend datd FrontEnd
Board - FEB basata sullASIC MAROC (Laboratoire de L'Acelerateur kaire
di Orsay), campionati e storati da uBaffer Boardper essere inviati al sistema di
readout VME nell'intervallo tra due bunch di particelle.

Per definire il design finale del detector e studiarne le perémce in termini
di risoluzione spaziale ed efficienza e stato realizzatpnatotipo di piccole di-
mensioni costituito da barre lunghe 19 cm a sezione rettangjoTale prototipo
e stato testato sia con fasci estratti di particelle carista con raggi cosmici
utilizzando tre diverse catene di lettura: due basate swlppia di ASIC VLSI
VAG4TAP2.1+LS642 ed una (quella finale) sul MAROC. In particolare, dal mo-
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mento che la struttura temporale del fascio a RAL (un evegto Bs in una spill
di 1 ms ogni secondo) impone che le schede operino in madhliettura digitale,
lo studio del comportamento del rumore e I'ottimizzazioed'dlettronica stessa
sono stati fondamentali per definire il design del detectaié.

In parallelo all’elettronica, sono state testate divesaigurazioni di lettura delle
barre (in termini di numero di fibore WLS per barra e utilizzo emo della colla)
e diverse forme delle barre stesse.

Il Capitolo 4 contiene tutti i risultati ottenuti durante fasi di test con il pro-
totipo e le diverse barre presso il Proton Synchrotron deRNEe I'Universita
dell'Insubria.

La risoluzione spaziale misurata per ciascuno dei pianpdaiotipo di EMR e
stata di~ 6.5 mm mentre un valore di quasi il 99% e stato ottenuto edfidienza
tenendo conto della presenza di zone morte tra barre cenfeseluse nel calcolo
dell'efficienza stessa) e perfezionando il metodo di ricasbne delle tracce. Uno
scan in momento (nel range-25 GeV/c) ha permesso di stimare la dimensione
di tali zone morte che e risultata parka0.5 mm (come ci si aspettava dalla forma
non perfettamente regolare delle barre stesse).

Nei test sulle varie configurazioni di readout, i risultatigiiori (in termini di
efficienza e ampiezza del segnale) sono stati ottenutzzaitido 2 fibre WLS
incollate all'interno di ogni barra rettangolare. Tuttayvnel design finale verra
utilizzata una singola fibra incollata all’interno dellartzain modo da limitare
contemporaneamente il cross talk tra canali del MAPMT etichproduzione. |
test sulle barre triangolari hanno infine dimostrato comazig alla loro forma, sia
possibile ridurre le zone di bassa efficienza tra barre gieigarantire un’efficienza
sufficientemente elevata-(97%) e costante.

EMR e ora in fase di costruzione presso I'Universita di &ira: test con raggi
cosmici di due layer assemblati ed equipaggiati con un ppmalell’elettronica
di readout finale sono stati eseguiti fin dall’inizio dellram | risultati ottenuti in
termini di efficienza e risoluzione spaziale sono presen&tCapitolo 5 insieme
ad uno studio dettagliato del noise e dell’effetto di cr@dk.tL'installazione del
detector finale a RAL & prevista per la primavera del 2011.

La Collaborazione MICE (insieme alla Neutrino Factory anddvl Collider Col-
laboration) si occupa anche della ricerca e sviluppo deidet per le future Neu-
trino Factory, sia quelli a corta baselinge@r detectoysia quelli a lunga baseline
(far detecto). In particolare la costruzione di EMR ha permesso di muever
primi passi verso la realizzazione detally Active Scintillator Detectorsivela-
tori di enormi dimensioni costituiti interamente da madégiattivo il cui design
(piani x-y di barre triangolari lunghe fino a 15 m) € molto gama quello di EMR.



Introduction

The physics of neutrino covers a fundamental role in modégsigs and, in par-
ticular, it represents the first experimental evidence f®wphysics beyond the
Standard Model.

Since 1930, when Wolfgang Pauli first postulated the excser a third particle
involved in theB-decay process to explain the observed continuous eneegy sp
trum (by Lise Meitner and Otto Hahn at the University of Be)Jineutrino physics
has required a worldwide effort both in the development af techniques and in
the construction of dedicated detectors to investigatestundly the nature of such
a new particle.

The first neutrino events were observed in 1956 at the SavaRnger nuclear
reactor by Clyde L. Cowan and Frederick Reines exploiting tanks filled with
water and cadmium clorine @@ + CdCb) surrounded by liquid scintillator de-
tectors readout by photomultiplier tubes. This historiesiult opened the way to
the unexplored field of neutrino physics starting the sdedaliscovery era

Since neutrinos interact very weakly with matter, theiretvation has required
the construction of huge detectors located deep underdrtmiavoid cosmic ray
background. From the instrumentation point of view, défertechniques took the
stage. As far as the solar neutrino observations is condetine so-calledld gen-
eration experimentaere based on a radiochemical method: the neutrino capture
via the electroweak interaction in a target and the subsedransmutation of the
target itself into another chemical element (typic&if€l—3’Ar or "'Ga—"1Ge)
was the main studied process to observe neutrino eventsé¢btake, GALLEX,
GNO, SAGE). On the other hand, the so-calfelv generation experimentgere
based on a completely different technique that also praviéal time neutrino
flux measurements: the interaction of neutrinos with thecter material (typ-
ically water or heavy water) causes the emission of elestanmrd the produced
Cherenkov light is subsequently detected by large photbptiels (Kamiokande,
SuperKamiokande, SNO).

The events from atmospheric neutrinos were instead studiserving the charge
current events inside the detector while the main techrsigsed to study the neu-
trino events from artificial man-made beams are the invBrdecay process and
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6 Introduction

the so-callecppearancanddisappearancexperiments (N®A, MINOS).
Thanks to these experiments, a lot of details about the ineutature and its be-
havior in the interaction with matter were collected: foaexple, the oscillation
phenomenon, proposed by Bruno Pontecorvo (1957) and sudastygevolved by
Ziro Maki, Masami Nakagawa and Shoichi Sakata (1962), has bbserved by
all these experiments.

Nowadays neutrino physics still remains an open field siheequestion of such
a small mass together with other unsolved aspects (the mexrssdhy, the role of
neutrinos in cosmology, the number of generations, etce) nat yet answered.
This motivates a worldwide effort aimed at the developménh@w facilities
(Neutrino Factory and experimental techniquéasitfization cooling to produce a
larger number of well-known neutrinos from muon decay (difping the detec-
tor system) to deeply investigate the oscillation phenarmeand its main param-
eters.

This thesis work has been performed in the framework of tierhational Muon
lonization Cooling Experiment (MICE) and, in particulagals with the Electron
Muon Ranger detector.

The two main goals of the MICE Collaboration are the dematistn of the ion-
ization cooling technique, developing and building an a@ég cooling section
for a muon beam, and the measurement of such a cooling chperiefmances.
The MICE cooling channel is under construction at the RudtndrAppleton Lab-
oratory (RAL, UK) and requires several high precision daiescto evaluate the
cooling efficiency in terms of emittance reduction. Morepaa efficient system
to reject background (that in MICE means pions and elecjrsmseeded to obtain
an emittance measurement with a 0.1% precision. The piengpacted at the be-
ginning of the channel by a set of TOF and Cherenkov deteuatbile a dedicated
calorimeter station provides the downstream electronrsd¢ipa. The calorimeter
consists of a lead-fiber layer followed by a fully active siiator detector, the
Electron Muon Ranger (EMR).

From the point of view of the thesis organization, a brietdigal and theoretical
introduction to the main aspects of neutrino physics isqamesd in Chapter 1: the
oscillation phenomenon and the mechanism that generatésaslight neutrino
mass are described together with the more recent resulept&hl also contains
an introduction to the proposed scenario of a Neutrino Fgatomplex, with its
basic elements and physical motivations.

The first part of Chapter 2 is dedicated to the descriptiomefworking principle
of the ionization cooling technique. The ionization cogliof a muon beam has
been proposed in the '70s but has never been demonstrateatticp: it is based
on the passage of the patrticles through a series of lightrbbsoand the subse-
guent re-acceleration of the beam through Radio FrequeREY €avities. The
second part of Chapter 2 describes the MICE cooling chammklze detectors
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needed for the tracking and the emittance measurements.

Chapter 3 is devoted to the Electron Muon Ranger, to its satalle prototype
and to the components tested to finalize the readout confignraf the detec-

tor. EMR consists of 48 layers of extruded scintillator h&each layer is made of
59 bars with a triangular shape and 1.1 m long, readout by Wawgth Shifter

(WLS) fibers and photomultipliers (both single channel andtianode).

To validate the EMR design and the detector performances)al size proto-

type with rectangular shape bars has been developed aed tegh three differ-

ent electronics chains with extracted particle beams @GERN Proton Syn-
chrotron) and cosmic rays while different setups with loagtangular and trian-
gular bars have been assembled to study different readatigacations and their
efficiency.

A detailed description of the EMR prototype and of the seagsembled for the
validation tests is presented in Chapter 3.

Chapter 4 and Chapter 5 are the heart of this thesis work. 8hdts obtained with
the EMR prototype with the different electronics chains @escribed in Chapter
4 in terms of noise, spatial resolution and efficiency, tbgetith the component
tests.

The final EMR detector is now under construction at the Ursigrof Geneva:

cosmic ray tests of two layers equipped with a prototypeiwarsf the readout
electronics have been performed since the beginning of ¢ae yThe results in
terms of noise, spatial resolution and efficiency, togetinér a detailed analysis
of the cross talk, are presented in Chapter 5. The final eleics has been in-
stalled on the two layers at the beginning of May 2010 and #ta dnalysis in

ongoing.
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Chapter 1

Neutrino: why a factory

The first important event in the history of neutrino can benideed with Lise
Meitner and Otto Hahn'’s discovery, in 1911, of the contimifLenergy spec-
trum, which was in contradiction with the energy conseataw because it ap-
peared that some energy was lost in the decay process. A faw laer, in 1914,
James Chadwick confirmed this observation [1, 2] but it wasi¢dag Pauli, in
1930 [3], that postulated the existence of a new particleoteesthe dilemma of
the3 decay. He assumed that in such a decay a neutrino is emigether with
an electron and this causes the continuum energy spectrtine @lectron while
conserving both energy and angular momentum. The expetahebservation
by Clyde L. Cowan and Frederick Reines (in 1953 [4, 5]) of neos produced
at the Savannah River nuclear reactor (by observingthg — e + n process)
confirmed Pauli’'s theory and opened the way to an unexplosgdd &f particle
physics.

The following decades represented the era of the neutrseareh: in 1968 John
Bahcall and Ray Davis showed for the first time a deficit in thlarsneutrino flux
measurement [6]; in 1987 neutrinos coming from the Large éllagic Cloud
were first observed [7]; in 1998 the SuperKamiokande Expeminmeported the
first evidence of neutrino oscillation [8]; in 2002 the SudbMeutrino Observa-
tory finally solved the Solar Neutrino Puzzle [9] while the KIAAND reactor
confirmed the oscillation hypothesis [10]; in May 2010 the@atvation of the tau
lepton by the OPERA experiment [11] represented the firsiodimeasurement of
thev,, — vy oscillation.

Nowadays there are several neutrino physics puzzlesesbktsolved both on the
theoretical and phenomenological point of view. Massivaetneos have to be
included in the Standard Model, the question of such a smaishrand several
other unsolved aspects (the mass hierarchy, the role ofinesitin cosmology,
the number of generations) need to be answered. For thesensgdogether with
the fact that the oscillation phenomenon represents thieefiidence of physics

9



10 Neutrino: why a factory

beyond the Standard Model, neutrino physics is still an digda.

The first part of this chapter is dedicated to a brief reviewha state of the art
of neutrino physics and of its bases. The historical rexflthhe main neutrino
experiments will be presented (for a complete review se§.[12

The second part of this chapter contains the description Méatrino Factory

based on a muon storage ring and of its physics potentialss ddncept was
first suggested by Dmitrij Koshkarev [13] and subsequentlya@ded by Davis
Neuffer [14] and Robert Palmer [15, 16], whose work led tofthrenation of the

Neutrino Factory and Muon Collider Collaboration (NF-M&@n 1995. Physics
at a Neutrino Factory will be very rich: high precision measuents of all the
fundamental parameters of the neutrino mixing and osmaphenomena will
be possible. This facility will also offer the possibilityf both QCD and slow
muon physics studies [17] and represents the first step t@the construction of
high energy Muon Colliders. The basic elements to build subleutrino Factory
and its main motivations will be discussed.

1.1 The state of the art of Neutrino Physics

Neutrinos are 1/2-spin electrically neutral particleshnat light mass 500000
times smaller than the electron mass [18]) and are the maosidant particles in
the universe. The three known neutrino typesflavors (ve, vy, andvy) interact
weakly with matter via the weak bosons. They are originakedugh different
processes, both natural and artificial.

The strongest neutrino source is the Sun: the fusion reaatievhich hydrogen
is transformed into helium?fH—*He) produces- 2x 10% electron neutrinos per
second that corresponds to a B0'° v cm~2s~1 flux at the Earth surface [19]. A
huge amount of neutrinos (up to 10°8 neutrinos in a few seconds) are also pro-
duced in the Supernovae explosion [7] while relic neutri(tbe so-calledCos-
mic neutrino Background - B [20]) permeate the Universe with a density of
~ 100v cm~3,

Also the Earth is a source of neutrinos both in the atmosphececrust. The
hadronic showers induced by the interaction of cosmic rajs the high layer of
the atmosphere generate a typical fluxol v cm—2s~! at the Earth surface [21]
while geoneutrinosare produced through tH&decay process of radioactive nu-
clei (tipically 238U, 232Th and*°K) with a flux of ~ 10’ v cm~2s~1 [22].

Neutrinos can also be produced by artificial man-made ssuedectron antineu-
trinos are generated with a tipical flux of the order of40 per second in nuclear
reactors [23] while fluxes up to $& cm~2s~1 of v, can be achieved with con-

http://www.cap.bnl.gov/mumu



1.1 The state of the art of Neutrino Physics 11

ventional accelerated beams by the interaction of a protamwith a target and
the subsequent decay of the produced mesons.

Traditionally, Wolfgang Pauli’s “letter to the group of radctives at the regional
meeting in Tubingen”, dated December 4th 193¢ [# considered as the neu-
trino birthday. But the history of neutrino was effectivélgrn with the continuous
[3-decay spectrum observation by Lise Meitner and Otto Hali®ikl which was
really surprising since, by kinematic arguments (the mamm@nconservation in
the centre of mass), this process was expected to be a twodmsady (top left
of figure 1.1) in which a discrete energy spectrum should loelypeced (red line
in the bottom of figure 1.1). In 1914, James Chadwick confirdwkitner and
Hahn’s hypothesis [1, 2] and this observation resulted iioges difficulties in the
interpretation of thg-decay process.

Two-Body Final State Three-Body Final State
Helium-3 (1, 2) Helium-3 (1, 2)

" Tritium (2, 1
Tritium (2, 1) Recoil nucleus and 1) Electron and
electron separate neutrino share
. —_— with equal and > the available
¢ opposite momentum .K \O energy
. e Electron Antineutrino
(N,2)— (N—1,Z+ 1)+ e N Z2)— (N—1,Z+ 1)+ e +V

where N = number of neutrons
Z = number of protons

Observed Expected
spectrum of electron
energies ENErgy

Number of electrons

Ener:
& Endpoint of

spectrum

Figure 1.1: Two possible schematic explanations ofuecay process (top) and
the corresponding spectra (bottom). In the body final statprocess the emerg-
ing particles must have the same amount of energy; in péatitive conservation

of energy and momentum implies that the electron is emitt#ld acconstant ener-

gy (red line in the bottom figure). Tharee body final statsolution proposed by
Pauli foresees that the overall energy is shared betweemuitieus, the electron
and a new type of particle very difficult to detect: this leadghe continuous

spectrum shown with the black line in the bottom figure.

When Pauli, in 1930, realized that tBedecay continuous spectrum (black line in

2An english version of Pauli’s letter could be found in [24].
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the bottom of figure 1.1) could be explained introducing arsunobserved 1/2-
spin particle (top right of figure 1.1) and two years later @hack discovered the
neutron [25], the controversy about tBedecay spectrum seemed solved. How-
ever, Pauli’s particle was also massless, or at least mgbkeli than the electron,
and neutrons could not satisfy this hypothesis. On the ¢tted, already in 1933,
Enrico Fermi published the first account of his theory3adecay that culminated
in his famous weak interaction theory in 1934 [26].

The following two decades have been characterized by aragmiss effort to prove
the existence of the neutrino and to determine its physicgbgrties. In 1956,
Clyde L. Cowans and Frederick Reines saw the first neutriemtelby detecting
the inverse3-decay process (figure 1.2(a)) at the Savannah River refkté
(figure 1.2(b)): Pauli’'s hypothesis was completely confidme

A few years later, Maurice Goldhaber showed that neutrineslved in the weak
interaction are left-handed particles [27], while in 1962 first evidence of the
existence of different neutrino generations came fronvfhebservation at Brook-
haven [28]; the third neutrino flavor was discovered late2@@1 at FNAL by the
DONuT Experiment [29]. The evidence of different neutrirengrations also in-
creased the credibility of neutrino mixing and oscillatiéirst proposed by Bruno
Pontecorvo [30] (for a detailed review see [31]) in 1957 gdime same formal-
ism as for kaons, and subsequently evolved by Ziro Maki, Maséakagawa and
Shoichi Sakata in 1962 [32].

Thediscovery eraf neutrino physics begins in 1968 when John Bahcall and Ray
Dauvis first showed a non-negligible deficit in the solar niewtflux measurement
with a detector based on Chlorine in an underground labgratche Homestake
mine in the USA [6]. The neutrino mixing and oscillation tingevas suggested
to be a possible solution to the so-caldlar Neutrino Puzzle - SNR2].

The following twenty years were dedicated to the developgrénetectors and
technologies able to study and precisely measure the saldino flux in order to
confirm or confute Davis and Bahcall's observation. Sin@ert@utrino cross sec-
tion is very small & 10~37 cn¥ [33]), the detectors were huge, containing several
thousands of tons of material, and located deep undergrémmaaximize the
cosmic ray rejection: all the main solar neutrino experits&fHomestake [34],
SAGE [35] and GALLEX [36]) confirmed the solar neutrino fluxfd& observed
by Davis and Bahcall. It was only in 2002 that the SNP was sbibyethe Sudbury
Neutrino Observatory (SNO) experiment [9]: it was the fics model indepen-
dent test of the solar neutrino oscillations. An innovativethod, ever used be-

3The so-callecbld generation experimentéHomestake, GALLEX, SAGE and others) were
based on a radiochemical method [33]. The signature of tleedation of neutrinos with a target
was given by the transmutation process of the target itstdfanother chemical element (typically
37C1—37Ar or "1Ga—"1Ge). They were able to explore the first part of the solar spet(up to
0.8 MeV) but could not provide a real time measurement.
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2 METERS

Incident
antineutrino

Gamma rays

Gamma rays

Neutron capture

Inverse
beta
Positron decay

annihilation Liquid scintillator

and cadmium

Positron scope

(@) (b)

Neutron scope

Figure 1.2: (a) Signature of the inverBedecay reaction taking place in a liquid
scintillator and cadmium based detector: an incident aotimo (red dashed line)
interacts with a proton creating a positron and a neutror. @dsitron annihilates
almost immediately with an electron producing two back tokogamma rays and
causing an intense flash of visible light in the scintillatdihe neutron instead
travels randomly until it is captured by a cadmium nucleud dre subsequent
retarded gamma emission causes a second less intensedglhtThe two slightly
separated signals on the photomultipliers represent gragire of the inversg-
decay process. (b) Schematic layout of the detector usedisads and Reines
to detect the neutrino at the Savannah River reactor [5):(ibgonsisted of two
large plastic tanks (in light blue) filled with 200 | of waterixad with CdCp
and sandwiched between three 1400 | liquid scintillatoedtetrs (named 1, 2 and
3); the light was measured by 110 photomultiplier tubes. The first neutrino
event was observed with an oscilloscope (bottom): the thmes in each figure
represent the three signals of each detector. Two signp&@ed by~ 15.3ps
gave the signature of the process presented in figure 1.2thranfirmed the
existence of a new type of particle involved in fBelecay process.
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fore, based on a real time Cherenkov detector exploitip@ Water imaging was
able to detect three different processes at the same timgtr@l€urrent (NC),
Charged Current (CC) and Elastic Scattering (ES)) and a&ltbthe measurement
of the total flux of the non-electron flavor active neutrind$e historical result
also known a8ahcall’s glory[9], finally confirmed the mixing hypothesis as the
solution of the SNP.
At the same time, the neutrino oscillation has also beenrebdan the atmo-
spheric neutrino field: an upward-downwargdasimmetry was observed without
a corresponding deficit ime. This means that the ratio between thg've flux
ratio observed by SuperKamiokande and the one expectedtfrefdonte Carlo
simulation (that ismie))"\):cs) was not 1 and the oscillation among the muon neu-
e
trinos and the tau o%es was proposed as a possible explaoétius deficit [8].

Other experiments dedicated to the determination of thélaison parameters
have been built in the following years, also exploiting macl reactor neutrino
beams. The KAMLAND experiment provided several confirmasiof both the
solar and atmospheric neutrino oscillation results [1@] apened the way to the
study of thev; — ve mixing [37] (that nowadays still remains the most unexpdore
branch of the neutrino oscillation phenomenon).

As it will be discussed in detail in the following sectioner three flavour oscil-
lations the six relevant parameters are three mixing an@gs 013 and6,3), a
CP violating phas@ and two mass-squared differena®sZ, and Am3,, where
Any; = ¢ — e (see also figure 1.3). The oscillation parameters obtairgd f
the two most recent global fits to the world neutrino data [@&] summarized in
table 1.1.

1.2 Theory& Phenomenology

1.2.1 Neutrino mass and the See-Saw mechanism

Although in the Standard Model electroweak theory the neatis predicted as
a left-handed massless particle [27, 39] and, consequeardhassociated mix-
ing could take place, experimental evidence for mass andnmixas been ac-
cumulated. Moreover, the existing data demonstrate thasiva neutrinos are
significantly lighter than their charged lepton countetpgm; < 2.5 eV at 95%
C.L. [18]).

In the Standard Model (SM) field theory the masses of heawpihespand quarks
are determined by the Dirac mass term in the Lagrangian @tribes the parti-
cle interaction:

Lp = —fqg < ®>o0qLOgr+h.C. (1.1)
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| parameter | bestfit -10) | 3ointerval | bestfit -10) | 3ointerval |

A’y [10%eV?] | 7.657053 7.05-8.34 | 7.677032 7.07-8.34
Amg; [103eV?] | +£2.40701% | +(2.07-2.75)] —2.39£0.12 | —(2.02-2.79)
+2.49+0.12 | +(2.13-2.88)

Sl P 0.30473922 | 0.25-0.37 | 0.32173953 | 0.26-0.40

Sinf 823 0.5070.9¢ 0.36-0.67 | 0.47°5%¢ 0.33-0.64

sif 613 0.010'5518 <0.056 | 0.003:0.015| < 0.049

Table 1.1: Present values of the oscillation parameterdtsned from the avail-

able data [38].

where fq < @ >¢ represents the effective quark mass dnd is the hermitian
conjugate. A similar mechanism can be used to extend the Skthode non-
zero neutrino masses. By adding a right-handed figldear the left-handed one
v, that couples to th&/ andZ bosons, the neutrino mass term can be defined in
the same way as quark masses are accomodated:

wheref, < @ >q gives the effective neutrino mass.

Lp = —fy < @>g VL Vr+h.C.

(1.2)

It can be shown [40] that massive fermions, including neosj can be described
by a two component spinap = Y + Yr. Since, according to the SM, neutrinos
are massless fermions, the so-caldjorana condition

P =y°=Ccy’

(1.3)

(whereC is the charge conjugation matrix afiddenotes transposition) is valid.
In turns, this implies that the right-handed field is not ipdedent from the left-
handed component sindg = WC.
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A Majorana mass terrnthus arises both from th@g. andir component:

m
—?LGEVL +h.c.

m (1.4)
I—MR = —7R\7(|::§VR+ h.c.

L, =

Supposing that the neutrino has a Dirac mass)( like quarks and charged lep-
tons, and also a right-handed Majorana mass (for eledirioautral neutrinos
there is nothing in the SM that prohibits the existence ofghtrhanded mass
term), the total mass terhis then

_ m
Lm\} = —MpVRVL — 7R\_)%VR—|— h.c.
— Iptug| O MoV o
2 L VR mp MR V%
where the second line derives from the Majorana two-compbfgemion theory
and the matrix
. 0 mp
My = { N } (1.7)

is known as theeutrino mass matrix
The most popular explanation of the observed light neutmass is th&See Saw
Mechanism(SSM) [12, 41]. The diagonalization of thd, matrix yields the

eigenvalues
MR /[ 2 >

= AL RMR (1.8)
A ~_T
Mg

where the minus sign is not physically important and can beked by choosing
an appropriate phase, while the approximations derive fitoarfact thaimg >>

“More rigorously, one has to consider the existence of bdtHiended and right-handed Ma-
jorana mass terms that lead to the following expressiorhfetatal neutrino mass term:

_ m
Lm, = Lo+ Lwmg +Lm, = —MpVRrvL — %\EVR — 7L\7EV|_ +h.c.

e[ m m][w
=—Z[[,v
eI

(1.5)

Since in the SSM [12, 41] the Majorana mass matrix is not eelab the electroweak mass scale
V= 2‘1/4G;l/2 ~ 250 GeV (wherésk is the Fermi coupling constant), one can chomgenuch
larger than this scale that means one eigenstate has a migehr@ass than the others; can be
chosen equal to 0.
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mp. If the Majorana mass is of the order of the Grand Unified Thé@UT®),
e.g.mg ~ 10° GeV, assuming the Dirac mas® ~ mop = 174 GeV, the subse-
quent light neutrino mass is approximately B0~2 eV that is in the range of the
experimentally predicted neutrino masses.

The SSM thus gives a natural explanation of the lightnessafrmo masses al-
though it expects neutrinos to be Majorana partftlekich is not yet experimen-
tally confirmed. This motivates the large effort to look farett measurements
of the neutrino mass and, in particular, the search for therim®less double beta
decay ((Bp decay [43]).

1.2.2 Neutrino mixing

The fact that neutrinos have masses implies that there ig@rsim of neutrino
mass eigenstates, i = 1,2, 3, each with a mags;. In turn this means that mixing
among the three known neutrino flavours is possible [44]. iMjmeans that in

+ . . -
theW - decays to the particular charged leptgr(antileptonly), a = e |, T, the
accompanying neutrino mass eigenstate is not alwaysaimev;, but can beany
of the differentv;s.
In particular, the neutrino mixing is described by the 3 Pontecorvo-Maki-
Nakagawa-Sakata unitary mattidpns Which is analogous to the CKM matrix
in the quark sector [33, 45]:

C12C13 _ CizSi2 S1ise
Upmns= | —CosS12—513523C126°  C12C23—S1o513593€°  Ci3sp3 | K
1283 — S13C12C23¢°  —Sp3C12 — S12C235136°  C13Co3 w9
wherecjj = coseij_, §j = sinGjj withi,j=1,2,3 andK’ is a diagonal matrix with
elementdiag(1, €9, €%). The phase factorg andg, are non-zero only if neu-
trinos are Majorana particles but do not affect neutrindlizmons since they are
situated on the diagonal. The phase fa&t@ non-zero only if the neutrino oscil-
lation violates CP symmetry. Théppnsmatrix thus relates the mass eigenstates
(v1, V2, v3) to the light-neutrino flavor eigenstateg(vy, vr).
Using the Dirac formalism, a neutrino of flavarcan be expressed as a superpo-
sition of the three mass eigenstastes through the follovargula:

‘Vq >= zU&ki‘Vi > (110)
|

5The Grand Unified Theory predicts that the electromagnet@&ak and strong interactions
unite at very large energies [42].

6A particle that satisfies the Majorana condition (equati8) Is called aMajorana particle
that is the particle is its own antiparticle.
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On the other hand this relation can be inverted to expreds mass eigenstate as
a superposition of the flavor ones:

Vi >= % Uqi[Va > (1.11)
a

Here,U;; (Uqi) corresponds to thEppnsmatrix element and denotes the proba-
bility amplitude for theW ™ decay to produce the specific combinatigr-vj; the
fraction of thea flavor inv; is |Uqi|2.

The relationship between the weak eigenstates and the massad the mixing
angles @12, 813, 023) that arise from equation 1.9 are presented in figure 1.3.

Figure 1.3: Rotation of the neutrino mass eigenstaies,, vs into the flavour
eigenstatese, vy, V; as stated in equation 1.9. The definitions of the Euler angles
012, 813, 823 are also indicated [46].

1.2.3 Neutrino oscillation formalism

The following two sections are dedicated to the descriptibthe neutrino oscil-
lation phenomenon both in vacuum and in matter. The neutsuilation the-
ory has been first proposed by Pontecorvo [31] (1957) andesjulently evolved
by Maki, Nakagawa and Sakata [32] (1962). Although this psscis a strictly
quantum-mechanical phenomenon, the oscillation proiatt(vq — vg), that
indicates the probability of finding a neutrino created inveg flavour state to be
in another one, can be derived using an efficient and simgpeagh that contains
all the essential quantum physics (for a complete review4&g.

1.2.3.1 Neutrino flavor change in vacuum

A typical neutrino flavor change, arscillation is represented schematically in
figure 1.4. A neutrino source produces a neutrino of flawdaogether with the
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f

Cole.g. 1) ple-g-7)

W

Y< >
=

Vo, Vg

Source Target

Figure 1.4: Neutrino oscillation scheme: a neutrino of flamdogether with its
corresponding charged leptdgis emitted by a neutrino source and travels for a
distancd.; when it interacts with the detector it produces a secondyatblepton

lg. Hence thevq neutrino has oscillated into thi neutrino while travelling from
the source to the detector [44].

corresponding charged antileptin thus, at the source level, the neutrino &a
Let’s suppose it travels a distanteo a detector where it interacts with a target
and produces a second charged legtorHence, at the time of its interaction in
the detector, the neutrino is\g. If o # B (for example, ifly is a muon andg
is a tau), the neutrino has changed fromgainto avg while travelling from the
source to the detector.
Sincevy is a coherent superposition of the mass eigenstajeéke contributions
of the differentv; must be added coherently. The oscillation amplitude of @ach
is a product of three factors:

- Ui, the probability amplitude for the neutrino produced by sa@irce to-

gether with dq to be avj;

- Prop(vi), the probability amplitude for the producegito propagate from
the source to the detector;

- Up;, the probability amplitude for the charged lepton creatgthiev; inter-
action in the detector to belg.

Given the Hamiltonian describing the neutrino-chargetdep/V boson couplings
is Hermitian, it follows that if

AW — Iqvi) =Ug; (1.12)

then



20 Neutrino: why a factory

Thus the final factor in the; contribution isUg; and the transition amplitude
connecting states of different flavors after an intetval

A(Vo — vg) =< Vg(t) Vg >= zu;‘iProp(vi)UBi (1.14)

Prop(vi) can be estimated considering the time evolution of the migesstate
vj in its rest frame; it obeys the trivial Schrodinger equatio

.0
'a—Ti|Vi(Ti) >=m[vi(Ti) > (1.15)

whereT; is the time andn is the mass of the neutrino in the rest frame. The
solution of this equation is:

Vi(Ti) >= exp[—imTi}|vi(0) > (1.16)

Thus, the amplitudec vi(0)|vi(Ti) > to find the originalv; state|vj(0) > in the
time evolved statév;(Ti) > corresponds t&rop(vi), with T; the proper time taken
by v; to travel from the neutrino source to the detector.
The propagation probability amplitude can be expressedring of several vari-
ables in the laboratory frame. Two of these are the laboydtame distancé
and the laboratory frame tinte The values ot andt are related to the choice
of the location of both the source and the detector; thusndt are defined by
the experiment and are common to all theeomponents of the beam. The other
two variables are the enerdyy and momentunp; of the mass eigenstatgin the
laboratory frame. Because of Lorentz invariance, the phgsdn the propagator
Prop(vi) is given by:

mt; = Eit — piL (2.17)

Since only the components of a neutrino beam which have tine smergy con-
tribute coherently to the neutrino oscillation [47], at #ergyE the mass eigen-
statev; with a massn, has a momentum; given by

pi:\/Ez—mzzE—g (1.18)

where the last approximation follows from the extreme Iigggs of neutrinos,
meaningm2 << E? for any relativistic energy. The phase in the propagation am
plitude can be rewritten as

mti = E(t—L)—i—ﬁL
gs (1.19)

L
mTlfvEL
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where the second expression is given by the fact that theefit(as- L) is irrele-
vant since itis common to all the interfering mass eigeestathe final expression
for Prop(vj) is thus:
. oL

Prop(vi) = exp[—lmizi] (1.20)
Using this result, it follows from equation 1.14 that the lpability amplitude for
a neutrino of energ¥ to change from &g into avg flavour while travelling a
distancd. in vacuum is given by

i} L L
A(va —vp) = Y Ug; exp[—lmizi]um (1.21)
|

where the sum runs over all the light mass eigenstates. Bguaand using the
unitarity of the mixing matrixXUpuns it follows that the oscillation probability
P(va — vg) for neutrinos, or equivalentl(vq — vg) for antineutrinos, assuming
that the CPT invariance is valid

is given by
|2

(-) (-) (-) (—)
P(Vaq— VB):\A(VG—> VB)

* * 1\ qi L
=8up—4 Y 0(UgUpUajUg)) sir (A”ﬁﬁ) (1.23)

i>]=1
(—_k)2i>]z:1D(UaiUB,UaJUBj)S|n(Anﬁ ZE)
where
AN = mf —ne (1.24)

This expression is valid for an arbitrary number of neutnmass eigenstates and
holds whethef is different froma or not.

Several features of neutrino oscillations arise from thallagion probability for-
mula:

- if neutrinos are massless, i.ékmizj = 0, equation 1.23 becomé¥vy —
vg) = dyp- Hence, the observation that neutrinos can change flavdiesp
neutrino masses to be non-degenerate, and in particulazeran Indeed, it
was this observation that led to the conclusion that neadrirave non-zero
masses [44];

"From equation 1.23 it follows that if the mixing matiynsis complex,P(Vq — \7[3) and
P(vg — va) will be typically different. Givenvg — vg is the CP-mirror image ofig — Vg,
P(Va — Vp) # P(vg — Vo) would indicate a CP violation [44].
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- the flavor-change probability depends on the quaritjti. Apart from a
constant, it indicates the proper time that elapses in thé&ine rest frame
while a neutrino of energ¥ travels a distancé: the flavor change ap-
pears as an evolution of the neutrino itself over time [44kpBnding on
the choice ofL (known asbaseline[12] and indicating the distance from
the neutrino source and the detector, experiments can bgifoda in Short
BaseLine (SBL) and Long BaseLine (LBL); typically in a SBLp&ximent
L/E is of the order of 18—10% while this value grows up to 0-1P for
the LBL ones [12] (see also the values listed in table 1.2);

- neutrino mixing appears as a direct consequence thatinedltavors can
oscillate. Suppose there is no leptonic mixing; this meaas in thew*
decay the particular charged antileptignis always accompanied by the
sameneutrino mass eigenstate. In this way)jf = 0 thenUg; vanishes for
all j #i andP(vq — vg) = Oqg;

- there are two main ways to detect neutrino flavor oscill&i@ppearance
and disappearanceexperiments [44]. In a beam of neutrinos which are
initially all of flavor v, the observation of neutrinos of a new flavar(ap-
pearancé or of avy flux reduction fisappearanceare both possible. Two
examples of experiments exploiting these two techniquestlze NQA
experiment [48] and the MINOS one [49] both managed by thenFbia-
tional Accelerator Laboratory (FNAL) in the USA. Figure 1sbows the
oscillation probability as a function of the energy in aréiy units [50].
The signatures for the value of the mixing angle and of thesrsphtting in

Appearance Disappearance

g
e

sin? 26

Energy Energy

Figure 1.5: The oscillation probability as a function of #reergy in arbitrary units
for anappearancéleft) and adisappearancéight) experiment [50]. The vertical
lines indicate the signature of the mixing an§levhile the horizontal arrows are
the ones for the mass splitting.
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an appearance experiment (left) are respectively givehéyeight and the
position of the oscillation peak. The same signatures foisappearance
experiment (right) are identified by the oscillation depiial &s position;

- the neutrino oscillation probability depends only on tleitmino squared-
mass splittingsﬁrrﬁ- and not on the individual neutrino masses [44]. Os-
cillation experiments can thus determine the neutrino sefitanass spec-
tral patterns (figure 1.6), but not how far above zero therergpectrum
lies. Two possibilities for the mass orders are foreseeasttuation where
mg > mp > my (left side of figure 1.6) is known adirect (or normal) hier-
archywhile theinverse hierarchys given bym, > m; > mg (right panel in
figure 1.6);

Mass (eV)
F 3

Atmospheric
v; I A,

Solar
P E—
Anfi Atmospheric

2
Wi AmZG
t ? t ?

Figure 1.6: Neutrino mass possible spectra allowed by tesgmt data [38]: two
different possibilities are foreseen [51]. The one on tHe dale is known as
direct (or normal) hierarchyand the mass ordering sz > mp > my; the one
on the right side is known asverse hierarchyand foresees the following mass
order:mp > m; > mg. Moreover, sincemn ~ m; leads tcArnf3 ~ Am§3, assuming
the two-flavor description, the mass-splittiagi, well describes the oscillations
between thev; — v, mass eigenstates (and similarly betwegn-v,,) while the
V2 —V3 (andvy —Vv;) phenomenology is well described by mm%S mass splitting.
Each mass eigenstate in terms of its flavor intensitiesy (0 = e 1, T) is also
shown.

V3

- including theh andc factors, the argument of the sin in equation 1.23 is



24

Neutrino: why a factory

given by

L[km]
E[GeV]
For an experiment with a giveb/E, the sensitivity to the neutrino mass
splittings Amy; [eV?] is given by (/E)~*. Thus, an experiment with

~ 10* km (approximately the diameter of the Earth) alid= 1 GeV is
sensitive toAnf; down to~ 104 eV? [44]. Table 1.2 gives the values

of the baseline and of the corresponding sensitivity forrtten types of
neutrino oscillation experiments [12];

L L
A 4= = A g = 1.27Am [eV7] (1.25)

source type L E L/E | An; sensitivity
[m] [MeV] [eV?]
sun disapp. 1010 1 1010 1010

atmosphere disapp.| 10*—10’ 10°—10° | 10t—10* | 10 1-10"*

reactors | disapp.| SBL 16°—10° 1 10°—10® | 102-10°3

LBL 10*—10° 1 10*~10° | 104-10°

accelerators both | SBL 1¢ | 103—-10* 10t >0.1

LBL 10°—10° 10¢ 10°—-103 | 102-103

Table 1.2: Typical baseline and sensitivity values for tl@mmeutrino oscillation
experiment types [12]: for a givelr/E the sensitivity taAm¥, is given by (/E) 1.

- the neutrino flavor oscillation does not change the totad ftua neutrino

beam, but simply redistributes it among the flavors. It felahat

S (Vo — vp) = 1 (1.26)
B

where the sum runs over all the flav@#ncluding the original flavoo. As
a direct consequence, the probability that a neutrinorfentrino) does not
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oscillate into a new flavor is given by
P((\_})a — (G)a) =1- P((\_))a R (\7)8) (1.27)

Both the results from solar and atmospheric neutrinos hiases that a simplified
two-flavorapproximation can be an accurate description for sevetalcdalata.
In this simplest case of two neutrino mixing betwegn Vg andvq, vy, there is
only one squared-mass differentse? = Amz, = m3 —m? and the mixing matrix
can be parametrized in terms of only one mixing ar@ijle

cosB sin@
U= ( —sin® cosd ) (1.28)

The resulting survival probability of a given flavor can beatven as

P(Vq — Vq) = 1— sin? 205sir? (1.27Amz[eV2] EL[EL?\]/] ) (1.29)

where sif 28 is the oscillation amplitude.

This simplified approach also leads to the identificatiomaf separate mass split-
tings for the solar neutrino field and the atmospheric onés fossible to find a
relationship betweeAmZ, = m5 —m2 > 0 and the solar neutrino oscillations and,
in the same wayAmg; = m3 — m ~ mé — mz dominates for the atmospheric neu-
trino ones [44].

Given the unitarity, th&pynsmatrix can be parametrized as the product of three
rotations between the states connected to three indepemadng angles:

Ciz2 Si2 O 1 0 0

Upmns=| —S12 Ci2 O 0 Cx3 sp3 | X
0 0 1 0 —Sp3 Cp3

C13 0 Slgefié gn 0 0
0 1 o0 0 €% 0 (1.30)
—81367'6 0 <3 0 0 1

Now it becomes clear why the two-flavor approximation is adydescription of
the available experimental data. The first submatrix dbssrthe solar neutrino
oscillations; the second one is related to the atmosphentrimo phenomenol-
ogy; the third submatrix is tested by reactors and accelesateutrino measure-
ments while the last one contains the Majorana phase anéseiptronly if neu-
trinos are Majorana particles [44].
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1.2.3.2 Neutrino flavor change in matter

The formalism for the neutrino oscillation in matter is $lity more complicated.
In the following, only the basic ideas to obtain the osadlatprobability will
be given (a complete discussion of the oscillation phen@men matter can be
found in [44]).

Considering for simplicity only the two-component approsition, the Hamilto-
nian in vacuunH, 5c can be written as:

A [ —cos®Dy  sinBy
4E \ sin®y cosBy

where the subscript refers to vacuum. The two-flavor oscillation probability is
given by

(1.31)

Hvac =

P(Ve — V) = Sirf 26y sir? (Anﬁ%) (1.32)

When neutrinos cross matter between the source and the tetgetor, their co-
herent forward scattering due to particles in matter caniBaantly modify the
oscillation pattern and in particular the mixing anglesisléffect is known as the
Mikheyev - Smirnov - Wolfenstein (MSW) mechanism [52].

A neutrino can interact with matter in two possible ways. Ufegg1.7 shows the
Feynman diagrams of a charged (left) and neutral (rightpbasxchange of a
neutrino interacting with matter. If, and only if, it is\g it can exchange &/
boson with an electrorcharge currenft while, any neutrino flavor in matter can
exchange & boson with an electron, a proton or a neutraeutral currenj; the
amplitude for thisZ exchange is thus flavor independent. Assuming matter is
electrically neutral (equal electron and proton densjfifge contributions from
electrons and protons to the coherent forward scatteringZ \@xchange can be
neglected.

Ve e V. 11

Figure 1.7: Feynman diagrams of charged current (left) andral current (right)
neutrino interactions with matter.

The 2<2 vacuum Hamiltoniaiyc is thus replaced by a matrbty (where now
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the subscripi, refers to matter) in which the contribution to the interantpoten-

tial energy caused by th& exchange affects only the electron neutrino element
Ve — Ve. On the other side, the same contribution from Zhexchange affects all
flavors equally and its contribution tdy; is a multiple of the identity matrix, and
consequently can be dropped. Defining

ARy = Amg \/sinzzev + (cos By — x)2
sir? 26y (1.33)
Sir? 26y + (cos By — x)2

Sirf 20y =

where
Mv/2  2V2GENGE

X = =
A /4E A
(here, Wy is the interaction potential energy due to eexchangeGr is the

Fermi coupling constant and. is the number of electrons per unit volume), the
mixing matrix for the neutrino in matter is given by

H _ Ang, [ —cosBy  sinBy
M= "E sin®y  cos Dy

(1.34)

(1.35)

In other words, the Hamiltonian in matter is identical tovecuum counterpart
and can be obtained from that one by replacing the vacuurmrmi&usAnﬁ and
By with Amﬁ,I andBy which are respectively defined as #féectivemass splitting
and theeffectivemixing angle in matter [44]. As a result, the oscillation ipail-
ity is the same given in equation 1.32 but with the mass sgiitind the mixing
angle replaced by their values in matter. Thanks to the MSitefthese values
can largely differ from those in vacuum [52]: a peculiar exdenis the one in
which 8y is very small but sinc& = cos Dy, Sint 20y in equation 1.33 isv 1.
Even if in vacuum the mixing angle is very small, the mattde@fproduces a
maximal mixing angle value.

1.3 The Neutrino Factory

1.3.1 Basic element of the Neutrino Factory design

The overall layouts of a possible Neutrino Factory, as psegoby the Interna-
tional Design Study (IDS [53]) and by the European CentrdNfoclear Research
(CERN [54]), are shown in figure 1.8. Such a complex includath lthe infra-
structures for the production, tuning and acceleratiorhefrnuon beams and the
near ¢~ 4000 km) and far{ 7500 km) detectors for the wrong sign mugpolden
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channe) and positive or negative tasi{ver channelfinal states detectién

The two proposed facilities share a common basic idea: @mset proton beam,
with an energy of hundreds of GeV, impinges on a conversigetavhere a pion
beam is generated. After a strong focusing decay chanmemtions emerge with
a large energy spread and occupy a large phase space vohanenization cool-
ing of the beam is thus necessary to obtain a sufficientlyroated muon beam.
Given that during the cooling the energy loss reduces theymmmentum, a sub-
sequent RF accelerating system is needed to restore thigudimgl momentum
and re-accelerate the particles. The acceleration up tadh@nal muon energy
(~ 25 GeV in the IDS scheme [53] and about twice in the CERN on§ [S4b-
tained exploiting a series of Recirculating Linear Accaters (RLAs [53]). The
muons are then injected into a storage ring (a “Race Trackap&ing design in
the IDS [53] or a triangular shape one in the CERN [54] prgjedtere they cir-
culate until they decay producing two neutrino beams albegtraight sections.

FFAG/synchrotron option Linac option

/1 \ A ;
1” ) } ) fa,A A pOSSlble H" linac 2.2 GeV, 4 MW
\&= / Neutrino Beam { layout of a
\ / .
\ / neutrino factor,
N~ {' T¢ v
Hg Target é » & ' 28
L 4 - e coolin;
Buncher . = ’ Phase rotation
Bunch Rotation .

~ P o
Cooling l - A %
0.9-3.6 GeV Linac to o~
> RLA 0.9 GeV " Muon Storage Ring
=<0

3.6-12.6 GeV RLA

Proton Driver

12.6-25 GeV FFAG

Neutrino Beam i ) ISy

Muon Storage Ring

1.5 km

(a) (b)

Figure 1.8: (a) Schematic drawing of the IDS baseline forNleatrino Factory
accelerator complex [53]. (b) Conceptual layout of a pdesieutrino Factory
complex at CERN [54]. In both scenarios, a pion beam is predwia the proton
conversion in a target and left to decay in a strong focushanoel. The obtained
muons then pass through a cooling section to reduce thge kamittance while
the lost momentum is restored by RF cavities. The final mua@amheavell colli-
mated and sufficiently intense, is injected into an accutouighere the neutrinos
are produced by the subsequent muons decay.

8They denote, respectively, appearance experiments inwhiare detected as a consequence
of the electron and muon flavor oscillation which gives a vgrsign ut, and appearance experi-
ments in whicht* are observed as a consequence,pf- v; or ve — V¢ oscillation [17, 53].
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The main requirements of the proton driver of a Neutrino &gcare to deliver an
intensity of 1¢* muon decays/year (and a similar number of muons/year stored
in the ring), that means a beam power of the order of 4 MW, arfthte a very

low particle loss to allow an inexpensive maintenance ofdbmponents. Fig-

ure 1.9(a) (top) shows the schematic overview of a possiéguration for the
pion production as proposed by the NF-MCC [55]. The protaanbémpinges on

a long transversely thin target, followed by solenoid magméth RF cavities to
compress the bunch energy while increasing the bunch lemgthis way the de-
sired phase rotatidrcan be achieved. In such a scheme 0.3 muons per proton with
a mean energy of 150 MeV and a 20% energy spread are tipicgaduped [56].

I eldi A
: Imatching solenoids VZI:ZI o A m%

superconducting solenoid | P, ‘

Pttt
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£ collimators
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Figure 1.9: (a) Schematic view of pion production, capturé mitial phase rota-
tion as proposed by the NF-MCC [55] (top): a proton beam (ddsholet line)
impinges on a target inside a high-field solenoid magnebd¥ad by a decay and
phase rotation channel. Sketch of the “Dog Bone” design@sqgsed by IDS [53]
(bottom). (b) A schematic view of two possible muon storagg designs [57]:
“Race Track” design (top) and isosceles triangle (bottom).

Targets of varying composition (C, Al, Cu, Ga, Hg and Pk; B <82), radii
(0.2—3 cm) and thicknesses (G-8 nuclear interaction lengths) have been tested
using a Monte Carlo simulation [55]: high density materi@dsgy. Hg, nuclear
interaction lengti\ = 130 mm, MERIT experiment at CERN [58]) placed tilted
with respect to the field axis allow to maximize the pion proiitan while reduc-

9The phase rotation consists in accelerating the lower gneagticles and decelerating the
higher energy ones to collect as many patrticles as posstlecing the energy spread [55].
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ing the re-absorption in the targét

After the cooling (that is discussed in detail in the follogyichapter), the muons
are injected in RLAs to increase the energy: the most popidargn is the so-

called “Dog Bone” configuration (figure 1.9(a) bottom) in whithe muons are
accelerated in steps to the nominal energy [53]. The beaheisinjected into a

storage decay ring (figure 1.9(b)): the three basic elenmmmetstraight sections,
arcs and matching sections all equipped with both dipoleqaradirupole magnets
for the beam optics. The rings also house several monitatetgctors for the

beam diagnostic.

1.3.2 Physics at a Neutrino Factory

The physics program at a Neutrino Factory will be very ricfi][1several mea-
surements in both the neutrino oscillation framework antheaneutrino mixing
one (that is the determination of the mixing matrix elemgwifi be possible with
very high precision. The studies of slow muon physics in suthcility will also
open the way to lepton collisions at extremely high energies

The primary goal of a Neutrino Factory is the very high presismeasurement of
the mixing matrix elements [17]. A muon storage ring proagineutrino beams is
the optimal tool for the measurements of theynselements, basically because
it can offer a well defined energy spectrum together with ehtpgrity beam.
The flavor composition is in fact well known and the beam is/\v@nall and in-
tense. Secondly, the presence of high energy electroninesitallows not only
theve — v, oscillation to be tagged by the so-call@tbng sign muon tagnethod,
but also to study the, — v; channel given the beam energy is above the threshold
for the tau lepton production [17].

The second basic goal of a Neutrino Factory is the oscillaparameters mea-
surement with high precision [17, 46]:

- Amg, andB,3 will be determined with the best precision ever achieved (th
present value is shown in table 1.1);

- the small mixing anglé®;3 will be measured with a precision better than
half a degree;

- the measurement of the sign of tmzn%3 mass splitting will be possible
thanks to the MSW matter effect on electron neutrinos antiécobserva-
tion of the resulting asymmetry in the — v, /ve — vy, ratio.

10/ the axis of the target coincides with the one of the soldrfiEld, there is a relatively high
probability that pions are lost due to nuclear interactimssde the target. Such a probability can
be reduced by tilting the target by 100-150 mrad with respeche field axis: the overall pion
yield is thus increased by 60% [55].
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Moreover, since a Neutrino Factory characteristic is tovjute very pureve and

vy beams withouve andv, contamination [59], the high precision observation
of theve — vy /ve — v, asymmetry will also allow more precise studies of the
leptonic CP violation.

Figure 1.10 shows the predicted rafio= N(ve — vy)/N(ve — vy,) as a function
of the baseline [60]. At very short baselinésx 0), both CP violation and matter
effects are not present: the ratio is 0.5 reflecting the edgoesymmetry from neu-
trino and antineutrino cross sections. Increasing thelivesehe ratio’] becomes
larger (smaller) thanks to the matter effect if the sign @f thass splitting is nega-
tive (positive). When the baseline is sufficiently long, thatter effect overcomes
also the variation of the CP pha&dindicated by the light red bands). Thanks to
this large separation of the two curves, the high precisieasarements afl will
provide both the sign chm?, and the CP phase determination.
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Figure 1.10: Event raté] = N(ve — v,)/N(ve — v,) as a function of the base-
line [60]. The two possibilities of positive and negatie, are shown together
with the variation of the CP phase (indicated by the lightlbadds).

The Neutrino Factory physics potential in terms of the? 8B 3 andsign(Am%l)
sensitivities has also been compared with the one of the fuire LBL experi-
ments [61]. Table 1.3 summarizes the considered combmatbbeams and de-
tectors and their most important parameters. JPARC-SkKcates a combination
of the JPARC neutrino bearhwith the existing SuperKamiokande detector [62],
and similarly JPARC-HK with the proposed HyperKamiokandgdtor [63]; in

UArtificial neutrino beam produced at the Japan Proton Acaéde Research Complex
(JPARC) from a 50 GeV proton beam accelerator [62].
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both cases water Cherenkov detectors are used [61]. NuMeipitoposed com-
bination of the NuMI off-axis beam with a low-Z calorimet@&]. NuFact-I is an
entry levelNeutrino Factory (without cooling and a modest intensitstiog, while
NuFact-Il is a fully developed facility.

acronym detector baseline| matter density (L/E)peak
[km] [g-cm 3] [km-GeV1]
JPARC-SK| water Cherenkov 295 2.8 378
NuMI low-Z calo 735 2.8 337
NuFact-1 | 10 kt magnetized iron 3000 3.5 90
JPARC-HK | water Cherenkov 735 2.8 295
NuFact-1l | 40 kt magnetized iron 3000 3.5 90

Table 1.3: The characteristics of the combinations of beamdsdetectors consid-
ered in [61]. See text for details.

The Neutrino Factory superiority in the determination o6, 3 andsign(Am%l)

is shown respectively in figure 1.11(a) and 1.11(b). Thedatt of the bars (blue
region) indicates the statistical sensitivity limit; itisduced if also correlations
with other oscillation parameters and degeneracy erromsefgand yellow re-
gions) are included. The final achievable sensitivity isegiby the mostright
edge: in both cases a fully developed Neutrino Factory @regs the sensitivity
of the other experiments up to two orders of magnitude.

Apart from the high precision measurements of the mixing @sdllations para-
meters, a Neutrino Factory also offers the possibility tmlgtseveral other physics
fields, from the measurements of the QCD parameters to thlerexipn of the
electroweak sector of the Standard Model.

Precise measurements of the Deep Inelastic Scattering (i2L8rino physics are
very difficult with neutrino beams provided by pion decaysioally because large
and dense targets are required causing a not well deterrbaeed spectrum. The
narrower and purer beams from a Neutrino Factory will allondisentangle the
different partons structure functions and determine theoflaomposition of the
nucleon structure; also precise measurements of the stammnging constant will
be possible [17].

The electroweak sector of the Standard Model, in particilardetermination of
sir’ 6y, could be tested from the measurements of both electron aroeh meu-
trino cross sections: the present etfonf ~ 0.002 could be improved by a factor

12The most precise present day measurement from neutrinbs e of the NuTeV Collabo-
ration [65]:
sin? By = 0.2309+ 0.0019(stat) + 0.0024syst (1.36)
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Figure 1.11: Comparison of the sensitivity to®:3 (a) and tosign(Amg,) (b)

of the main future LBL projects [61]. #8 muon decays per year at a muon beam
energy of 50 GeV are assumed. In both figures the left edgeeobdns is the
sensitivity statistical limit. This limit decreases if alsystematical, correlational
and degeneracy errors are considered. The final achievab®tisity is given
by the mostright edge. The Neutrino Factory performanceshbout one or two
orders of magnitude better than the other projects.

20 at a future Neutrino Factory [17].

Non-neutrino science would also be possible; intense bedmmsions with mo-
menta of~ 100 MeV/c and a variety of time structures can be providedshond
muon physics studies can be performed with sufficiently hstatistics. Both
muon lifetime high precision measurements and magneticonstiodies will al-
low many parameters of the SM to be determined with unpredgatecision [17].
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Chapter 2

The ionization cooling and the
MICE experiment

Muon beams of high brilliance and well known flux and puritpnesent a funda-
mental milestone towards the construction of a Neutrinddtgdased on a muon
storage ring [16, 53, 59]. An efficient cooling system is thesessary to improve
the performances of such a Neutrino Factory. However, givemuons are short
lived patrticles (their lifetime is 2.fs at rest [33]), the standard cooling techniques
(stochastic, electron and radiation cooling) cannot bdemented, basically be-
cause they are too slow. Nevertheless, a thirty year old ogettheionization
cooling techniquecould provide the right phase-space reduction needed for a
Neutrino Factory [53].

The principles of ionization cooling are discussed in th&t frart of this chapter.
It has never been demonstrated experimentally and it isdbaseéhe passage of
particles through a series of absorbers: the muon momenéanedses while the
beam size is maintained and the emittance reduced [66]. ¢y of the inco-
ming muons is then restored exploiting Radio Frequency @Wities, while the
beam focusing is provided with a series of magnetic coils.

The second part of this chapter is dedicated to the desmmijati the Muon loni-
zation Cooling Experiment (MICE [46]), an international R&project whose
goal is the experimental demonstration of the ionizatiooliog of muon beams.
The engineering, design and construction of a cooling sectpable of fulfilling
the requirements of a Neutrino Factory and the measurenoésisch a cooling
channel performances are the two main goals of the MICE Gotktion. The sec-
ond part of the chapter contains also the description of th&Bventire cooling
section and of the detectors needed for the tracking andrttita@ce measure-
ments.

35
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2.1 The ionization cooling technique

The cooling of beams of charged particles represents a fmadtal step of any
particle and nuclear physics experiment [66]. In almostafles, in fact, it is im-
portant to work with monochromatic and well collimated besam addition beam
cooling allows to accumulate particles, increasing theristity!, and suppressing
various “warming” diffusion processes such as the Multiglaulomb scattering.
The balance between heating and cooling processes de&sria equilibrium

“temperatures” and sizes of the beam.

Four main cooling techniques have so far been used (for aletb@description

see [66]):

- radiation cooling it is based on the natural process of synchrotron radiation
emission of relativistic charged particles moving alongrautar trajectory.
On average each particle is cooled by a quantity proportioné#s own
emitted radiation. This method is mostly exploited for eéngland storing
of light leptons (&) and in electron-positron colliding experiments;

- electron coolingit is typically exploited for the cooling of heavy particle
beams. In its simplest form, an intense and well collimatedteon beam
with the same mean velocity of the heavy particle one is gedrio circu-
late in parallel with it. The cooling is obtained through t@Geulomb col-
lisions between the two beams and continues until the hearticle beam
reaches, in the center of mass system, the same temperathesadectron
one;

- stochastic coolingt is based on the use of an active feedback system which
interacts with the beam to correct the motion of the parsickeg. through
special plates or magnets that compensate the deviaticacbfiadividual
particle;

- ionization coolingthe passage of charged particles through a series of fairly
dense targets causes their energy loss as a result of thadte of the
beam with the electrons of the absorber.

Concerning the cooling of muon beams, in particular, thgdanass of this lep-
ton compared to the one of the electron prevents cooling biatian damping
while the short lifetime of the muon doesn't allow the use oftthe electron and
stochastic cooling methods. On the other side, given thewmieraction length is
quite large, the ionization cooling technique can be adbfieool muon beams.

1This is particularly important when very intense secondsegms are required, like in positron
and antiproton experiments, and becomes fundamentallidioglbeam experiments.
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2.1.1 The principle of ionization cooling

The energy loss described by the Bethe-Bloch curve [67]agpthysical process
on which the ionization cooling technique is based. lomirain the absorbing
material decreases the muon momentum (both the transveild@alongitudinal

one) not affecting the beam size. Figure 2.1 shows how thelandivergence of
the beam can be reduced exploiting the ionization cooliogrigue.
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Figure 2.1: Conceptual picture of the principle of ionipaticooling [68]. Each
particle loses momentum by ionizing an energy absorber hadhgular diver-
gence is reduced until limited by the Multiple Coulomb seattg. A low Z target
is clearly favoured.

At the same time, the process is complicated by the Multigal@nb scattering
in the target which increases the beam divergence actingsasirae of “heat”.
The cooling effect thus dominates for low Z materials [66indmned with strong
focusing fields. The simplest and most popular solution iclamed for a Neutrino
Factory cooling channel foresees the use of a lithium, bamlor liquid hydro-
gen target embedded in a lattice of solenoid magnets [535%6,the absorber
provides the energy loss while the large aperture solertbelsequired focusing.
A figure of merit to evaluate the cooling efficierfcis represented by the beam
emittance[46]. It is defined as the volume occupied by the beam in thes@ha
space and, considering a coordinate system whésedirected along the beam
axis whilex andy are the orthogonal transverse directions, it can be exptess

e=vD (2.1)

whereD is the determinant of the 6-dimensional covariance matirithe beam
particle in the 6D coordinatex,(y, t, dx/dz dy/dzandcdt/d2. Taking into
account also the natural decrease of the beam size with ttedeaation, it is
convenient to define theormalizedemittance by using the coordinates ¥, t,

2Thecooling efficiencys defined as the number of survived muons exiting the cos@agion
within the acceptance of the acceleration system with i@gpehe number of particles entering
the cooling channel [16, 46].
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p/mc- dx/dz p/mc-dy/dzandp/m-dt/d2).

In the two following sections both the transverse and lardjital emittance be-
havior is discussed in terms of its dependence on variousipilyparameters.
The transverse emittance is chosen as the one in a 2D plane,(dx/d2 while
the longitudinal emittance is defined similarly in the tirseergy dimensiond (
cdt/d2).

2.1.2 Transverse emittance cooling
The transverse emittance can be defined statistically 4s [56
E2=<xX0><0>— <x0>2 (2.2)

wheref is the angular divergence of the particle trajectory prigdonto thex— z
plane, and the expectation values are taken over all thelgsrin the beam. The
normalized transverse emittance is thus defined as

ExN = BYex (2.3)

wherep andy are the usual relativistic particle velocity and energgpectively.
The interesting quantity is the rate of change of the nomedliemittance while
the beam proceeds through the absorber material. As notagkah particle ex-
periences both the cooling (due to the decrease of the fegtpand the heating
due to the Multiple Coulomb scattering (that enters as arease in the factor
€x). The equation describing the total rate of change of thestrarse emittance is
a delicate balance of these cooling (first term) and heatiagdnd term) effects:

dexn . d(By) dey

az ¥ az Pz

It is possible to relate the first term of equation 2.4 to th@zation energy loss
described by the Bethe-Bloch formula:

(2.4)

daxN 1 ExN

dE,

4z (cool) = _?E—u iz (2.5)
whereE, is the total energy of the muons.
The second term can be instead rewritten in the following:way
d < 62
OIS"N(heat) _ BV e, d=%>
dz 2€x dz
By d<x®> d < x6c > (2.6)
[ 2 e — e
+2€X [<9C> e 2 < x0c > e }

3More rigorously: = v/c represents the velocity in terms of the speed of light whi#teE /m
is the so-called.orentz factor
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whereB¢ is the angular spread due to the Multiple Coulomb scattering

Assuming that the cooling and the focusing are enough, ibssible to neglect
both the effects of correlation in the beam parameters amdrbwth of the beam
size in the transverse direction (the second and third temaguation 2.6) which

leads to: )
heat) ~ — —
gz (A~ 50 <x'>—g,
Together with the beam emittance, the betatron funétndetermines the local
size and divergence of the beam. The expectation valxe> can be expressed
as a function o3, in the magnetic chanrmehnd the emittanceyy through the
following formula:

2.7)

<X >=B & (2.8)

and observing that the simplest expression for the rateafigh in63 is given by
the Moliere scattering theory [67]

o Es Z
cC~ —on/ v

pcB Y Xo
whereXg is the radiation length of the absorber matenmk the muon momentum
andc is the speed of light, it is possible to rewrite equation B.#hie form:

(2.9)

d < 62
dsXN(heat) szB—L7< c~
dz 2 dz
" (2.10)
L o 1B E3 1
dz B3 2 Egmyc® Xo

wherem, is the muon mass artés has a value of 0.014 GeV [33].
The total rate of change of the normalized transverse emeités thus given by:

dE,
dz

daxN 1 ExN

1B, E§ 1
dz = PB2E,

B3 2 Eymyc® Xo

showing that the rate of cooling decreases as the beam pi®akmng the absorber
while the rate of heating increases. Moreover, the heaéing ts minimized if3 |

is small (strong focusing) ang is large (a lowZ absorber).

Theminimum achievabler equilibriumemittance, after which the emittance will
begin to grow again, for a given absorber in a given focusielg fs reached when

(2.11)

4The betatron function describes a particle moving in anlacatr and provides an emittance-
independent representation of the properties of a bearagoahsystem [69].

5This expression is approximated to the cylindrically synminecase of solenoid focusing
wherefy =By =p,.
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the cooling rate equals the heating one in equation 2.1lvaltee depends both
on the focusing conditions and the material absorbers girdlie formula:

B, E2
2Bmyc?Xo ’ %—EZ“

min(exn) ~ (2.12)

Wherexo\dEu/dz\ is known as the cooling factdf.oo (see section 2.1.4.1 for
details). For example, in MICE, liquid hydrogen targetsased as absorbers: the
estimated equilibrium emittance is abouti2rim-rad [70].

2.1.3 Longitudinal emittance cooling

The energy loss rises as the particle momentum decreasestosbelow a few
hundreds of MeV/c; as a consequence any transverse coglingcessarily ac-
companied by some heating of the longitudinal emittancas iEhprimarily due
to the fact that the energy loss is a statistical processhad ts a spread of energy
loss around the mean valuenergy straggling67]). If not controlled, the longi-
tudinal heating leads to beam loss and limits the degreans$uerse cooling that
is possible to achieve.

The normalized longitudinal emittance is defined as

&zn = B2Y00;
5 Op, (2.13)
Pz

wherea; is the bunch lengthg,, is the momentum rms spread in the beam and
pz is the momentum along tredirection. Assuming the motion is predominantly
along z, the total rate of change of the normalized longrtabemittance is given
by

dezn do; dd d(By)

iz = ByéE + Byozd—z + 00, iz

Using the relations among the relativistic variables anthgathat for relativistic
beams the change oy, is negligible, the previous equation can be rewritten as

(2.14)

dezn N Byo,dop,
dz p; dz

(2.15)

There are two main effects that modify the energy spreadarbdam:

- particles with different energies lose different amouwftenergy. The frac-
tional loss in energy in a stefr gives

dop, o d (dE
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If the particle energy is below the ionization minimum, ttesm causes an
increase of the energy spread (heating) while it resultsde@ease (cool-
ing) if the energy is above. However, the rate of cooling is/\@mall since
the slope of the&lE/dx curve in the region of relativistic rise is small. For
example the rate of change 0E/dx over the 600-800 MeV energy range
varies from 0.4k 10~*/cm for a liquid hydrogen absorber to 4 460~4/cm
for an aluminum one, in roughly the reverse order as theiciefficy for
transverse emittance cooling [56];

- the statistical fluctuations in the energy loss (energgggiling). This effect
gives

et ()

dz 2Bcoe
2NaZp

A

2.17)
Ks = 4T1(remeC?)

whereog is the energy spread of the beargandme are respectively the
classical radius and the mass of the electoos the speed of light\, is the
Avogadro’s number and, p andA are the atomic number, the density and
the atomic weight of the material. Note that the growth inrggespread is
proportional toy?, so cooling at low energy is preferred.

The longitudinal ionization cooling is thus possible infmiple but appears to be
impractical since, as shown above, the resulting coolifegeis weak and quickly
exceeded by the energy-loss straggling.

A possible solution is represented by #maittance exchandeetween the longitu-
dinal and the transverse degrees of freedom [68]. Sincetigtudinal cooling of
a moving beam is always associated with a transverse heatimhgiceversa, the
longitudinal emittance reduction requires an increasééttansverse one. Con-
ceptually, such emittance exchange can be accomplishethbyg a transverse
variation in the absorber density or thickness in a regionaf-zero dispersion.
In practice, it is obtained introducing a change of the bearfilp through shaped
edgeswedge absorbgr the beam is dispersed across the absorbing material such
that higher momentum particles passing through the thipker of the absorber
lose more energy. After the absorber the muons become maneenergetic and
thus the longitudinal emittance is reduced. A conceptualipe of the emittance
exchange approach is given in figure 2.2.
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Incident muon
beam

>

Dipole magnet

wedge absorber

Figure 2.2: Basic principle of the longitudinal cooling éxting a wedge ab-
sorber [68]. After passing through a dipole magnet the gagi meet a wedge
absorber that cools higher momentum particles more thafother momentum
ones.

The fractional change in momentum spread can be written as

dop, . 1 dEnd

dz = Bcdzalg
dx

- - 2.18
=45 (2.18)
. O

- dz

wheren is the dispersiong is the wedge angle anldy is the thickness of the
wedge ak = 0. The longitudinal cooling is thus associated with the imgah the
transverse space due to the Multiple Coulomb scatterinigarabsorber.

2.1.4 Cooling channel design

An engineering sketch of a ionization cooling channel desggshown in fig-

ure 2.3: the three basic elements are a low-Z absorber, gimgvienergy loss,
high-gradient RF cavities, to restore the longitudinal neotam, and a focusing
system to squeeze the beam.

A few important characteristics can be defined for such aicgahannel [46, 71]:

- the overallcooling factor The 6D emittance reduction by cooling is at best
afactorAe /e = AE/E, whereAE is the average energy loss in the absorbers
(which is restored in the RF cavities) afdis the average patrticle kinetic
energy. Considering a typical muon energy of 200 MeV/&0% cooling
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Figure 2.3: A 3D schematic view of the cooling channel desi§ithe Muon
lonization Cooling Experiment [46]. Three liquid-hydraogéargets, each em-
bedded within a pair of focusing solenoids, act as absorbérscouple of 4
201 MHz RF cavities, each surrounded by a coupling solemoaVjide the muon
re-acceleration.

experimentequires an energy loss of about 20 MeV and a similar gain in
the RF systeff

- thefrequencyof the RF cavities. There are several existing scenariagian
US Feasibility Study-Il [59], cooling is performed with 204Hz cavities
while the scheme developed at CERN [54] has proposed 88 MHeaRF
ities. This has been basically motivated by the differeepparation of the
beam before the cooling section. Another crucial paranmistére gradient
that can be achieved with such RF systems;

- thebeam propertiesThe beam is characterized by its average energy, en-
ergy spread, size and angular divergence. In particuleseglfeatures vary
along the cooling channel. A typical scenario could be:

- energy: 200 MeV (momentum 280 MeV/c)

- momentum spreadt10%

6Equation 2.11 shows that the percentage of decrease in theatived emittance is propor-
tional to the percentage of energy loss; hence cooling in@msverse dimension by a factofel
requires~ 100% momentum loss and replacement. A low beam momenturaaseld thanks to
the increase ofl E/dxfor momenta below the ionization minimum and because itirega lower
accelerating voltage.
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- beam size: 5 cm rms in both projections
- beam angular divergence: 150 mrad rms in both projections

- themagnetic fieldanddiameterof the magnetic channel, typically a4 T
field with an aperture radius of 15 cm.

The study of the cooling process with different beam coondgiand by varying
these relevant parameters is fundamental for the expetahdamonstration of
the feasibility of the ionization cooling technique. It@lspens the way to dif-
ferent cooling channel designs, for example the one in whicotular cooling

sections are foreseen [72, 73]. Figure 2.4 shows some ofrdpoped projects.

Injection/Extraction

Vertical Kicker

Tracker

Al window
(1.0 mm Thickness)

Upstream Matching Section 200 MHz rf 12 MV/m
(Vacuum or Gaseous He)

Hydrogen Absorbers

Helical Cooling Section
(Liquid He)

Alternating Solenoids
Tilted for Bending B,

Dovmstream Matching Section
(Vacuum or Gaseous He)

(@) (b)

Figure 2.4: Two different approaches to six-dimensionabmaooling: (a) simu-
lation of a possible Helical Cooling Channel (HCC) as praubby the MANX
experiment [72]; (b) the ring cooling design based on RFO&@r®ids [73].

2.1.4.1 Absorbing materials

Liquid or gaseous hydrogen is the best candidate as abgonmaterial for the
ionization cooling technique. Other materials, includiveium, lithium, lithium
hybrid, beryllium and aluminum, have been investigatedsboaiv a worse cooling
performance. A possible figure of merit is the cooling fatfgo = Xo |dE,/d2].
The main properties of the most popular absorbing matatalsmight be useful
for ionization cooling [56, 74, 75] are listed in table 2.1hél'second, third and

"For a fixedp , it can be uniquely defined for each material and, obsentiagjthe cooling
takes place for both the transverse planes, the figure ot me?gm,. For a given materiakqo|
does not depend on its densjty since the energy lossE,/dzis proportional to it while the
radiation lengthXy goes as the inverse pf[68].
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fourth column give respectively the density, the energg kos a ionizing particle
and the radiation length of the different materials. Thehffblumn shows the
coefficient off3, in equation 2.12 for a relativistic particl@ & 1). For a relativis-
tic muon 3 ~ 0.87) in liquid hydrogen with a beta functigh, = 8 cm (which
corresponds roughly to the confinement in a 15 T solenoidal)fithe minimum
achievable emittance is about 340 mmad [59]. The last column give&2
normalized to the one of liquid hydrogen. Hydrogen is bestalfgctor~ 2 or
more over any of the other materials although its advantagéde limited by
the presence of containing windaotvs

material p dE/dz Xo coeff. B, F2 ol
[g/cm3] | [MeV/g-cn?] | [g/lem™2] | [mm-mrad/cm]| [A.U.]
liquid H» 71 4.034 61.28 42 1.000
liquid Hey 125 1.937 94.32 59 0.524
LiH 0.780 1.94 79.30 78 0.352
Li 0.534 1.639 82.76 79 0.268
Be 1.848 1.594 85.19 103 0.172
Al 2.700 1.614 24.30 275 ~ 0.05

Table 2.1: Most relevant properties of some of the matetested for ionization
cooling absorbers [56, 74, 75].

2.1.4.2 Radio Frequency cavities and focusing methods

Between absorbers, high-gradient acceleration of the sioarst be provided to
restore the lost longitudinal momentum: in this way the zation cooling process
can be repeated many times. The RF cavities dominate théhleh¢he cooling
channel (as shown in figure 2.3) and the achievable RF gradetarmines how
much cooling is practical before an appreciable fractiothefmuons has decayed.
Different possible designs have been proposed or are sti#uinvestigation [56]:
the most popular scenario foresees the use of both nornmalucting and super-
conducting RF elements.

The ionization cooling technique also needs some form afisog to limit the
emittance growth due to an increase of the beam size itskteelmain possible
focusing elements have been studied for a linear coolingose(for a detailed
description see [56]):

8The thickness of the absorber windows is a critical paramétenust be large enough to
sustain the pressure e.g. of the liquid, ldnd at the same time as small as possible to reduce the
Multiple Coulomb scattering [16, 59].
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- quadrupole FODO cell, it consists of equal strength, horizontally and ver-
tically focusing quadrupoles separated by a drift distaanuis optimal for
high momentum muon beam focusing;

- solenoid a particle travelling parallel to the axis of a solenoid ahdiusa
experiences an azimuthal momentum kick

_eBa

Po=— (2.19)

while crossing the fringe field region at the end of the soiéndhis pro-
duces a radial force in the central part of the solenoid, ioguthe particle
to follow a helicoidal trajectory (figure 2.5). Thus the rasliof a single
particle oscillates betweemand the axis of the solenoid;

Red: Reference orbit
Blue: Beam envelope

_ 2ra i

A D,

Figure 2.5: Helicoidal motion of the beam moving inside asoid along the
axis (violet), which corresponds to the solenoid centet.[Far a given momen-
tum, muons (blue) oscillate around the periodic equilibriarbit (red). A is the
transverse field period (the helical orbit period)s the helix orbit radius and is
ainterms ofA /2t

- solenoid FOFO cel| it consists in a series of short solenoids separated by a
distancad. The system focuses both the transverse planes simultsiyeou

2.2 The MICE experiment

The International Muon lonization Cooling Experiment (MEQ46]) is a R&D
project whose main goals are the study of the feasibility dfeatrino Factory
based on a muon storage ring and the experimental demoostodthe ionization
cooling technique.

In other words, MICE goals are [46]:
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- the design, engineering and building of a cooling sectapable of giving
the desired performances for a Neutrino Factory;

- its characterization in a muon beam.

MICE intends to reduce the transverse emittance of the meamboy 10%: this
corresponds to an absolute precision of 0.1% in the upstiaidownstream
emittance measurements [46].

The experiment is under construction at the Rutherford Al Laboratory (RAL)
(figure 2.6(a)) in Didcot (UK), and works in a parasitic modefe normal opera-
tion of the ISIS ring (figure 2.6(b)). The muon beam for MICE comes from a pion
beam that in turn derives from the interaction of the 800 M&\SI proton beam
with a titanium targéf. The pions are then captured by a triplet of quadrupoles
(Q1-3), as shown in figure 2.7(a), and left to decay in a 5 m longyieoéenoid
(DS) provided by the Paul Scherrer Institute (PSI, Switzed). The muons are
then identified by a scintillating fiber monitor (GVA1) andgsathrough a series
of dipole and quadrupole magnets (D2+&8) for the beam focusing before en-
tering the cooling channel. A photo of the MICE experimertaa is given in
figure 2.7(b) with the beam entering from the left. MICE wytpically work with

a muon beam with a momentum in the rahigb40—-240 MeV/c, = 42 cm at the
centre of the absorber and normalized emittafibetween +10rrmm-rad [46].
The cooling section design follows the guidelines of the Wadtbility Study-

Il [59]. A 3D engineering layout of the MICE cooling channslshown in fig-
ure 2.8(a) while figure 2.8(b) gives a schematic layout (n&tdale) of the detec-
tors and cooling section elements position.

The cooling is performed exploiting three liquid hydrogdisarbers and two RF
accelerating structures. The tracking and particle idieation is accomplished
by two scintillating fiber detectors and Time Of Flight+Céekov systems. The
upstream PID detectors provide the background reductiom fpions and elec-
trons while the downstream ones, together with a dedicaaéatimetry station,
give the electron rejection at the end of the channel. Theatvength of the
MICE experiment is~ 11.5 m [46].

91SIS is a synchrotron which primarily produces intense noneutron and muon beams [76].
http://www.stfc.ac.uk

10The target can be remotely controlled and is inserted ired $S beam at a rate of 0.3 Hz: a
flux of 2.5x 103 protons per bunch is assumed [76, 77].

Hn addition, in this momentum range also the pion producti@ss section is enhanced. This
motivates the typical choice of the 14@00 MeV/c range by all the main muon cooling project
designs [74].

12The incoming emittance can be tuned through a set of adjestiffusers placed at the be-
ginning of the cooling channel [78].
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f / D = Dipole bending magnet Q = Quadrupole magnet
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CKOV = Cherenkov detector ~ KL =KLOE Light detector
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Figure 2.6: (a) A top view of the RAL complex in Didcot: the MEGExperiment
is under construction in building R5.2. (b) MICE layout iretbxperimental hall:
the main components needed for the muon transport are shown.

Figure 2.7: (a) A photo of the triplet of quadrupole magnbktg tapture and select
in momentum the pions produced by the interaction of the [Bton beam with
a titanium target. (b) A photo of the MICE experimental aré@ muon beam
comes from the left. It covers 560%0f floor space and occupies 4500 n? of
volume [46].
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Figure 2.8: A 3D view (a) and a schematic layout (b) of MICEtfwihe beam
entering from the left) [46]. The muon beam derives from thieiaction of the
ISIS proton beam with a titanium blade and the subsequealdsdhe produced
pions. Three liquid hydrogen absorbers interspersed byRaccelerating struc-
tures provide the muon cooling. The tracking system cosisitwo scintillating
fiber spectrometers, both embedded in a 4 T solenoid. A paiié Of Flight
and Cherenkov detectors (TOFO0 + CKOVa+b + TOF1) provide thstraam par-
ticle identification and the incoming emittance measuremeh final hodoscope
(TOF2) and a calorimeter system (EMcal) are placed at theoétite channel for
the muon-electron rejection and the downstream emittaregsarement.

2.2.1 The cooling channel

The basic elements of the MICE cooling channel are three tiles@nd Focusing
Coil (AFC) modules and two RF cavity and Coupling Coil (RFGEtions [79].
The overall length of the channel € 5.5 m. Each AFC module (figure 2.9(a))
contains a liquid hydrogen absorber at a cryogenic tempegdhat provides the
energy loss of muons, and a pair of focusing coils to redueebtta function
that ensures a small equilibrium emittance. Each RFCCostatnsists of four
201 MHz normal-conducting RF cavities and one super-camuysolenoid as
shown in figure 2.9(b).

2.2.2 The Particle Identification detectors

High precision timing measurements of the particles passirough the cooling
channel are needed both to relate the time of the incominglteahe phase of
the accelerating field in each RF cavity (with @fecision [46]) and for the par-
ticle identification. In particular, the PID is provided byd systems based on
Time Of Flight (TOF) and Cherenkov detectors.

Three TOF stations [80] are positioned along the coolingisedo provide the
time coordinatet) measurement for the emittance estimation. TOFO is plated a



50 The ionization cooling and the MICE experiment
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Figure 2.9: (a) A 3D schematic view of the MICE AFC stationf7Bquid hy-
drogen absorbers and focusing coils are used to provide tioe @nergy loss and
beta function reduction. (b) A 3D engineering view of the NHRFCC module: it
contains four 201 MHz normal-conducting RF cavities and suger-conducting

solenoid.
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the beginning of the channel; 10 m from the first solenoid, while TOF1 and
TOF2 are positioned respectively at the entrance and atxihe Ehe main task
of the upstream TOFs is the pion background separation atrlomenta (below
~ 210 MeV/c); they also supply the trigger for the experiment in cailecice with
the ISIS clock [46]. TOF2 at the end of the section selectptrécles passing
through it for the downstream emittance measurement andabkng efficiency
estimation.

The TOF stations have a common design (figure 2.10(a)): tewogd of fast scin-
tillator counters have been organized in ayxway and are readout from both
sides by the R4998 photomultipliers (Hamaméatsu

494

1020

(b)

Figure 2.10: (a) Schematic view of the TOFs design: two daofescintillator
counters per station have been organized in a x-y way andueadth high gain
photomultipliers. (b) 3D engineering view of the magnehetding for the TOF1
and TOF2 stations.

Given the working conditiori$ of the TOFs, all the photomultipliers are equipped
with mumetal shielding. In addition, TOF1 and TOF2 are ptaseside a dedi-
cated magnetic shielding cage (figure 2.10(b)). The readl@atronics is based
on the V1724 Flash Analog to Digital Converter (FADC, CAEN for the charge
measurement and the time walk correction [81], and on theGa&EN V1290

Bhttp://www.hamamatsu.com

14High residual magnetic field due to the spectrometer sotnisi present at the TOF posi-
tions: the maximum value is 1200 Gauss for the orthogonalpmrant and 400 Gauss for the
longitudinal one [80] requiring an adequate protectiontfar photomultipliers.

nttp://www.caen.it
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Time to Digital Converter (TDC) that provides timing measments. A~ 50—60 ps
intrinsic time resolution has been measured during a cosiongg phase at RAL
(see [80] for details).

Given that for a momentum range between 220 and 360 MeV/arttedf flight
difference between muons and pions42 ns over a distance ef 10 m [82], two
Cherenkov counters are used to provide a sufficiently good/piuon separation.
A 3D engineering view of the Cherenkov detectors [83, 84]risspnted in fig-
ure 2.11(a): the active radiator is a high density silicaogel plate while the
produced light is readout by four &MI 9356 KA photomultipliers, provided
by the HARP experiment [85]. A conical shape for the intemators has been
chosen to enhance the light collection of the photomuéigl[84]. A photo of the
first Cherenkov detector during the installation at RAL iswh in figure 2.11(b):
a beam purity up to 99.98% has been obtained (see [86] follg)eta

Radiator box
(black polyacetal)

20-mm thick aerogel
(440 mm x 440 mm)

Vessel made from bolted
Nickel plated steel
box and flanges

3-mm thick glass window
(500 mm x 500 mm)

@) (b)

Figure 2.11: (a) A schematic view of the Cherenkov detectar®igh density
silica aerogel plate is used as a radiator while the lighkectibn is performed
by four 8 EMI 9356 KA photomultipliers. (b) A front view photo of the §ir

Cherenkov counter during its installation at RAL: the cahshape of the internal
mirror is visible.

2.2.3 The scintillating fiber trackers

Charged-patrticle tracking in MICE is provided by two sol&ta spectrometers
[87] that are required to determine the expected relatiamgk in transverse emit-
tance of approximately 10% with a precision-ofl% (i.e. a 0.1% precision on the
absolute emittance [46]). Given that MICE is a single p&txperiment [46, 71],
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in a reference system with the beam aligned withzlagis, four of the six coor-
dinates used in the emittance definitiony{, dx/dzanddy/d2) together with the
transverse momenta£ andp;)1® are here measured for each particle [82)].
Each spectrometer consists of a 4 T superconducting sal@mirumented with a
1.1 mlong tracker, composed of five planar scintillatingfist@tions: a schematic
view of the tracker is given in figure 2.12(a).

(a) (b)

Figure 2.12: (a) Schematic view of the solenoid spectroraeteach detector
houses 5 stations of 3 doublet-layers scintillating fiberarayed in a stereo ge-
ometry and readout with VLPCs [87]. (b) A photo of the upstnescintillating
fiber tracker.

Each station is composed of three 12ted doublet-layers of scintillating fibers
with a 350um diameter, providing an accurate identification of the poirspace
and an acceptable level of Multiple Coulomb scattering. Tidpat yield is also
enhanced by grouping seven neighboring fibers together egdirfg them into
a single clear waveguide. Each of them is readout with crgmg¥isible Light
Photon Counters (VLPCSs), light-electrical signal coneestwith a quantum effi-
ciency of~ 80%, high gain and high rate tolerance [88]. A photo of theadded
upstream spectrometer is shown in figure 2.12(b).

The tracker readout is based on th@ Oentral Fiber Tracker (CFT) optical read-
out and electronics system [88]: the VLPCs signals areidagitusing the Ana-
logue Front End with Timing (AFE IIt) board developed by thé &llaboration.
One of the trackers has been tested at RAL with cosmic raygatas resolution
of 682+1 um (including the Multiple Coulomb scattering contributjaend an
efficiency of 99.82-0.1% have been found (see [87] for details).

16The muon trajectories are circles in the y plane thanks to the presence of the solenoid field:
the radius of the circle gives the transverse momenunwvhile the number of orbits combined
with the time measurement by the TOF stations determn¢s2].
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2.2.4 The calorimetry station

The electron background rejection at the end of the cooliagnoel is based on the
Electron Muon calorimeter (EMcal) station: the electroowhr starts in an elec-
tromagnetic preshower calorimeter (KLOE-Light) while thenetrating muons
are detected afterwards in a fully active scintillating tvacker-calorimeter (Elec-
tron Muon Ranger, see next chapter for a detailed descniptio

The KL (KLOE-Light lead-scintillating fiber calorimeter)edign is based on the
electromagnetic calorimeter of the KLOE experiment [83hat DAPNE Factory
in Frascatt’. It consists of a 88280 cn? grooved lead layer transversally seg-
mented with 1 mm diameter blue scintillating fibers insedad glued in the lead
holes: figure 2.13(a) shows a schematic front view opaghettidesign. The
thickness isv~ 4 cm corresponding to less than 2.5 radiation lengths. g is
readout at both edges with R1335 photomultipliers from Hauaigu provided by
the HARP experiment [85].

Single sheet 0.3 mm thick
( not on scale )

(@) (b)

Figure 2.13: (a) A schematic view of tspaghettdesign implemented for the KL
calorimeter [24]: the module is composed of grooved leats fioi which 1 mm
diameter scintillating fibers are embedded. (b) A photo efdalorimeter installed
at RAL for the commissioning tests (the beam enters fromitte).

L aboratori Nazionali di Frascati (LNF); http://www.Infiin.it/acceleratori
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The KL energy resolution has been found toge'E = 7%/ /E(GeV) while the
time resolution iss; = 70 py \/E(GeV) [82]. Figure 2.13(b) shows the complete
calorimeter installed at RAL together with the KL Tag Countonsisting of 2
scintillator slabs with a cross section of180 cn? and 2.5 c¢m thick.
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Chapter 3

The Electron Muon Ranger

The upstream patrticle identification and tracking in MICE][4re provided by a
system based on TOF and Cherenkov detectors [80, 83] anduipercnducting
spectrometers [87]. However, simulation studies on theeln of the particles at
the end of the cooling channel [24] have shown that a detadtierto distinguish
the muons from the electrons (that in turn derive from the nsudecay) is needed
together with the TOF2 station in order to achieve a highigreac measurement
of the beam downstream emittance [24, 46].

In other words, a tracker-calorimeter is necessary for gnéigle identification at
the end of the MICE channel. This detector is a lead-scattitl calorimeter (KL,
see section 2.2.4 for details) followed by a fully activensitiator detector called
Electron Muon Ranger - EMRhich is the main topic of this thesis work.

This chapter is dedicated to the description of EMR and adoet electronics: the
detector is based on scintillating triangular shape bara fotal of more than 1 ton
of plastic scintillator while the electronics chain is bdsm a dedicate&rontEnd
Board (FEB)and standard VME boards. Several characterization testslieen
performed on the prototype of the FEB and are presented ireAgig A.

The detector construction and commissioning is under tepamesibility of the
University of Geneva (UNIGE) while the Como (Insubria)@ste (INFN) group
has developed the FEB electronics and tested the perfoesarfcthe different
prototypes. In fact, the construction of a detector suchM&mhas required the
development of a small size prototype [90] and several corapbtests to study
both the mechanical and electrical aspects. A completeaigésa of the proto-
type and its readout electronics will also be presented. here
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3.1 The Electron Muon Ranger design

3.1.1 Motivations

Particle identification upstream and downstream the MIC&ing channel is a
fundamental task to obtain a precise enough beam emittaeasurement. Since
MICE works with muon beams of tunable emittance and enexggyyghing which
is not muon is considered background. There are three mairce® of back-
ground:

- some of the pions, from which the muons are produced, timaairein the
beam (the beam transport line before the cooling sectiooreasa muon
purity better than 99.9% [77]);

- the dark current originating from the RF cavities opermatin high elec-
tric and magnetic fields: the electrons may be ripped off tiréase of the
cavities and accelerated along the cooling channel calsamgsstrahlung
photon emission. In turn this corresponds to a source ofdracind in the
trackers [24];

- muons decay inside the cooling section or in one of the spagtters in
a small fraction of events~{ 1% [46]). The number of muons and elec-
trons arriving at the end of the cooling channel as a funatibthe muon
initial momentum [46] is shown in figure 3.1(a): decreasihg énergy the
great part of the muons in the beam decays into electrons@nd sf the
background is due to muons decaying at rest.

The pion/muon separation and the RF electron backgroumdtren at the be-
ginning of the MICE cooling section are provided by the ugain TOF and
Cherenkov stations and the spectrometer trackers [24].nTdia problem for the
emittance high precision measurement is thus represegtértlodlownstream par-
ticle identification. Kinematics cuts can reject about 8(dexay electrons [46],
but this is not enough to avoid a bias in the emittance measnte Dedicated
detectors are thus necessary to separate electrons fromspaiferent solutions
based on a calorimeter system have been proposed and tHiernpances in terms
of electron/muon separation efficiency have been studi¢id @4MICE simula-
tions [24]. Figure 3.1(b) shows the results for three aléxe designs. The red
line indicates the configuration in which four KL-like layesire present; the black
one shows a design that foresees the use of a front KL laylewfetl by a fully
active plastic scintillator detector (KL+SY/while the purple line represents a
solution with only the TOF2: the best choice is the second[2dp

1The original proposed design of EMR, called SandWich (SWs exploiting a KL-like front
layer followed by 10 modules of plastic scintillator withfféirent thicknesses [24]. The detector
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Figure 3.1. (a) Momentum distributions of muons and elewrarriving down-
stream of the second spectrometer [46]. The lower the enérgylarger is the
fraction of muons that decay along the cooling channel. {ifmu&tion of the PID
detectors performance with different detector configorai[24]: the black line
indicates the complete KL+SW configuration (see text foad&), the red line
represents a design in which only 4 KL-like layers are preaed the purple line
shows the situation without the calorimeter (only TOF2).

The basic idea for the downstream background rejectiondsstonguish electrons
from muons using the longitudinal profile of the electromatgmshower at the end
of the cooling section [24]. A high Z material (e.g. a leadgbrewer) combined
with a low Z one (e.g. scintillating plastic) is the ideal ate the electrons lose
most of their energy in the preshower generating an ele@gmetic cascade in
the following layer while the muons penetrate the high Z matevithout inter-
acting. This means muon events can be distinguished frorbabkground ones
thanks to their different topology [24].

3.1.2 The detector

Figure 3.2(a) shows a 3D engineering rendering of the Eackiuon Ranger
(EMR) placed after the KL calorimeter. EMR consists of 48y organized in a
X—Yy geometry (24 modules, being one module made of 1x+1y lagéextruded

scintillator bars [91] made of blue-emitting DOW Styron 688 polystyrene +
1% PPO + 0.03% POPOP dopants. The bars have been providee Bgtmi

National Accelerator Laboratory (FNAL) and their main peopes are listed in
table 3.1. The layers are positioned one after the other emdwpported by a

design has been subsequently changed basically becaussta&duction and simplification in
the manufacturing.
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metallic frame; the whole detector is enclosed in an alumimox (EMR Outer
Box, EOB) to protect it from light.

. EMR
/ PMT

i Shielding
"

Top part of side
boxes removed
for clarity

EMR
Quter Box

(EOB)
Maovable frame

(@) (b)

Figure 3.2: (a) A 3D engineering view of the EMR detector aisdmechanical
support; also the KL calorimeter is shown. The red arrowaaths the muon
beam direction. (b) Schematic view of one of the EMR layetsconsists of
59 triangular shape bars readout with one 1.2 mm diameter Wie$ per bar
connected on both sides to a photomultiplier readout systéra schematic view
for the mechanical support for the FrontEnd Board (dark igyed the Buffer
Board (light green) for the MAPMT readout is also shown (botj. [Courtesy of
the UNIGE group]

Each layer (figure 3.2(b)) consists of 59 bars with a triangshape (base=3.3 cm
and height=1.7 cm) and 1.1 m long, for a total of 2832 barstfenthole detector.
In total each EMR layer covers an active regionofl n?. The total weight per
layer is~ 28 kg that means- 1.5 ton for the whole calorimeter.

material DOW Styron 663 W polystyrene
dopant 1 1% PPO
dopant 2 0.03% POPOP
emission color blue
absorption cut-off 400 nm
emission peak 420 nm

Table 3.1: Main properties of the blue-emitting extrudeistiéator bars.
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The light produced in each bar is carried out by one 1.2 mm BEE&-Wave
Length Shifter (WLS) fiber whose main properties are summarized in table 3.2.
All the fibers have the same lengtk (1.2 m from the exit of each side of the
bar for a total of~ 3.5 m) even if the photomultipliers are located on one end
of the layer; in this way the efficiency is the same for all tleesbindependently
from their position (and each bar is mechanically equivaterthe others). The
fibers are connected on both sides but using two differentgoholtiplier sys-
tems (described in detail in section 3.1.3). A total of abblikm of WLS fibers
will be used to assemble the entire EMR detector. To protexfibers and sup-
port the photomultipliers and their electronics (figure(B)2ottom), each layer

is equipped with an aluminum box at each side that also pesvidht tightness.
Each box is connected to the metalic frame that holds the bars

core material polystyrene
cladding material acrylic
core refractive index 1.6

cladding refractive indey 1.49
emission color green

emission peak 494 nm
decay time 12 ns

1/e length >3.5m

Table 3.2: Main properties of the BFC-91A Wave Length Shifitgers.

The detector is under construction at the Département gsiire Nucléaire et
Corpusculaire (DPNC) of the University of Geneva: figure3(8) and 3.3(b)
present some photos of the assembly phases of the final aletddie assem-
bly procedure has been defined during the construction gbibitype (see sec-
tion 3.2 for details) and is the following:

- the raw bars,~ 3.5 m long, have been first cut at the right length (fig-
ure 3.3(a) top) grouping 4 bars together to simplify andiggtthe proce-
dure faster;

- both ends of each bar are then polished and fine milled (figuBé) bot-
tom);

- aWLS fiber per bar has been inserted and ghiethe bar hole (figure 3.3(b)
top); each bar is then equipped with a threaded cylinder igerte allow
the passage of the fibers through the mechanical support;

2Saint Gobain crystals, http://www.detectors.saint-golzam
3The glue is the epoxy resin E-30 from Prochima; http://wwaghima.it



62 The Electron Muon Ranger

- finally the fibers are covered with dark plastic to avoid sréalk and to
protect the fibers themselves (figure 3.3(b) bottom);

- 59 bars are then grouped together to form a layer (figureap.4(nd the
fibers are aligned with the MultiAnode Photomultiplier TSb@1APMT)
mask (figure 3.4(b)); once inserted in the mask, they aredglaat and
polished.

(b)

Figure 3.3: Photos of the EMR assembly phases. (a) The bafgstrcut at the
right length (top), polished and fine milled (bottom). (b)&h.2 mm diameter
WLS fiber per bar is inserted and glued in the bar hole (to@ jidwr surfaces from
which the fiber exits are then white painted. The fibers patsida the bars is
covered with black plastic (bottom) to avoid cross talk. i@esy of the UNIGE

group]

3.1.3 The photomultipliers and their mechanics

On one side, the fibers exiting from each bar are groupedhegeind are con-
nected, through a dedicated mask (figure 3.5(b) top), tatiggeschannel XP2972
(PHOTONIS) PMT® whose main characteristics are listed in table 3.3.

“http://www.photonis.com
5In this way it is possible to measure the particle energy ftbentotal charge deposit in each
layer.
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Pixel size: 2x2mm?
Fiber size: 1mm dia.

Fiber filling according to a
special arrangement:

2 successive bars are shifted to
1 pixel ...and so on. bar2

bard bar3

(b)

Figure 3.4: (a) Photo of one of the final EMR layers

. (b) Scha&ndew of

the 64 channel MAPMT mask (top) and a photo of the interfacsknglaottom).

[Courtesy of the UNIGE group]
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effective area 415 mnt
spectral range 290-650 nm
peak wavelength 420 nm
photocathode material bi-alkali
window material lime glass
maximum HV -1300 V
gain 9.3x10°

Table 3.3: Main properties of the XP2972 PHOTONIS singlencleh photomul-
tiplier.

The frontend electronics of the PMT (figure 3.5(a)) has betapted to put it di-
rectly inside the metallic support that provides the shigdagainst the magnetic
field. Its assembly phases are described in figure 3.5(b).

PMT support

(shielding) r

et

v

() (b)

Figure 3.5: (a) Schematic view of the single channel PMT supghielding (top)
and a photo of the PMT and its holding mechanics (bottom).S(ne photos
of the single channel PMT during the assembly phase: theface mask is also
shown, on the top. [Courtesy of the UNIGE group]

On the other side, the fiber of each bar is connected, throdgldiaated mask (fig-
ure 3.4(b)), to a channel of a multianode green enhanceaphutiplier R7600-
00-M64 (H7546B assembly, Hamamatsu) whose main propenteesummarized
in table 3.4.

The connection of the MAPMT with the frontend electronics baen studied in
detail given both the mechanical constraints and the piisgiof introducing a
noise source [92]. A schematic view of the connection is givefigure 3.6(a):
the rear of the MAPMT is soldered to a 4 layer rigid-flex (kapteircuit (shown
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anode size 2x2 mnt
effective area 1.81x1.81 mn?
spectral range 300-650 nm
peak wavelength 420 nm
guantum efficiency at 390 nm 21%
photocathode material bi-alkali
window material borosilicate glass
maximum HV -1000 V
gain 3x10°
anode gain uniformity 1:3
cross talk 2%

Table 3.4: Main properties of the green enhanced R7600-68-Wamamatsu 64
channel photomultiplier.

in detail in figure 3.6(b)) that allows the needed mecharileaibility. The study
of the noise will be presented in Chapter 5.

3.1.4 The electronics chain

The EMR electronics chain has to cope with the MICE expertadeguty cycle:
the beam time structure foresees one 1 ms spill every seagntp one good
event every Jus is expected within the spill. During this time interval B®R
electronics chain has to sample and discriminate the sgofabach MAPMT,
assign a time stamp to every bar over threshold, store daaligital form and
make them available for the readout at the end of the spill.

The EMR electronics is divided in 3 main blocks:

- the FrontEnd Boards (FEBs)which are located near the fibers exit; they
provide the connection for the MAPMT, the ASIC for the MAPMigsals
conditioning and the interface with the second block of tieeteonics;

- the Buffer Boards (BBs)which are being developed as piggy back boards
of the FEBs; they are the boards that sample the digital esitpfithe ASIC
with a 400 MHz clock and, in presence of the trigger of the expent,
store the above threshold bar numbers with a timestamp (id ge&em to
the DAQ in the interspill period). The digital outputs are SIC discrimi-
nator outputs; the choice to use only the digital informatfthus with no
information on the energy deposit in each bar) has beentditctay the time
structure of the MICE beam. The sampled data are stored withestamp
and the trigger number in the spill for the offline reconstimit of the event;
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~

PMT connector

™~ FEB
connector

(@) (b)

Figure 3.6: (a) Schematic view of the connection betweerMA®MT and the
frontend electronics. (b) Schematic view and photo of thalile kapton connec-
tors. [Courtesy of the UNIGE group]

- theData AcQuisition system (DAQgonsisting in a VME crate hosting the
configuration, the trigger and the readout boards. The Cor#tgpn Board
main task is the configuration of the FEBs that is the settinthe ASIC
mask (including the preamplifier gain, the shaper paramgtiee discrimi-
nators threshold). The configuration of the BBs (in termslotk rate, data
format, etc.) will also be managed by this board. The boarntid& con-
figured at the beginning of each run. A dedicated trigger thamforeseen
to send the experiment trigger and the spill gate to the BBg. dock syn-
chronization between the boards will be performed usingrigger signal.

The communication between the BBs and the readout boardevibased on
the TLK1501 (Texas InstrumedtGigabit link; 6 BBs will be daisy chained with
twisted cables while the Gigabit link will use a coaxial @lthus 8 readout boards
are foreseen.

A scheme of the complete EMR electronics chain is given inréig8t7. The
analog signal of each single channel PMT is sampled andz#giby a V1731
Wave Form Digitizer (WFD, CAEN) housed in the VME crate.

3.1.4.1 The prototype FEB

As it will be described in section 3.2, the design of EMR hagineed the produc-
tion and test of several prototypes of the frontend eleatsyrin order to optimize

Shittp://www.ti.com
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Single H H
channel L NN \VAPMT FEB i—>»: BB

PMT i
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A A A x48layers

| Up to 6 BBs
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Figure 3.7: Scheme of the electronics chain for the readudisatting of the EMR
detector. The single channel PMT output is directly coneg¢¢td a CAEN WFD
housed in the VME crate. The MAPMTSs signals are sampled agitiziid by the
FrontEnd Board (FEB) and the Buffer Board (BB). The conrethetween the
BBs and the VME system is made through a Gigabit link.

the readout choices and the cost. The prototype presenfegline 3.8 is the last
one; the final board will have the same features and will bellemf@om the di-
mension point of view.

The board hosts a socket for the 64 channel photomultiphediMAROC-I1 ASIC
and two Altera Cyclone Il FPGAs 2 FLEX connectors for the configuration and
analog readout and 2 high density ERNbnnectors to provide the digital signals
to the Buffer Board.

The ASIC chosen for EMR is the MAROC-II (Multi-Anode ReadQCibip II)
ASIC? (Laboratoire del’Acélérateur Linéaire, LAL Orsay) vahi has been de-
signed for the readout of the Hamamatsu photomultiplieesiusy the ATLAS
Luminometer [93]: it has an area of 16 rirand it is manufactured with the
AMS!0 Sj-Ge 0.35um technology (figure 3.9(a)). The ASIC is packaged in a
CQFP240 package so no bonding for the connections is needati@ FEB does
not require a fine pitch (reducing considerably the costs).

The block diagram of the MAROC-II ASIC is shown in figure 3.2(ltt has 64

model EP2C8Q208C7; Altera Corporation, http://www.alteom

8ERNI Electronics Inc., http://www.erni.com

9MAROC-II datasheet, http://omega.in2p3.fr/V1/data/btaEdocs/datasheataroc2. pdf
10Austria Mikro Systeme International AG; http://www.auatnicrosystems.com
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Fl

Figure 3.8: A photo of the FrontEnd Board (FEB) with all itsgeonents.
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Figure 3.9: (a) A photo of the MAROC-II ASIC. (b) Schemati¢stee MAROC-II
architecture.
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identical channels consisting of a preamplifier, 2 shapefagt and a slow one), a
Sample&Hold circuit and a discriminator; a 12 bit WilkinsADC is integrated in
the ASIC (but it does not work in the MAROC-II version whichtige one tested
in this thesis).

For each of the 64 channels, the MAPMT signals are first aredlifly a vari-
able gain preamplifier which has low noise and low input ingresk. The ampli-
fied current then feeds a slow shaper, with three switchadpadtances to allow
tuning the peaking time, combined with two Sample&Hold bgf The multi-
plexed analog data are sent out to be digitized by the AD92p@lpg Devices!
ADC integrated in the boatd.

In parallel, 64 trigger outputs are produced through thé ¢aannels consisting
of a fast & 20—50 ns) shaper followed by three identical discriminatonrg(bf
them are not used in the EMR readout): the thresholds areysat internal ef-
fective 12 bit DAC (4 bits for the coarse tuning and 8 for thefone).

The sum of up to seven preamplifier outputs has also beeningpited for a total
of 9 sum outputs. For example, SUMS8 corresponds to the sumtbeefirst 7
channels.

Several characterization tests have been performed orB8Bed-study the analog
output as a function of the different tunable parameters:dibtained results are
summarized in Appendix A.

Two of these boards are presently used for the test of theepldaring the con-
struction at UNIGE.

3.2 The Electron Muon Ranger prototypes

The design of EMR has been finalized in steps optimizing redsegrcost and
performance. A first small scale prototype (callEMR small prototypd90])
has been developed to define the assembly procedure, thestimeelule of the
construction and to be used as a test bench for the electrdemelopment; this
prototype has allowed to measure the performance in ternspatfal resolution
and efficiency of the complete system.

Together with the prototype, different bar configuratioasébeen tested:

- four long rectangular shape bars with the same length &eifirtal detector
and readout with different configurations (one or two WLS fhglued or
not in the bar hole);

Uhttp://www.analog.com
12A multiplexed readout is the one in which the sampled sigasdssent out one after the other
on the differential output buffer thanks to a clock signal.
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- five long triangular shape bars with the same length as iffinla¢ detector
readout with two 0.8 mm diameter WLS fibers glued in the baehol

These two setups have allowed to determine in a conclusiyedlveaneed of glue
inside the bar hof& and the increased efficiency with the triangular bars.

3.2.1 The EMR small prototype

A schematic view of the EMR small prototype is shown in figurgé(g8a): it has
been produced by INFN Sezione di Trieste (INFN TS) in Sprio@2 It con-
sists of 8 modules organized in 2 blocks, with 2x and 2y lagach, separated
by a 3 cm air gap (figure 3.10(b)). Each layer is composed ofa.ém long ex-
truded scintillator bars with a rectangular cross sectib@x1.5 cn?f). The light
produced in the scintillators is brought out by four 0.8 mrardeter WLS fibers
to a 64 channel multianode photomultiplier (R7600-00-M8%4546B assembly -
Hamamatsu). One MAPMT is used for each layer type, thus odlgirbdes per
MAPMT are connected. The fibers have been aligned with tHeodatthrough a
double mask: one to direct them and one in front of the MAPME&lIit The whole
detector is housed in an aluminum box that provides bothigfin tightness and
the MAPMTs and their electronics support.

3.2.1.1 The electronics

Three different versions of the frontend electronics haaertested with the EMR
small prototype during these two years to study their permices as a readout
system for the scintillator bars:

- the first version is exactly the same used in the ASACUSA expnt for
the readout of the FAST detector (a scintillating fiber tercf96, 97]).
Given the mechanical constraints of FAST, the frontendtedeacs was
divided on two different boards, one with the VLSI ASICs fbetcondi-
tioning of the MAPMT signals and one (repeater) for the ifsee with the
VME DAQ;

- the second version consisted of a single board, cME& TAP boardMUS-
ashi vaTAP board), that included both the frontend and repdeatures to
reduce the noise due to cabling and to limit the number of eotions;

13The different values of the refraction index of the bar, @&WLS fiber and of the air inside the
bar hole cause, in fact, reflections between the differéntfiaces and consequently a reduction of
the light transmission. Nevertheless, this can be imprdoyefilling the bar hole using a medium
with a refraction index much closer to that of the scintdlatnd fiber coating, like the epoxy glue.
In this way the light collection can be larger by a factor-120 [94, 95].
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Figure 3.10: (a) Schematic view of the EMR small prototygee (limensions
are in cm): it consists of 8 layers of rectangular shape daitttr bars in a x-y
geometry arranged in 2 blocks separated by a 3 cm air gap. (tf)oto of the
EMR small prototype inside its aluminum box.
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- the last one, based on the MAROC-II ASIC, is the same usehldrfihal
detector (see section 3.1.4 for the details).

The readout electronics was the same for all the three stddiatend config-
urations and was based on a standard VME system with custanmd$dor the
readout sequence generation, the configuration of thednohénd the data stor-
age.

A schematic view of the first version of the EMR small protaygdectronics chain
is given in figure 3.11(a).

MAPMT MAPMT
X plane Y plane

4 ERNI
cables

4ERNI
cables

M

VATAP [l _s64 HEEVATAR I

Altera Altera
CYCLONE Il CYCLONE Il
| Frontend
Repeater

VME

(@)

Figure 3.11: (a) Scheme of the first version of the readowatelrics for the EMR
small prototype. The frontend board is based on a couple 6€4H/A64TAP2.1
and LS642) and an Altera Cyclone Il. The repeater board is the interfae-
tween the frontend one and the VME system. (b) A photo of teetednics chain
connected to the EMR small prototype.

The frontend board (figure 3.11(b)) consisted of a Printedu@i Board (PCB)

of 125x230 mn? with two complete readout chains. The 64 signals of each
MAPMT are brought to the board with 4 26 pin ERNI short cabled are am-
plified, shaped, discriminated and sampled by the VA64TARRSIC (Gamma
Medica - IDEAS*4). This ASIC is built in 0.35um N-well CMOS double-poly
triple metal technology. The architecture of a single cleofthe ASIC is shown

in figure 3.12(a). It consists of a preamplifier with pole zeamcellation to min-
imize pile-up effects, a CR-RC fast shaper {5 ns of peaking time) and a

nttp://lwww.gm-ideas.com
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discriminator with a global threshold for all the channetgla 4 bit trim DAC
per channel to minimize the offset spread. It can work botanalog and digital
mode. The analog readout is a multiplexed one with a maximeadout clock of
10 MHz.

When the digital outputs are enabled, the discriminatorseege a fixed width
square pulse whenever the shaper output overcomes théakded he discrimi-
nated signal duration is set by a monostable, hence thecedsmelation between
its value and the pulse height of the shaper output. Thelpbnadger outputs are
open drain and are terminated with a low impedance to prevésvup effects.
To feed a FPGA they are level-shifted to low voltage TTL (LV4) by a second
ASIC, the LS642 (Gamma Medica - IDEAS) (see [98] for a complete description
of the readout electronics). Figure 3.12(b) shows a photb@touple of ASICs.

Figure 3.12: (a) Schematic of one channel of the VAGA4TAPZSI@ (b) A photo
of the two ASICs used in the frontend board.

The repeater board has the following tasks:

- it provides the biases and control signals of the ASICs aatsl the discri-
minators threshold,;

- it performs a further amplification of the analog outputmatNE592 (Texas
Instrument);

- it handles the communication between the control FPGAsthadvME
DAQ system.

Even if this version of the electronics would allow to perfoboth the analog and
digital (as in FAST) readout, the prototype has always bestetl using the ana-
log option.

Figure 3.13 presents a schematic view and a photo of the de@sion of the
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EMR small prototype electronics that is tNeJSTAP boardThis board has been
designed for the ASACUSA CUSP-TRAP (MUSASHI) experimer,[99] for
the readout of a scintillating bar tracker made of 4 (x+y) med of the same
squared bars tested in this thesis work (see section 3.Z2t8).MUSTAP board
is based on the same couple of ASICs of the FAST electronidgtenfunctions
of both the frontend and repeater boards have been integraie Moreover it
includes a dedicated socket to directly connect the MAPMiTigihg the elec-
tromagnetic noise induced on the ERNI cables [92]. As in tle®ipus case, the
prototype has been tested using the analog option. In theTAB®o0ard how-
ever, the ADC (AD9220 by Analog Devices) is directly locatedthe board thus
the trasmission concerns only digital signals which are thero-suppressed on
the VME readout board (INFN TS).

MUSTAP,

!

VATAP BN | S64

$ VME
Altera
DIGITAL
——
A= CONFIGURATION
t MAPMT

ADC/ READOUT
Sequencer board

(@) (b)

Figure 3.13: (a) Scheme of the second version of the readectrenics for the
EMR small prototype: it is based on thMdUSTAP board (b) A photo of the
MUSTAP board: the MAPMTs are directly plugged into the bo#ncbugh a
dedicated socket to avoid electromagnetic noise.

The EMR small prototype has also been tested with the prpéotf the FEB
described in detail in section 3.1.4.1.

3.2.1.2 Design and construction

The construction of the EMR small prototype has allowed tiingethe assembly
procedure and time schedule of the final EMR detector; tHeiahg items have
been considered:

- bar preparation the cutting speed of the scintillator bars has been chosen
carefully to prevent bars from breaking: a too high speedmaeaelting
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them, a too small one resulted in creating cracks that coataedse the
light collection efficiency;

- gluing procedure before inserting the fibers, two holes have been manu-

factured on the two ends of the bar top face. The fiber is theeriad and
blocked at the two ends closing the main holes with silicdne.gA syringe
with the glue is inserted in one of these holes and the glieztios goes on
until the glue itself comes out from the other hole (figuredga)); particular
care has been taken not to leave air inside;

- final assemblyl10 bars are grouped together to assemble each layer: an alu-

minum frame, including an extension to protect the fiberauteg3.14(b)),
has been designed to support each layer.

(b)

Figure 3.14: EMR small prototype assembly phases. (a) Th& \Whers have
been inserted and glued in the bar hole paying attentiononetwe air inside the
bar hole. (b) In order to protect and support the fibers egifrom each bar, an
aluminum frame has been designed: the fibers pass throughrihg of the frame
and are then fixed with silicone glue. [Courtesy of INFN Seegidi Trieste]

3.2.2 Thelong bars

While the small scale prototype has been used to test thérelers versions

and the overall detector performance in terms of spatialui®on, efficiency and

stability in long term data takings, dedicated setups hdaetassembled for the
validation and test of the scintillating bars and of the reatlout configuration
(number of fibers per bar and use of the glue).

Two different setups have been developed for the test of:
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- four rectangular shape bars with the same cross sectioneo$mall size
prototype ones and a length of 96 cm provided by FNAL. Thespanse
in terms of efficiency and pulse height has been studied witin differ-
ent readout configurations [90]. One or two 0.8 mm diameteiS/Nibers
have been inserted and glued or not in the bar hole (figurg@)@also a
configuration consisting of a 1 mm diameter WLS fiber witholuteghas
been studied. The fibers have been interfaced to a 16 cha®@7dl1-100
MAPMT from Hamamatsu (figure 3.15(b)) and the signal wasgrated by
a QDC (V792 from CAEN); no amplification was provided;

-_s

2 WLS only _J,-- 1 WLS only g

(b)

Figure 3.15: (a) A front view photo of the four rectangulaaphk bars: the readout
configuration is indicated on the photo. (b) A front view piof the 16 channel
H8711-100 MAPMT.

- five triangular shape bars (base=3.3 cm, height=1.7 cmemgth=1.1 m,
figure 3.16) connected to the MUSTAP board [100]. The lighs Wweought
out by two 0.8 mm diameter WLS fibers with the same length offitted
ones and gluéd in the bar hole. The fibers were connected on both sides
to the same 64 channel H7546B.

Both the four rectangular shape bars and the five triangbl#pe ones have been
tested at the CERN Proton Synchrotron (PS) T9 beam line (2m2®08 and
2009) with electron, muon and pion beams in a momentum raegeeen 0.5
and 15.0 GeV/c [90, 100]. The complete setup and the reselsrasented in the
next chapter (section 4.4.1 and 4.4.2).

151n one of the bars there wasn'’t the glue.
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Figure 3.16: A photo of the five triangular long bars connddtethe MAPMT
+ FEB prototype: each baris 1.1 m long and is readout by twarth8diameter
WLS fibers connected on both sides to the 64 channel MAPMT.
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Chapter 4

The EMR design qualification tests

The design of the Electron Muon Ranger (Chapter 3) of the Méggeriment has
required several tests, both with cosmic rays (at the Inadmiversity in Como)
and extracted particle beams (at the CERN Proton Synchrégeamlines), of its
prototype and components to study the detector perfornsanitk different read-
out configurations and identify the best solution for thelfreadout electronics.
As already described in Chapter 3, a small scale prototygebkean developed
both to understand the performance of the overall systemti{l$ator + WLS
fibers + MAPMT) and to use it as a test bench for the electrooin. On
the other hand, the final shape of the bars and the number of tib@&ise per bar
(together with the presence of the glue) have been studied tise same proce-
dure as for the prototype.

The first part of this chapter is dedicated to the descriptibthe CERN experi-
mental areas, of the test procedure and of the instrument@tacking and trigger
systems) used in the test setups.

The second part of the chapter contains the results obt&iogdwith the small
scale prototype and the components.

The stripping procedure for the analysis of the raw datags@nted in Appendix B.

4.1 The CERN PS T9 and T10 beamlines

The T9 and T10 beamlines [101] are located in the East Hath foeilding 157)
of the CERN complex (figure 4.1(a)). These two experimentdsprovide sec-
ondary beams of charged particles (typicgllyt ande) in a momentum range
from 0.5 to 15 GeV/c (T10 only up to 7 GeV/c) deriving from tméaraction of a
primary 24 GeV/c proton beam with a tar§eThe beam structure foresees typical

IDifferent types of targets are available and allow to vasy plrercentage of electrons, muons
and pions in the secondary beams.

79
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Figure 4.1: (a) An aerial view of the CERN complex: the T9 ardd) Heamlines
are located in the East Hall of the PS complex. (b) Schemayiout of the East
Hall: T10 is indicated with the blue line while T9 with the rede.

intensities of the order of 0-10° particles per bunch (the so-callsgill) for a
bunch duration of- 300 ms with a repetition period of 45 s. The secondary beams
are selected by a horizontal collimator at the beginnindhefline (not shown in
figure 4.1(b)) while the focusing and tuning of the beam capéréormed with

a set of dipole and quadrupole magnets and both vertical andamtal colli-
mators. Both the lines are also equipped with threshold &tlev counters and
beam chamber monitors.

Figure 4.2(a) presents an example of the T9 beam profile (ipotihe horizon-
tal and vertical directions) as measured by the Silicon B&mambers (SiBCs,
see section 4.2.2): the shape of the beam is due to the seftitng collima-
tors. Figure 4.2(b) presents the beam divergence (thaeisntts of the angular
distribution of the beam particles) reconstructed with 8iBCs; this value in-
cludes the Multiple Coulomb scattering contribution duethe material along
the beamline. No particular care has been dedicated to vieegdince reduction
(0x = 4.52+0.01 mrad anaby = 2.91+0.05 mrad) given there was no particular
requirement for these tests.

Similar results have been obtained for the T10 beam.

4.2 Experimental setup

The typical setup is basically the same for the two testjoosys and extracted
beamtests) and is shown in figure 4.3. It consists of a triggstem (TRIG), a
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Figure 4.2: Beam profile (a) and beam divergence (b), in bo#ttions, of the
T9 beamline as measured by the SiBCs.

tracking system (TRACKING) for the particle position andedition reconstruc-
tion and the detector under test (TEST).

For the trigger, several types of scintillator countersc{em 4.2.1) have been
used trying to maximize the covered solid angle. In the casedata taking with
an extracted beam (such as on the PS beamlines), the trigigegenerated by
the coincidence of the scintillator signals and the macisiog/ extraction one
(spill). For the tracking, a set of two silicon microstriptdetors has been used
(section 4.2.2).

4.2.1 Plastic scintillator counters

Three types of plastic scintillator counters have been lsed during the data
taking at the CERN PS and in the cosmic ray tests:

- type I a set of two polystyrene tiles with an active area afl® cn? and a
thickness of 1 cm (figure 4.4(a)); they are directly connéttetwo photo-
multiplier tubes for the readout of the light produced by piagticles;

- type II: a counter with a larger sensitive area of1D cn¥ (figure 4.4(b));
also in this case the light produced by the interacting pladiis readout
with a photomultiplier tube directly connected to the sitiiaior tile;
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TRACKING
TEST

TRIG

BEAM
-
Cosmic Rays
or

Extracted Beams

EMR prototype
» 4 rectangular bars
Silicon Beam 5 trilangular bars
Chambers

Scintillater /
Caunter \ /

Figure 4.3: A schematic view of the typical setup used fortdsts at the CERN
PS lines and with cosmic rays. TRIG indicates the triggedegice, TRACKING
the detector used to reconstruct the particle position aB8TTthe detector or

component under test.

(b)

Figure 4.4: (a) Photo of thex310 cn? scintillator counterstype ). (b) Photo of
the 10x 10 cn? scintillator countertype II).
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- type lll: a set [102] of two k20x30 cn? NE120 (Nuclear Enterprises)
scintillator tiles (figure 4.5(a) top) readout by 2 P30CWSmultipliers
(Electron Tube§ figure 4.5(a) bottom) directly coupled to the scintillator
(figure 4.5(b) top) and housed in a PVC box (figure 4.5(b) bojto

() (b)

Figure 4.5: Photos of the third trigger system [Lagpg III). (a) It is based on two
1x20x30 cn? NE120 plastic scintillators readout by 2 P30CW5 photorplit
tubes. (b) A PVC box houses both the scintillator tiles aredRMT.

4.2.2 Silicon detectors

The particle tracking system was based on the silicon date¢talledSilicon
Beam Chambers - SiBCdeveloped for the AGILE satellite [103].

Each chamber consists of two single side silicon microsiepectors (Hama-
matsu), arranged in a-xy geometry and glued on an epoxy fiberglass support
(figure 4.6(a) top). Each silicon tile is 430n thick and has a dimension of
9.5x9.5 cn? for a total of 768 strips. The physical pitch is 1pin while the
readout one is 24@Am: a one floating strip scheme has been adopted providing a
~ 40 um spatial resolution [103].

2http://www.electrontubes.com, now www.senstech.com
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Each silicon layer is readout by three 128 channel selfjaimg TA1 ASICs
(Gamma Medica - IDEAS). The readout is a multiplexed one &itimaximum
clock frequency of 10 MHz.

The detectors are housed in an aluminum box (figure 4.6(&)Mgytogether with
a part of the frontend electronics consisting of the PCB whth ASICs and of a
repeater board that generates the bias voltages for thesA8Hnsforms the digi-
tal input signals from RS422 to single ended and amplifiesrthkiplexed analog
output with a NE592 (Texas Instrument).

The readout sequence is generated by a VME Sequencer (INFNviiig& an
ADC Board(that can be directly located near the SiBCs, figure 4.6(lpyipges
the analog output digitization (with a 12 bit AD9220, Analbgvices). The digi-
tized data are sent to a VME Input/Output register that h@$tBGA responsible
of the zero suppressiérallowing a data taking rate of 1 kHz.

(a) (b)

Figure 4.6: (a) A photo of the single side silicon microstligtector used for the
tracking system (top); the silicon layers are housed in amalum box together
with a part of the readout electronics (bottom). (b) A phatthe ADC board for
the readout of the Silicon Beam Chambers.

3The self-triggering feature of this ASIC has not been usedesboth at the CERN data taking
and during the cosmic ray tests the trigger was provided &g of scintillator counters presented
in the previous section.

4Only the strips with a signal over a given threshold are stpifee threshold is set considering
the noise rms (see Appendix B).
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4.2.3 The DAQ system

A schematic view of the DAQ chain is shown in figure 4.7(a): bhee lines rep-
resent the input signals while the pink ones the output $sgnam each detector.

= INSULAB 2008 Do)

INSULAB 2008

STOP RUN

SiBC1  SiBC2 TEST

| 2009

TRIGGER

[ [ >
board
spilf from PS
readout trigger
i Y

(x4)

MUS ADC TEST

TRIGGER YA64

(x2) CONTROL
Board
(/0)

(x2)

SBS Bit 3 to PC

(a) (b)

VME

Figure 4.7: (a) The DAQ chain: itis based on a standard VMEesgsvith custom
boards. (b) The DAQ user interface.

It is a standard VME system controlled by a SBS Bit3 model Gafije® optically
linked to a PC running the Linux operating system. As mereabove, the trig-
ger signal is generated by the set of scintillator countamsl the coincidence with
the spill signal in the CERN data taking). The conditionifighe trigger signal is
provided by a custom VME board (tegger board and the signals are then sent
to a VME Control Board(INFN TS) to generate the DAQ trigger and the readout
sequence; the board is also responsible of the ASICs coafigarbefore the start
of the run. The signals of the SiBCs and of the detector uneldrare digitized
by two dedicated boards (the ADC board and the MUSTAP onpertively) and
sent to the Control Board that is also responsible of the gappression of the
SiBCs data.

The DAQ software is written in C with Tcl/T&for the graphic user interface (fig-

5SBS Technologies Inc., US, http://www.ge-ip.com
6Tcl (Tool Command Language) is a dynamic programming laggusnd Tk is its graphical
user interface toolkit, http://www.tcl.tk.
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ure 4.7(b)); the output data are stored in binary files (PAWplds) and processed
offline to obtain ASCII DST (Data Summary Tape) output fileshvall the rele-
vant information (see Appendix B for details); the analysifiware is written in
FORTRAN.

4.2.4 Test procedure

Although the electronics chain (both for the small scaletgiygpe and the long
bars) can work both in analog and digital mode (see secti®rid3.details), the
data have been acquired only in analog mode.

The data taking procedure is the following:

- apedestalrun is acquired using a random trigger in order to evaluag¢e th
baseline and noise distributions of each detector (semad®tl for details);

- adatarun is acquired when there are particles. Once an evenggered
by the scintillator counter, &old signaf, to sample the analog output of
the ASICs shapers, is generated by the VME Control Board tartsghe
readout sequence; the analog outputs are sampled and lexdtpwith a
maximum readout clock of 10 MHz, sent to the VME Control Boardl
transferred to the PC; the hold value (which should be setdardo sample
the peak of the signal) has been chosen differently for tlBCSiand the
EMR prototypes;

- once offline, the pedestal value is subtracted from the rat& oh order to
evaluate the channel response in units of ADC and to definevant @s
good Etrippingprocedure, see section B.2 for details);

- the set of good events is stored (see section B.3 for dptaild the data
analysis to characterize the detectors behaviour is pagdr

The performances of both the small scale EMR prototype arnttieofong rect-
angular and triangular bars have been tested considemfpliowing figures of
merit:

- thenoise it has been studied with the pedestal run; its reductionnslé-
mental, especially for the readout of the final detector at. Rvkere elec-
tromagnetic noise sources are present;

- the spatial resolution the precision with which the detector is able to re-
construct the hit position has been evaluated by means &iBEs;

71t corresponds to the time interval between the readougérigieneration and the signal sam-
pling.
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- the detectoefficiency the number of incoming particles computed by the
SiBCs and the one measured with the bars have been comparateinto
estimate the efficiency and study the different readout garditions to find
the best one for the final detector design.

4.3 EMR small prototype results

In the following sections the results obtained with the EMRal prototype at
the CERN PS T9 beamline are presented. This data taking loagedl to test
the overall system (scintillator bars + WLS fibers + MAPMTajldo validate the
FAST electronics.

The setup consisted of the EMR small prototype, two SiBCesgqudefore it and
the type | scintillator counter. Only the sets of good events (that meavents
in which all the 4 SiBC planes have only one cluster) obtawéd the stripping
procedure shown in Appendix B have been considered in th@xolg analysis.

4.3.1 Pedestal and noise

The EMR pedestal distributions are presented in figure % 8{parately for the
horizontal and vertical layers. The pedestal distributiepresents the baseline
of the electronics chain that is the signal digitized by tHe8QAwhen there are
no particles (see Appendix B for details). This value is etféd by the so-called
common mode noise which corresponds to a variation of thelim@scommon
to all channels and is due to the noise on the bias line of thecttes. This
contribution has been subtracted with the method presentégpendix B and
the obtained distributions of the global noise (black) ahdthe common mode
subtracted one (red) are presented in figure 4.8(b): an @g@e/@ue in the range
1-3 ADC has been obtained for both the directions. The noidianoels (# 32
in the top and # 48 in the bottom of figure 4.8(b)) can be assatito the fact
that these are the channels travelling on the external lnighe ERNI cables
connecting the MAPMT and the repeater boards which behagatasnas.

4.3.2 Particle position identification

To reconstruct the particle position, i.e. the bar numbewhich the particle
releases its energy, the same method used for the SiBCs bBasapplied (Ap-
pendix B).

Thepull distribution, that is the ratio between the signal of eaahdb@ach layer
and the noise rms of the bar itself, has been considered dméshbld in terms
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Figure 4.8: The pedestal (a) and noise rms (b) distributmnthe EMR small
prototype. The red histograms have been obtained afteraimenon mode sub-
traction.

of the noise rms has been set: figure 4.9(a) shows an examttie ptill distribu-
tion of the bar with the maximum signal in the event for oneted EMR layers.
This distribution has been used to fix an ADC value (red linégare 4.9(a)) to
distinguish the noise events from the good ones: only thatsue which the bar
signal was above the value fixed by the red line have beendenesi as good; a
250 pull cut has been chosen.

The pull distribution has also been used to compute the nuwiblears with a
signal over threshold (figure 4.9(b)). Event by everbanter variablehas been
increased of 1 whenever the pull value of a bar was over theashthreshold:
as expected, given the dimension of the T9 beam in each idine¢t 3—4 cm
excluding the tales in figure 4.2(a)), this number is tidical or 2; on the other
hand the events with only a single bar over threshold wertimes the events
with two bars over threshold.

For each event, the method presented above has thus allovgsmtify the bar or
the group of bars in which the particle releases its enetgyparticle position on
each EMR layer has been reconstructed considering onlyahevith the maxi-
mum signal in the event. Given a bar numbdrdr_may), the hit exact position
(in cm) registered by each layer of the EMR small prototypengs) has been
obtained with the following transformation:

xemg = (xbar_max — 1) x width (4.1)
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Figure 4.9: (a) The pull distribution of the bar with the maxim signal in the
event of one EMR small prototype layer: the red line showss#ethreshold
(250). (b) The distribution of the number of bars over thresholdbne EMR
layer (the others behave in the same way).

where the index is the layer number andidth is the bar dimension along the
two directions perpendicular to the beam (that is 1.9 cm)e fbrizontal beam
profiles obtained with the 4 horizontal EMR layers are showifigure 4.10(a)
while the vertical ones are presented in figure 4.10(b): eneft the profiles are
shown as a function of the bar number (from 1 to 10 for eachr)ayhile on the
right the same profiles have been obtained after the caionlaf the effective
particle position with equation 4.1.

4.3.3 Spatial resolution

The spatial resolution has been computed using the resileidlod. Referring to
figure 4.11:

- the reference detectors (i.e. SIBC 1 and SiBC 2) have bemegdlbefore the
EMR small prototype at thesilil andzsili2 positions along the beamline
and aligned with the method presented in section B.4;

- the trajectory of the particle has been reconstructed bySilBCs and pro-
jected on the surface of each layer of the EMR small protowyjik the
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Figure 4.10: Horizontal (a) and vertical (b) beam profiletagied with the EMR
small prototype layers: the left column of each figure repnés the profile as a
function of the bar number while the right one is the same asnation of the
effective position computed with equation 4.1.

following formulae:

Xproji = xtar21x (zemri — zsilil) + xposl
_ 4.2

xtam?21l= —prQ xp.o.SL (4:2)

zsili2 — zsilil

wherextar?1 defines the tangent of the angle between the two silicon de-

tectors;

the residual is defined as the difference between the posiiconstructed
with the prototype and the expected one computed with th€SiB

Xresi = Xproj_i —xemri (4.3)

wherexemri is the position measured with each EMR small prototype layer
(the formula in equation 4.1 has been used);

the obtained distributions have been fitted with a Gauskiantion (fig-
ure 4.12); the sigma value represents the spatial resaolutiduding the
Multiple Coulomb scattering contribution. Only the pealgion (in the
range+2 cm) has been considered for the fit since the tails and teealat
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Figure 4.11: Schematic view of the residual method prircighe residual is
defined as the difference between the trajectory recortstidny the SiBCs and
the one measured by each EMR small prototype layer.

peaks are due to the cross talk. The resolution values of kegehn are
listed in table 4.1: an average value-~06.5 mm has been obtained for both

direction$.
layer res [mm] layer res [mm]
1X 6.297+ 0.008| 1Y 6.396+ 0.007
2X 6.405+ 0.007| 2Y 6.414+ 0.007
3X 6.5294+ 0.008| 3Y 6.655+ 0.008
4X 6.6324+ 0.008| 4Y 6.651+ 0.008
average| 6.466+ 0.158| average 6.529+ 0.124

Table 4.1: The spatial resolution of each layer of the EMRIkpratotype: an
average value of 6.5 mm has been obtained for both directions.

- the values listed in table 4.1 have been then compared wéthhteoretical
digital one (that is the bar width divided hy12) that is~ 5.5 mm. Consid-
ering that the measured values include also the Multipld@oh scattering
contribution and only the bar with the maximum signal haside&en into
account to reconstruct the particle position (that meatigital like method

8The error on the average values has been computed as tharstalediation.
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Figure 4.12: The residual distributions of each EMR smattgtype layer: (a)
horizontal direction and (b) vertical direction.

has been used), a good agreement has been found for bottiatisedhe
average values are 1 mm larger than the theoretical one.

4.3.4 Efficiency

The efficiency, of a detector is defined as the ratio between the number of good
events registered by the detector its@®lR)] and the total number of good events
measured by the reference detectdgdr), i.e.:

Nror
The efficiency of the EMR small prototype has been evaluatetie following
way:

(4.4)

- the beam particles are detected by the SiBCs and the cadedgystem
of the EMR small prototype has been aligned with the one ofstheon
detectors through the residual distributi®ns

- the expected point of interaction on the EMR small protetlips been com-
puted projecting the trajectories reconstructed by theCSiBn the surface
of the different layers;

9f the detectors are perfectly aligned, the residual distibn is centered on 0; an offline shift
of the EMR small prototype coordinate system has been aadalin all the detectors.
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- referring to figure 4.13, the reconstructed point of intéi@n on each EMR
small prototype layer (real number in the rangelDB cm) has been asso-
ciated to an expected bar number (integer number in the rand®); the
following transformation has been used:

: XpProj.i
xbar_exp=int . 1 4.5
P ( width ) * (45)
EMR real EMR integer
axis axis
1(em) _|(channely

Projection from Expected hit rod
SiBCs track

“\\?

TN IO R\ N P B I
= ——+

Figure 4.13: Schematic view of the method used to computesti@ency of
the EMR small prototype: the expected point of interactiontlee EMR layers
reconstructed by the SiBCs is associated to an expectedibarer.

- a profile histogram for each layer has been filled with O or pesteling on
the pulse height of the expected bar (a threshold to definpabsage of the
particles has been set as mentioned above considering ltitegpibution);
the average resulting histogram representg#eefficiency of each EMR
layer as a function of the incoming particle position (figyrd4): only
the detector region where the beam impinges (region ofestghas been
considered. The regions with a very poor efficiency are dukdefficiency
calculation method; in fact, when a particle hits the baselto the edge, the
reconstruction errors are not negligible and the partiolela@ be associated
to the wrong bar (figure 4.15);

- the efficiency has thus been computed improving and refitirganalysis
method of the track reconstruction: it has been evaluaté@mly consid-
ering the expected bar but also taking into account the sadimg ones. A
profile histogram of theffectiveefficiency of each layer has been filled with
1 if the pulse height of the expected bar or one of the two riEghing ones
was over the threshold fixed by the pull distribution. In atherds, if the
particle is expected to pass through bar number 3, the pelgghof bars
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Figure 4.14: Theaw efficiency plot obtained for the horizontal (a) and verti-
cal (b) layers of the EMR small prototype: a maximum value lmdwat 97% has
been measured in both the directions but deep valleys battedlewing bars are
present due to the calculation method.

EMR real axis EMR integer axis
(cm) (channel)
\

“\\?

Projection from
SiBCs track

PR I I I I I I R B M|

Figure 4.15: When a particle hits the bar close to the eddeesraconstruction

errors are not negligible and a wrong bar number could becéetsal to the in-
coming patrticle.
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number 2, 3 and 4 has been considered and if at least one ofwhsraver
threshold, the particle in the event has been consideredetscted” (that
is a 1 has been put into the profile histogram described befbrgure 4.16
shows the effective efficiency measured with the EMR smallqiype lay-
ers (the spikes at both edges of each figure correspond tegnens with
poor statistics): the dead region depth has been reducethangmain-
ing poor efficiency regions are due to the shape of the barsdbkes (the
edges are not perfectly regular resulting in a dead regiampadb 0.5 mm,
figure 4.17(a));
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Figure 4.16: Theffectiveefficiency plot obtained for the horizontal (a) and verti-
cal (b) layers of the EMR small prototype (the lateral spi&esthe poor statistics
regions): the dead regions depth has been reduced and a omaxiatue of about
99% has been obtained in both the directions.

- the effect of the curved edges has been studied varying tmentum of
the incoming particles from 2 to 15 GeV/c (the Multiple Coulio scattering
contribution goes like (energy}). The efficiency profile in the interesting
region has been inverted and offset to O in order to fit it witBaussian
function (figure 4.17(b)):

(x—P2)?
v |

whereP1 corresponds to the dead regions depth wiRdendicates the dead
regions width. Figure 4.18 shows the “inverted efficienciat is thein-

G(x) = Pl-exp{ (4.6)
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Figure 4.17: (a) A front view of the rectangular bars: a deadap to~ 0.5mmis
present. (b) The Gaussian fit of the inefficiency of one vallayer: the constant
and sigma values represent the dead regions width and depgectively.

efficiency calculated with one of the vertical EMR small prototypedes/

at 5 different values of the beam momentum. The greater istbraentum

the better is the particle track reconstruction: at 15 Gdakliédead regions
have been reduced to less than 0.5 mm as expected from thiedpe €ig-

ure 4.17(a));

- to compute the exact value of the efficiency (both the rawtaecdeffective
one), the plots in figures 4.14 and 4.16 have been fitted witbrstant.
The range of the fit has been chosen by hand in order to exdhedateral
regions of the efficiency plot where the statistics is poohe Tesults are
listed in table 4.2 together with the average over all the fayers of each
direction. Given one of the horizontal layers shows an &fficy which is
~ 6% smaller than the others, the average efficiency has bdeulatad
including (red values in table 4.2) or not that layer. Nelreléss the final
effective efficiency values are very close to 99%.

4.4 Components test results

The following sections contain the results obtained in #eg with the different
components; they have allowed to finalize the design of tfa fiatector readout
and to validate the use of the glue and of the triangular shape
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Figure 4.18: The inefficiency computed with different moruan of the incoming
particles. The greater is the energy, the smaller is theiplalCoulomb scattering
contribution: at 15 GeV/c the dead regions have been meadsoitee~ 0.5 mm.
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layer | raw eff [%] | effectiveeff [%0]

1X 92.81 96.75
2X 95.22 98.28
3X 95.94 98.61
4X 95.67 98.70
average| 94.66 98.09
95.61 98.53

1Y 93.66 97.78
2Y 94.41 98.27
3Y 95.66 98.49
4Y 93.68 98.54
average| 94.35 98.27

Table 4.2: The efficiency of each layer of the EMR small prigpet an average
value close to 99% has been obtained for the effective afitgien both directions.

4.4.1 Rectangular bars

The four different readout configurations of the rectangalaape bars have been
studied in terms of pulse height and pull distributions (fegd.19). In both cases
the configuration with 2 WLS fibers glued in the bar hole (showth the black
lines) is the best one: as expected the use of the glue irg#aes light collection
and thus the signal readout at the end of the bar by the MAPN#&rger. On the
other hand also the tail of the noise peak is larger; thus &dest cut has been
applied to identify correctly the particle events from thease ones. The config-
uration with 2 WLS fibers without glue and the one with only diber glued in
the bar hole (red and green lines, respectively) show a airb#ghavior: in both
cases the pulse height peak issaB5 ADC. The worst case is the one with only
one WLS fiber without glue (blue line): the ADC value of the ggiheight peak
is ~ 2.5 times smaller than the one of the 2 WLS fibers+glue cordigum and
~ 1.6 times smaller than the one of the other two cases.

The efficiency of the four long rectangular bars has been aredsvith the same
method presented above for the EMR small prototype and isrsimofigure 4.20.
On the right side the efficiency of the bars readout with 1¢bine) or 2 (red line)
WLS fibers glued in the hole is presented: in both cases thaesftiy values are
greater than 90%. On the left side the other two studied cordtgns are pre-
sented: in this case the 2 WLS fiber configuration (green Bhejs an efficiency
value clearly larger than the 1 WLS fiber one (violet line).eTdonfiguration with
2 WLS fibers+glue is thus the best one with a maximum efficiaratye of about
98%. In all the four cases the region with poor efficiency esponds to the bar
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Figure 4.19: (a) The pulse height and (b) the pull distritmasi of the four rectan-
gular bars: as expected, given the glue increases the lojlecton, the best one
is the 2 WLS fibers+glue configuration.

hole (about 3.6 mm of diameter).
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Figure 4.20: The four long rectangular bars efficiency: baedout by fibers
not glued in the hole (left); bars with glued fibers (right)edRand green lines
represent the bars readout by 2 WLS fibers while blue and tviimles the bars
with 1 WLS fiber.
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The long bars have also been tested in terms of pulse heigh¢ffiniency as a
function of the particle impact position (i.e. the beam gios) with respect to the
MAPMT. For these tests a 1 mm diameter fiber without glue has lnsed instead
of the 0.8 mm diameter one. Four different positions havenl@®wsen and the
results are shown in figure 4.21. The red lines indicate thelSWbers+glue
configuration, the blue ones the 1 WLS fiber+glue case, thengomes the 2
WLS fibers without glue and the violet lines the 1 WLS fiber \eitiih glue. As
expected considering that the longer the travelled digtdine larger the light at-
tenuation, the pulse height values in all four cases fallnatffi the distance from
the MAPMT. In terms of efficiency, the 2 WLS fibers+glue configion is still
the best one: the efficiency value remains quite constan8#t icreasing the
distance of the beam with respect to the MAPMT. The 2 WLS filagtisout glue
and the 1 WLS fiber+glue configurations are in an intermegatation with ef-
ficiency values between 80% and 97%. The case of the 1 mm WLSWibieout
glue is the worst: the efficiency value falls off drasticajfiyom about 96% to
55%).
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Figure 4.21: The pulse height peak value (a) and the maxinftimeacy (b)
as a function of the particle impact position with respectite MAPMT (see
text for the detailed legend). In all the four cases the phtsght value falls off
increasing the MAPMT distance while the efficiency shows aatin decreasing
as the distance from the MAPMT increases except for the sibhghm diameter
WLS fiber without glue configuration.
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4.4.2 Triangular bars

The five triangular shape bars have been tested at the CERNOR&amMIine
with beams in a momentum range between 0.5 and 3.0 GeV/cethp was the
same used for the test with the EMR small prototyfypé | scintillator counter
+ two SIiBCs + 5 long bars). Each bar was readout with 2 WLS filg&red in
the bar hole and connected on both sides to a channel of thé@B7BIAPMT
(see section 3.2.2 for details) readout with the electobased on the MUSTAP
board.

4.42.1 Pedestal and noise

The pedestal and noise distributions measured with the fi@egular bars are
presented in figure 4.22: the average value of the pedest#l tise order of
1900-2000 ADC while the noise rms after the common mode subtragion
the range 0.51.5 ADC'°.

20
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2200 16 [
2100 [ 1k
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Nr. of channel Nr. of channel

(@) (b)

Figure 4.22: (a) The pedestal distribution (expressed inCAfdunts) of the
MAPMT connected to the five triangular bars. (b) The noise disgribution:
the black line represents the global noise rms while the nectbe common mode
subtracted one.

1%Even if a direct comparison with the FAST electronics is nasgible (given the two chains
are different), the use of the MUSTAP boards allows to redheecommon mode contribution.
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4.4.2.2 Bars behavior

The five triangular bars have been tested in terms of spasallution and effi-
ciency using the same particle position identification rdtbhsed for the EMR
small prototype. Figure 4.23(a) presents an example of gleeheight distribu-
tion of the bar with the maximum signal in the event: in thiseghe valley that
separates the noise peak from the one of the particle evemistipresent; this
fact could be associated to a non adequate coupling bethhe@iAPMT and the
WLS fiberdl. Also in this case, to fix the right threshold value to distirgl the

noise events from the particle ones, the pull distributibthe bar with the maxi-
mum signal in the event has been analyzed (figure 4.23(l®)pal cut has been
set at 1@ and has been checked on a run by run basis, given that theticmsdi
were different (night/day and thus light, MAPMT voltage gioe energy and col-
limators).

0 250 500 750 1000 12501500175020002250 70 250 500 750 1000 1250 1500 1750 2000
PH (ADC) PULL
(@) (b)

Figure 4.23: The pulse height (a) and pull (b) distributiafghe bar with the
maximum signal in the event.

The number of bars over threshold, that means the numberrsiviieh a signal
above 1@ in each event, has been computed exactly in the same waynugael i
previous tests (figure 4.24): as expected this number isdligi1 or 2, given the
triangular shape of the bars, and no differences betweetmthesadout sides are
present.

During the test of the five long bars at the CERN PS T9 beamtinepupling mask was used
and the alignment was not optimal.
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Figure 4.24: The distribution of the number of bars overshiadd: right side (top)
and left side (bottom).

4.4.2.3 Spatial resolution

The spatial resolution of the five triangular shape bars less levaluated with
the same residual method presented above: the differeteede the trajectory
reconstructed by the SiBCs and the one measured by the leanséives has been
computed and the result is shown in figure 4.25 (also in thsge the bar with the
maximum signal in the event has been chosen as the bar crogsled particle):

an average value of 7 mm has been obtained. Given the triangular shape of the
bar, the theoretical resolution value is in the range-9.% mm (since the readout
pitch is between 1.653.3 cm): the measured value is thus satisfactory

4.4.2.4 Efficiency

As mentioned above, the efficiency represents the numbeartit|es effectively
registered by the detector under test given a fixed numbeoad gvents crossing
the detector itself (equation 4.4). A different method fréme one used in the
previous sections has been adopted to evaluate both the biaugefficiency and
the global one (that means the average over all the five barkg following
procedure has been used:

12A more rigorous analysis, based on a cluster identificatiethod like the one used for the
SiBCs (Appendix B), should be adopted to identify the exaatiple position but it will be pre-
sented in the next chapter for the analysis of the final detect
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Figure 4.25: The residual distribution of the five triangubars: right side (top)
and left side (bottom). An average value-off mm has been obtained.

- the trajectories measured with the silicon detectors e projected on
the surface of the triangular bars and grejected histogran{figure 4.26(a))
has been filled with 1 in each event; it thus corresponds tbé&aen profile
at the triangular baz position (where indicates the position along the beam
axis) and represents the number of incoming particles (6mohinator of
equation 4.4);

- the same profile histogranstfadow histogramfigure 4.26(b)) for the tri-
angular bars has been filled with 1 depending on the pulséntegue. In
other words, if the signal of at least one bar in a given evaneeds the
threshold fixed by the pull distribution the histogram hasrbélled with 1;
thus the shadow histogram represents the number of goodsaveasured
by the triangular bars (the numerator of equation 4.4);

- theefficiency plothas been obtained as the ratio of the beam profile recon-
structed by the bars (the shadow histogram) and the one meebby the
silicon detectors (the projected histogram). The resuitaioed for the sin-
gle bar efficiency and the global one are presented in figu&sahd 4.28,
respectively. The regions with a smaller efficiency in figdra7 (green re-
gions) correspond to the edges of the triangular bars (figL2®) where the
light collection is smaller while the poor efficiency regionthe up right
corner of figure 4.28 is due to the trigger scintillator area;
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Figure 4.26: Theprojected histogranfa) and theshadow histogran(b) used to
evaluate the global and the single bar efficiency (see textdtails).

- in order to compute the exact value of the global efficiemcyertical slice
of the efficiency plot has been considered and fitted with ast@on (fig-
ure 4.30(a)): the arrows correspond to the position of tteloet WLS
fibers. An efficiency value of about 97% has been obtained énflét
zone for both the readout sides; the shape of the histogratimeimange
8.25-10 cm is due to the edge of the first triangular bar while ther gdo
ficiency region in the range-01.65 cm is given by the fact that the last bar
was out of the beam (figure 4.30(b));

- the same slicing method has been used to measure the simgifitiency>
and verify that the use of the triangular shape bar can stieefficiency
problem of the EMR small prototype presented in sectiord4(that is the
valleys in the efficiency plot). The result is shown in figur@¥4a): the
regions with poor efficiency of one bar overlap with the hidgficeency
regions of the two neighbouring bars so that the efficiencyaias quite
constant along the vertical direction (figure 4.31(b)).

13since there were only five bars under test and they were miagghe vertical direction, the
exact efficiency value is computed fitting only the vertidades of the total efficiency plot. As
it will be shown in the next section, considering the hori@bslices of the efficiency plot, it is
possible to evaluate the uniformity along the length of theitself (figure 4.33).
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Figure 4.28: The global efficiency measured by all the fiventgular bars: the
poor efficiency region in the up right corner is due to thedgggscintillator.

vertical position (¢m)

o 1 2 3 4 5 B8 7 8 9 10
harizantal position (cm)

Figure 4.29: Zoom of the single bar efficiency plot: the gresgions correspond
to the edges of the triangular bar where the ligth collecisosmaller.
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Figure 4.30: (a) A vertical slice of the global efficiency p(the arrows indicate
the position of the WLS fibers): an efficiency value greatemt®7% has been
obtained fitting the distribution with a constant. (b) Thagé of the histogram in
the range 8.2510 cm is due to the edge of the first bar while the last bar was out
of the beam causing a poor efficiency region in the rang#.65 cm.
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Figure 4.31: (a) A vertical slice of each single bar efficigptot. (b) The region
with poor efficiency of one bar can be recovered by the regitin ngh efficiency
of the neighbouring ones (the grey and red bands indicatestfien in which the
two bars are overlapped).
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4.4.2.5 Efficiency comparison

The behavior of the efficiency along and across the five lomg bas been stud-
ied for two different runs (that means in two different caimis'4). The global
efficiency plots obtained for the two runs are shown in figu&24 the two 2D
histograms have been obtained in the same way presentesl matious section.
The poor efficiency region in figure 4.32(b) (the yellow one~aB.5 cm in the
vertical direction) corresponds to the bar without glue poahts out the fact that
the use of the glue is thus fundamental to increase the ligldation.
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Figure 4.32: The global efficiency plot measured in two défé runs.

The comparison of the efficiency value is again based on ttiegimethod: hor-
izontal and vertical slices of figure 4.32(a) and 4.32(b)ehheen fitted with a
constant; in total 70 slices e¥ 1.4 mm of width, have been considered for each
direction (figure 4.33). In this way both the effective efficcy value across all
the bars and an estimation of the bar uniformity along itgtertan be calculated.
Figure 4.34 shows an example of the vertical and horizotitassfit for the first
run: the range of the fit has been chosen by hand in order tolfittbe flat zone
of each slice excluding the regions with poor statistice(l regions in the effi-
ciency plots).

The average of the values obtained from the fit of each sledésied in table 4.3:
a decrease of the measured efficiency has been found and draagsociated to
a worse light collection due to a movement of the MAPMT.

14The beam momentum was changed from 1 GeV/c in the first run te\8&n the second one
and the distance from the reference detectors (SiBCs) indfig18 was increased.
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Figure 4.33: The slicing method allows to compute both theesaf the efficiency
across the bars (vertical slice, red band) and the unifgraidng the bar length

(horizontal slice, blue band).

slice run#1 | run#2
horizontal| 97.27 %| 92.25 %
97.59 %| 92.45 %
vertical | 95.86 %| 90.56 %
95.39 %| 90.78 %

Table 4.3: Comparison of the efficiency values obtained withslicing method
for the two different runs.
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slices of the global efficiency plot.
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To obtain the behavior of the efficiency as a function of thdieal/horizontal
position the values of the fit of each slice have been ploteEgus the verti-
cal/horizontal positiotP. The results for both runs are shown in figure 4.35: the
poor efficiency region at 3.5 cm in the top of figure 4.35(b) corresponds to the
bar without glue. As mentioned above, a reduction of theiefiicy of ~ 5% has
been measured and has been associated to a change in tieeglidretween the
fibers and the MAPMT: given the mechanics used in the beanveshot optimal
(no coupling mask was used), when the bars were moved toaserhe distance
from the SIBCs, a shift of the MAPMT was caused, that in turmegaworse light
collection.
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Figure 4.35: Comparison of the horizontal slices (top) aedieal slices (bottom)
of the two runs; in both figures the black dots stand for thetrggde while the red
ones for the left one.

4.5 Electronics results

The following sections present some of the results obtamiduthe EMR small
prototype equipped with the MUSTAP board (at the beamteit@tCERN PS
T10 beamline) and the FEB prototype board (cosmic rays télsednsubria Uni-
versity); only the results in terms of noise and pulse hesgatdescribed given the

15For some of the considered slices (especially for the Ihteras of run #2) the statistics was
poor; in this case the value of the fit has been set manuallgrm z
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spatial resolution and the efficiency values are pracydhlé same presented in
the previous sections.

4.5.1 The CERN PS T10 results

The data taking at the CERN PS T10 beamline has allowed tohedt USTAP
boards connected to the EMR small prototype and study tlediawor in terms
of noise. The setup was the same used during the T9 beamdéin(EtdR small
prototype + two SiBCs type I scintillator counter).

The pedestal and noise rms distributions are presentedlireffy36 separately for
the horizontal and vertical layers: the up-down positiotwad following channels
in figure 4.36(a) (top plot) is due to the presence of a shdtténbondings of the
ASIC. The distributions of the global noise (black) and of tommon mode
subtracted one (red) are similar to the ones measured at@teedmline and an
average value in the range-3 ADC has been obtained for the common mode
subtracted one.
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Figure 4.36: The pedestal (a) and noise rms (b) distribatimeasured at the
CERN PS T10 beamline.

4.5.2 The cosmic rays results

Two FEBs equipped with the MAROC-II ASIC and connected whke EMR
prototype have been tested at the Insubria University wodnac rays in order to
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check the long term stability of the electronics and underdtits performances.
The setup consisted of the EMR small prototype, two SiBCsqulan the top of
the prototype and thiype Il scintillator counter.

The pedestal and noise rms distributions are presentedurefig.37: after the
common mode subtraction the noise rms value is in the rar@@ADC (the abso-
lute value cannot be compared with the previous one bechasddctronics chain
gain were different); moreover, connecting the board diygo the MAPMT, the
noise rms distribution is practically flat and does not pn¢gbe problem of the
spikes due to the cables that behave as antennas shown b&Sfedfectronics
(section 4.3.1).
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Figure 4.37: The pedestal (a) and noise rms (b) distribstroeasured during the
cosmic rays test.

Figure 4.38 shows the pulse height and pull distributionhefbar with the max-
imum signal in the event for one of the layers: also in thisecgss in the T9
beamtest) the noise events are well separated from thelpavties.
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Figure 4.38: The pulse height (a) and pull (b) distributiomsasured during the
cosmic ray test at the Insubria University: in this case thikey that separates the
noise peak from the particle one is clearly visible.



Chapter 5

Commissioning at UNIGE

The MICE Electron Muon Ranger (Chapter 3) is under consadit the Dépar-
tement de Physique Nucléaire et Corpusculaire (DPNC)eflneva University
(UNIGE). A full scale module (that means 1x and 1y layer) hasrbassembled
in January 2010: each layer contains 59 bars as in the finajrdbat is readout
with 2 0.8 mm diameter WLS fibers per bar. The module is undsmteh cosmic
rays since the beginning of the year: it has been equippeditts the MUSTAP
boards (section 3.2.1.1) and then with a prototype of thed=EBction 3.1.4.1).
This chapter is dedicated to the results obtained during dcbmmissioning pe-
riod: the detector behavior in terms of noise, spatial nesoh and efficiency is
presented; a detailed analysis of the cross talk is alsagiVke stripping proce-
dure of the raw data is the same used for the test on the ppat¢Appendix B).

5.1 Setup description

A schematic view of the setup assembled at UNIGE is shown undi§.1(a): the
module has been placed 1.1 m far from the floor and a wooden box provides
the light tightness; it also hosts a patch panel for the calAeset of two Silicon
Beam Chambers (SiBCs) of the same type used for the testgp(sesion 4.2.2)
has been placed on the floor together with & 10 cn¥ scintillator counter tfype
Il, section 4.2.1): the SiBCs provide the particle trackinglevthe scintillator is
used for the trigger.

Figure 5.1(b) shows a photo of the module during the asseoilthe FEBs (sec-
tion 3.1.4.1) and equipped with both the single channel Psiisthe MAPMT
ones. The single channel signals have been used neither tndger nor in the
data analysis; nevertheless they have been assembledentorderify the me-
chanical constraints of the module and to test their fumetiidy.

The goal of this commissioning period was the charactearaif the detector in

117
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Figure 5.1: (a) A sketch of the UNIGE setup: on its journeyparuic ray hits the
EMR module, the plastic scintillator trigger and a couple&s@Cs. (b) A photo
of the setup: the electronics patch panel is visible on tfie le

terms of spatial resolution and efficiency. The followingiaons of the experi-
mental setup have been performed:

- phase | the MUSTAP board has directly been connected to each R7600-
00-M64 MAPMT (with the H7546B assembly) and the efficiencg baen
studied varying the bias voltage of the MAPMTs and the holction;

- phase It in order to enhance the light collection at the MAPMT leag;
tical grease has been applied on the surface of the MAPMTemad to
the bars measuring the horizontal direction; at the same,tthre flexible
connector (section 3.1.3) has been installed on the veltagar and a set
of data has been acquired in order to evaluate its behaniaiticular its
effect on the common mode;

- phase It the standard MAPMTs have been removed and substituted with
two green enhanced ones, the same that will be used in theditattor
design;

- phase IV the module has been equipped with a prototype of the finat ele
tronics (two FEBs with the MAROC-II ASIC) working in analogade.

The behavior of the full scale EMR module has been studied thig¢ following
figures of merit:
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- thenoise it has been studied considering the pedestal runs acquineag
the different phases; in particular the common mode noisériboition has
been estimated for each MAPMT-fiber interface;

- the spatial resolution the residual method presented in section 4.3.3 has
been used,;

- the detectoefficiency the same slicing method used for the efficiency cal-
culation of the five triangular bars tested at the CERN PS Tribeme has
been adopted,;

- the cross talk when the light enters in one channel of the MAPMT, it
happens that, if the fiber mask and the MAPMT window are nofegdy
aligned, the light is spread also in the neighbouring chitieis means a
signal in a wrong channel is present causing a wrong reaactgin of the
particle trajectory. This effect has been studied in detadrder to obtain
the effective value of the EMR spatial resolution.

5.1.1 The DAQ

A schematic view of the DAQ used during the commissioning &3$JNIGE is
presented in figure 5.2: a SBS Bit3 board is responsible ofrttegface with a
PC running the Linux operating system and of the data trasson while an
Input/Output (1/0) board controls both the silicon chamB&C boards and the
EMR FEBs. The I/O is organized in two piggy back boards: nhasterone
(shown in red) handles the FEBs signals, the configuratigouf) and the read-
out (output) signals while thelaveboard (shown in blue) manages the silicon
chamber ADC boards. The input signals (light blue filled $nare brought from
the VME crate to the detectors through standard 34 line édistbles in a daisy
chain way while the outputs (red dashed lines) from the deté¢o the VME are
sent on parallel differential lines. The master board alaodhes the scintillator
signal to provide the readout trigger to the other boards.

The DAQ software has been developed in C with a user intedfaitten in Tcl/Tk
(figure 5.3); the output data are stored in binary files (PApigs) and processed
offline to obtain ASCII DST output files (see Appendix B for @ié); the analysis
software is written in FORTRAN.

The DAQ main window (figure 5.3(a)) allows the user to selbetc¢onfiguration
window or the acquisition one. The configuration windoMR(GGER VAG4fig-
ure 5.3(b) left) is used to load the trigger mask of each AS¥Gded in the FEBs
and enable/disable the self-triggering capabilityhe acquisition windowNIUS

1The self-trigger capability of the VA64TAP2.1 has not besediin the UNIGE setup.
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Figure 5.2: The overall DAQ scheme for the commissioningstas UNIGE. The
VME crate hosts two boards: the SBS Bit3 for the interfacénwilie PC and an
Input/Output one for the control of both the silicon chamB&C boards and the
EMR module FEBs; all the connections are based on standastéthcables.

ADC TESTfigure 5.3(b) right) allows to select the run type (pedestalata run),
the number of events and the hold value for both the FEB ASH@itlae silicon
chambers.

5.2 MUSTAP board results

In the following sections the results obtained in the firet&phases are described;
in particular the noise behavior with the different expegintal setups is presented.

5.2.1 Noise behavior

The pedestal runs acquired during the first three phases e analyzed in
order to study the variation of the noise rmgFigure 5.4 presents the behavior
of the noise rms before (black) and after (red) the subwactif the common
mode contribution: the spikes show that on some of the cHauinere is a noise
problem. Both inphase lland inphase llIthe global noise rms is larger than the
one inphase Iwhile the common mode subtracted noise rms is small enoudh an

2The pedestal distributions are not presented here givgmtbee practically the same obtained
in the beamtest with the EMR small prototype at the CERN PSbEEInline (section 4.5.1).
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Figure 5.3: The DAQ user interface: (a) the main window andife configura-
tion and acquisition ones.

quite constant in all the three cases.

The values of the global noise rms, of the common mode cartioib and of the
noise rms after its subtraction are listed in table 5.1: af/tre use of the flexible
connector and of the green enhanced MAPMTs caused an ieaétdse common
mode contribution (and thus of the global noise) after itistection an average
value for the global noise rms in the range 8 ADC has been obtained, that is
~ 2—3 ADC larger than the configuration without the flexible. Nekeless, in
case of a digital readout (as in the final detector at RAL) gitree output signals
are sampled only if over threshold, the overall global ndias to be kept under
control not to either increase the number of sampled charordb lose channels
with an effective signal.

5.2.2 Bars behavior

The same patrticle position identification method adoptethduhe test phases
has been applied in the analysis of the module at UNIGHe global distribu-
tions of the pulse height, that is the pulse height valueldhalbars of each layer,
has been considered (figure 5.5(a)) to study the behavidreaftodule: the peak
at ~ 8000 ADC corresponds to the events in which the electrorfiesncis sat-
urated. Given the length of the cables was not optimal (th#he cables could

3In the following only the results from a run gthase Il are shown as an example of the
obtained distributions.
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Figure 5.4. The noise rms distributions measured duringfitkethree phases:
even if the global noise is larger adding the flexible conoeend the optical
grease, the common mode subtracted one remains in the rar@A[RC.
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phase| layer | global noise rmg CM noise| CM-sub noise rms

[ADC] [ADC] [ADC]

I Y 13.43 8.19 2.34
X 10.44 8.92 3.28

Il Y 25.07 12.90 5.97
X 15.36 8.73 3.47

1] Y 19.15 14.93 5.98
X 14.37 12.04 3.37

Table 5.1: The noise rms behavior as a function of the diffeMAPMT-fiber
interfaces: an average value in the range62ADC has been obtained for the
global noise rms after the common mode subtraction.

not be as short as needed), both negative and positive sigralpresent in the
distributions: this means the signal may be sampled on thershoot (at least
for some channels).

For this reason a scan on the hold value has been performedeénto optimize
the readout (figure 5.5(b)), trying both to minimize the sated signals and to
sample all the channels in the same way (that is all positihvalanegative). A
hold value of 60 ns has been chosen corresponding to a sanpiithe under-
shoot in most cases. In the analysis, the absolute valueegbulse height has
been used: figure 5.6 shows an example of the pulse heightudindigiributions
obtained for the bar with the maximum signal in the event. Trreshold (red
lines) is set considering both the pulse height and the pullexcluding the re-
gions corresponding to the noise (high peaks near 0).

The pull distribution has also been used to compute the numbbars over
threshold (figure 5.7); the threshold has been set on a rurubybasis given
the different setups: the typical range for the pulse heggittand the pull one
was 80-100 ADC and 25-350, respectively. The same method used in the test
phases has been adopted: event by event a counter variadiedaincreased of
1 whenever the pulse height value was over the thresholdAsugxpected, given
the geometry of the setup, the number of bars over threskdigically 2.

5.2.3 Particle position identification method

To reconstruct the exact position on each EMR layeluster-finding algorithm
has been adopted: a cluster has been defined as a group giuougibars with a
signal over the threshold set with the pulse height and pudl (figure 5.8(a) top).
The identification of the cluster has been performed usiaddtowing procedure
based on the same center of gravity method used for the SiBGjseadix B):
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Figure 5.5: (a) The global pulse height distribution of orldRElayer (the other
behaves in the same way): both positive and negative sigmalpresent given
the cable length. (b) The pulse height distribution foreliént values of the hold
signal: the best choice for the module readout is the blaek(bald=60 ns).
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Figure 5.6: The global distribution of the absolute valudha pulse height (a)
and pull (b) of the bar with the maximum signal in the event.
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Figure 5.7: The distribution of the number of bars over thodd for both layers:
typically 2 bars were crossed by a particle in each event.

- the pulse height of all the bars of each layer has been cadpaith the
threshold: if the signal of a bar overcomes the cut, the barldeen con-
sidered as the one crossdagd) by a particle and its number has been
identified (figure 5.8(b) gives an example of the used proesgu

- the differencaliff between each couple of “fired” bars has been computed
in order to evaluate the number of clusters in each layer aachtimber of
bars composing each cluster:

- two clusters are considered as separated (figure 5.8(arbpit the
differencediff is greater than 2; the distributions obtained for each of
the EMR layers are shown in figure 5.9(a): the single clustents
are~ 5 times the multicluster ones in both layers;

- if the differencediff is smaller than 2 a counter variable defining the
number of bars in each cluster has been increased of 1; tlagebt
distributions are shown in figure 5.9(b): as expected, gitlergeome-
try of the setup, in most of the events the cluster is compo$dd-3
bars. A number of bars per cluster greater than 2 has beeniaksb
to the cross talk effect; in particular in the vertical laybe worse
interface with the MAPMT caused a larger number of bars pester;

- for each cluster in the layer the position of the particle haen defined as:

> (BAR; *width« PH)

xweigemr=
g >, PH

(5.1)
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Figure 5.8: (a) Schematic view of the cluster-finding altjori: the position on
each EMR layer has been computed with equation 5.1. (b) Seloéthe method
used to compute the number of clusters in each layer and timdewof bars per
cluster.

where the index runs over the number of bars composing the cluster, PH
is the corresponding pulse height anailth is the transversal dimension of
the bar (that is 3.3 cm) used to convert the position in cm (@¢u8(a) top).

Once the particle position has been identified, the profgégrams for both the
directions have been considered (figure 5.10): as expedadtdthe distributions
are quite flat given the cosmic flux is constant in the azimudhraction.

5.2.4 Spatial resolution

The spatial resolution of both the EMR layers has been eteduaith the same
residual method presented in section 4.3.3 for the testgshadke residual distri-
bution (that is the distribution of the difference betwelea position reconstructed
by the SiBCs and the one measured by the layers themsehs&ebgba computed
and the result is shown in figure 5.11. Both the single clustents and the
multicluster ones have been considered: the distributhave been fitted with a
Gaussian function and the ranges of the fit have been choséaryy in order
to exclude the tail regions that are affected by the crossdtiect. This effect
is clearly visible in the top of figure 5.11(b) in which two atidnal peaks are
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Figure 5.9: (a) The distribution of the number of clustengitally each layer
has a single cluster per event. (b) The distribution of theniner of bars per
cluster: in most cases the cluster is composed-e8 bars (including the cross
talk contribution).
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Figure 5.10: The cosmic rays profile measured with the EMR uteadvertical
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present at- 25 cm reflecting again the fact that in the vertical layer th&fNT-

fiber mask interface is worse.

An average value of 7.4 mm has been obtained considering the single cluster
events while the spatial resolution value grows up-t8 mm for the multicluster
events: nevertheless, both the results are satisfactaryrenagreement with the
theoretical value is good enough, considering that the ipleltCoulomb scatte-
ring contribution has not been excluded in the residualuatmon.
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Figure 5.11: The spatial resolution measured with the EMRIutey both the
single cluster events (a) and the multicluster ones (b) h&en considered: an
average value of 7.4 mm and~ 8 mm has been obtained, respectively.

5.2.5 Efficiency

A slicing method similar to the one used for the test phasesti(e 4.4.2.4) has
been adopted to compute the efficiency of the EMR module atGE\khe fol-
lowing procedure has been uéed

- the trajectories measured with the silicon detectors leen projected on
the surface of each of the EMR layers. Trejected histogran(that is the
beam profile at the EMR position) has been used to define a fiducial area
(red square in figure 5.12) with a statistics large enoughkhecomputation
of the efficiency value; this means that only the particlethai trajectory
between—20 cm andt-40 cm in both directions have been considered;

4The same nomenclature used in section 4.4.2.4 is used here.
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Figure 5.12: The projected histogram measured with the SiB& been used to
identify a fiducial area with a statistics large enough (rguise) for the efficiency
calculation.

- for all the single cluster events in the fiducial area, treédeal of each layer
has been computed: an event is considered good if the chesdea residual
value in the range-5.5 cm, that is only the particles which have a residual
value in the central peak of figure 5.11 have been taken irdowt. Fig-
ure 5.13 shows an example of good and bad events measureel srtical
EMR layer;

- the shadow histogranfor each of the EMR layers has been filled with 1
whenever a good event has been reconstructed by the lagenséives;

- theefficiency plof(figure 5.14) has been obtained as the ratio of the beam
profile reconstructed by the EMR layers with the correctdeal (the shadow
histogram) and the one measured by the silicon detectongifiducial area
(the projected histogram);

- to compute the exact value of the efficiency both along anosaahe bars,
the horizontal and vertical slices of figure 5.14(a) and f)l4ave been
fitted with a constant; in total 59 slices,18.6 mm wide (that is one slice for
each bar), have been considered for each direction. Thewvalotained in
the fit have been then plotted as a function of the verticakbatal position
(figure 5.15). To extract the final value of the efficiency, avith a constant
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Figure 5.13: Example of good (a) and bad (b) events measyrdaebEMR ver-
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tical layer: an event is considered good if the particleeirtyry is in the range

defined by the red square in figure 5.12 and the residual iinathget5.5 cm.
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function has been performed: an efficiency value of about &% been
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Figure 5.15: Comparison of the horizontal and verticalediof the two EMR
layers: vertical (a) and horizontal (b) layer. An efficiengglue of~ 91% has
been measured for both layers.

- given the values obtained for the efficiency were not satisiry, a more
detailed analysis has been performed to refine the good setattion. In
particular the contribution of the so-calletlion decay evenkss been stud-
ied. When the muon interacts with the EMR module, in factre¢hg a non
zero probability that the muon decays inside the trianghks (or trav-
elling between the module and the SiBCs) and the producedraeis
detected underneath by the silicon chambers (figure 5.1B8p the possi-
bility of having two tracks coming from air showers, giveretkize of the
EMR module, is not negligible. This means that, even if treonstructed
trajectory is inside the fiducial area defined in figure 5.h#%5 event must
be excluded in the calculation of the efficieRpy

- the computation of the muon decay event contribution aeceiclusion of
such events in the efficiency calculation have been perfdrooasidering
again the residual distribution. Taking as an example tigca layer:

5In particular, referring to the efficiency definition (eqioat 4.4), the muon decay events must
be excluded in the computation of the denominator.
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SiBC 1
SiBC 2 \/

Figure 5.16: Schematic view of a muon decay event in the EMRuigo in
~ 6.5% of the cases the muon interacting with the EMR modulaykemside it or
after the bar layers and the produced electron is detectéueb§iBCs underneath
giving a single track event in the chambers. These eventsimeusxcluded in the
efficiency computation.

- whenever the cluster residuakeswas in the range-5.5 cm, the event
has been considered good;

- whenever the cluster residugleswas larger thant5.5 cm, also the
cluster residual in the horizontal layetrég has been computed and
the event has been considered good onlyrds was smaller than
+5.5 cm: these cases correspond to an inefficiency of thecaérti
layer;

- the cases in which boyyresandxreswere larger thart5.5 cm corre-
spond to the muon decay events.

In this way ~ 6.5% of the total events in the fiducial area have been iden-
tified as muon decay events and have been excluded from tlcesedy
calculation;

- the new 2D efficiency plots filled with the correct number otpts are
shown in figure 5.17;

- the same slicing method presented above has been used poithe ef-
ficiency trend and the results are presented in figure 5.18:nthasured
efficiency is of the order of 98% for both the EMR layers and the unifor-
mity along the bars themselves has been confirmed.
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Figure 5.17: The efficiency plot measured after the exclusiothe muon decay
events: vertical (a) and horizontal (b) layer.
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Figure 5.18: Comparison of the horizontal and verticalediafter the exclusion
of the muon decay events: vertical (a) and horizontal (b3da%n efficiency value
of ~ 98% has been measured for both layers.
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5.2.6 Cross talk

As mentioned above, a non adequate alignment between theMMA#indow
and the plastic fiber mask causes the light entering in onee@MAPMT chan-
nels to spread also in the neighbouring ones. This effectasvk asoptical cross
talk® and leads to a wrong reconstruction of the particle positionparticular,
this means that the spatial resolution value is affectedhisyetffect and the results
presented in the previous sections are not the effective.one

Figure 5.19 shows an example of event display as measurdtkebsettical layer
(module viewtop) and as seen at the MAPMT window leveIAPMT view bot-
tom): the red squares indicate the bars over threshold.idmthy it is possible to
distinguish the bars that are over threshold given the dadkseffect (blue circle
and arrows) from the good ones that effectively identify plaeticle position (red
ellipse and arrows). Given the geometry of the setup, a nuofd®ars per cluster
larger than 2 is due to the cross talk effect; the maximum kEmgange to have
a trajectory in all the three detectors (SIBC1 + SIiBC2 + EMReR is in fact
smaller than the maximum angular range to hit more than twe iathe EMR
layers (figure 5.20(a)). Moreover, given the fiber orderinthea MAPMT window
level (figure 5.20(b)), the gap between bar # 24 and # 26 indigut9 reflects the
fact that a number of bars per cluster larger than 2 is effelsticaused by cross
talk and not because the particle crosses more than two bars.

The cross talk effect has been investigated in detail wighfofiowing procedure:

- only the single cluster events with a good residual valbat(is in the range
+5.5 cm) have been taken into account;

- for each group of hits (that is for each cluster) the centéhe cluster, that
is the bar with the maximum signal (or, equivalently, the MAPpad with
the maximum signal), has been identified,;

- a 3 by 3 grid around it has been considered (figure 5.21(aph eell of
the grid has been filled with 1 whenever the correspondingeékis over
threshold,

- the resulting lego plot for each of the EMR layers (figurexl§b) and 5.21(c))
gives the percentage of the different cases in which the Ighliffused
among the MAPMT pads; the corresponding values (expressédt) iare
listed in table 5.2. In a cross talk event, in fact, the lighmh be spread in the
up/down pads or both (that is, referring to figure 5.21(all,#d and # 6),
in the rigth/left ones or both (cell # 2 and # 8) or in the diagloones (cell
#1,#3,#7 and # 9) with respect to the central pad,;

8For a detailed description of the processes that lead tortiss ¢alk effect see [97].
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Figure 5.19: EMR event display: both timeodule view(top) and theMAPMT
view (bottom) are shown. The red squares indicate the bars oresttbld: given
the cross talk effect, two additional bars are over thregKlolue arrows).
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Figure 5.20: (a) The angular range to have a trajectory ithalthree detectors is
smaller than the one to hit more than two bars in the EMR layersimber of bars
per cluster larger than 2 can thus be associated to the alissftect. (b) Bars
ordering at the MAPMT window level: the black numbers indecthe MAPMT
pad number while the red ones the corresponding bar number.
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Figure 5.21: Pad numbering for the cross talk percentagepatation (a). Lego
plot for the vertical (b) and horizontal (c) EMR layer: an dpwn shift of the
MAPMT with respect to the fiber mask is present in both layers.

type 1123 4 5 6 | 718]9
vertical layer | 0. 0.{0.| 34.1| 100.0) 3.1 | 0.|0.|O.
horizontal layer| 0. | 0. | 0. | 1.5 | 100.0| 32.8| 0. | 0. | O.

Table 5.2: The cross talk percentage (expressed in %) meghsuith the EMR
module (the pad numbering is the same shown in figure 5.21(a))
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- an up/down shift of the MAPMT with respect to the fiber masgrissent in
both layers as expected given the fiber ordering at the MAP&EI|

Once the cross talk has been taken into account the resicitigabdtion has been
recomputed to extract the final value for the detector spasmlution; in this case
only the result obtained taking into account the singletelusvents is shown in
figure 5.22: as expected, smaller values (of the order of 6 hawg been obtained
excluding the cross talk events.
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Figure 5.22: The spatial resolution measured after thesa@g correction con-
sidering the single cluster events: an average value 8mm has been obtained.

5.3 FEB results

In the following sections the preliminary results obtaimedhe last phase (that is
with a prototype of the MAROC-II FEB) are presented.

5.3.1 Pedestal and noise

Figure 5.23 presents the behavior of the noise rms befoeeKblnd after (red)
the subtraction of the common mode contribution measuréld the final FEB:
the global noise rms distribution of the first MAPMT (the onéhathe flexible
connector which measures the vertical direction) is showrthe top while the
distribution for the second layer is presented in the bottGmen the noise of the
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first MAPMT was very low, its distribution has an irregularagie. After the com-
mon mode subtraction the noise rms value is quite constantailvthe channels
and is in the range-24 ADC for both the MAPMTSs.
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Figure 5.23: The noise rms distributions measured with th&R@AC-Il FEB

(phase I\J: once the common mode contribution has been subtracteddise
rms has a value in the range-2 ADC.

5.3.2 Bars behavior

Figure 5.24 shows the global distributions of the pulse hieaind of the pull of
the bar with the maximum signal in the event measured dypimase 1\ also
in this case the valley that separates the particle eveois the noise ones is
clearly visible. The threshold (red lines) is thus set edirlg the high peaks near
0: whenever the pull of a bar is larger thanalthe event is considered as good
and the particle position has been computed using the metteseénted in sec-
tion 5.2.3.

The cluster-finding algorithm has also been used to cakeule number of clus-
ters in each layer and the number of bars composing eaclecligiure 5.25): in
this case a better alignment between the MAPMT window andilbee mask has
allowed to reduce the cross talk effect and consequentlgitigge cluster events
are~ 10 times the multicluster ones while the number of bars pester has a
value of 1-2 in most cases.
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Figure 5.24: The pulse height (a) and pull (b) distributie@fighe bar with the
maximum signal in the event measured with the MAROC-II bdatdase 1\): the
valley between the noise peak and the particle one is wehe@fand a threshold
value of~150 has been chosen.
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Figure 5.25: (a) The distribution of the number of clusteatso in this case the
events are typically single cluster events. (b) The distidn of the number of
bars per cluster: in most cases the cluster is composed-@ftfars (given the
better alignment of the MAPMT with the fiber mask).
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5.3.3 Spatial resolution

The residual distribution (see section 4.3.3 for detailspsured by the two EMR
layers during the last phase of the commissioning is presentfigure 5.26; the
single cluster events have been considered and the obtdistedution has been
fitted with a Gaussian function. In this case the distribusbown in figure 5.26 is
the one computed after the subtraction of the cross talkbéteer MAPMT-fiber
mask alignment iphase 1V in fact, allows to reduce the cross talk contribution.
Also in this case a preliminary average value~06.8 mm has been obtained and
is in good agreement with the theoretical one.
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Figure 5.26: The spatial resolution measured considehiegingle cluster (a) and
the multicluster (b) events: as expected, a spatial rasolvalue similar to the
one measured with the MUSTAP boards has been found.

5.3.4 Efficiency

The same slicing method presented above (section 5.2. 5glesisadopted to com-
pute the efficiency duringhase IV in figure 5.27 the comparison of the vertical
and horizontal slices is presented: even if the statistio®t large enough, also in
this case a preliminary value ef 98% for the efficiency has been measured.

5.3.5 Cross talk

The same procedure presented in section 5.2.6 has beerouseduate the cross
talk contribution in the last phase (figure 5.28).
As mentioned above, the better alignment between the MAPMilow and the
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Figure 5.27: Comparison of the horizontal and verticaledimeasured during the
phase IV an efficiency value very close to 98% has been obtained fur the

layers.
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Figure 5.28: Lego plot of the vertical (a) and horizontal [@yer: in this case
the better alignment between the MAPMT and fiber interfacargtees a lower
cross talk among the MAPMT pads.
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fiber mask leads to a reduction of the cross talk effect thahase IVis practically
absent (see also the values listed in table 5.3).

type 1123 4 5 6 |718|9
vertical layer | 0.|0.]0.]0.5| 100.0/ 0.2]0.|0.| 0.
horizontal layer| 0. | 0.| 0. | 0.2 | 100.0{ 0.4| 0. | 0. | O.

Table 5.3: The cross talk percentage (expressed in %) nmeghsuth the EMR

module (the pad numbering is the same shown in figure 5.2litalfis case the
cross talk between the MAPMT pads is greatly reduced giveétter alignment
with the fiber mask.



Chapter 6

Conclusions& Outlooks

Since the '30s, when Pauli first solved the anomaly obsenvéda3 decay, neu-
trino physics has played an important role in the field of modghysics; nev-
ertheless some aspects still need to be studied and coukkesph the first steps
beyond the Standard Model. For this reason, the developofemw facilities
and new techniques (that should provide neutrino beamstivildesired inten-
sity, purity and collimation to deeply investigate the nmawd nature) represents a
fundamental step for the future of particle physics. The Mianization Cooling
Experiment, together with the Neutrino Factory and Muoni@et Collaboration,
works in this direction and in particular aims at developargl testing a cooling
section to experimentally demonstrate the ionizationiogakechnique of a muon
beam (which in turn produces neutrinos).

This thesis work has been performed in the framework of th€&Experiment
and in particular has focused on the design, the constructie tests and the
commissioning of the Electron Muon Ranger (EMR). EMR willfdaced at the
end of the MICE cooling section and will provide the muonéélen separation
needed for the emittance measurement.

EMR consists of 48 layers of extruded scintillator bars veitiiangular cross sec-
tion readout by a single Wave Length Shifter (WLS) fiber gluedhe bar hole
and connected on both sides to single channel (PMT) andanoltie (MAPMT)
photomultipliers. The PMT signals are sampled and digitikg a Wave Form
Digitizer (WDF) while the conditioning of the MAPMT signaits performed with
a dedicated board (tHerontEnd Board based on the MAROC ASIC and tested
in this thesis work.

The construction of EMR has required several characteoizaests to define the
final design and, in particular, the use of triangular shags,lihe number of WLS
fibers per bar and the use of the glue inside the bar hole. Forghson, a small
scale prototype of EMR (with only 8 layers and shorter barthwai rectangular
cross section) has been built to define the assembly proeeshat to use it as a
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test bench for the optimization of the final electronics. Tinetotype has been
tested with extracted particle beams at the CERN Proton [8gtron with two
different electronics chains (tHeAST electronicand theMUSTAP boardboth
based on the VA64TAP2.1+LS62 ASICs) obtaining good results in terms of
spatial resolution{ 6.5 mm) and efficiency~ 99%). Together with the pro-
totype, dedicated setups have been developed to undets@maprovement in
efficiency moving from a rectangular to a triangular shapeda for the study of
the cross talk at the MAPMT level.

A third electronics chain (that is the final one based on theR@&E ASIC) has
been tested with cosmic rays with the small scale prototypgkealnsubria Uni-
versity and with the first two EMR layers assembled at the Brsity of Geneva
(where EMR is under construction). The spatial resolutlonrbeans of a couple
of high spatial resolution silicon detectors) has been mneasto be~ 6.5 mm af-
ter the subtraction of the cross talk contribution. The &dficy is of the order of
~ 98% and the uniformity across and along the bars themsebagebden verified.
As far as the next future is concerned, the last version oéléetronics has to be
implemented. Given the MICE beam structure (one good evestyes s in a
1 ms spill every second) a digital readout of the MAPMT sigmalist be consid-
ered. The analog readout, being multiplexed, last2.8us and is incompatible
with the experimental duty cycle. For this reason the corsiargng and tests of
the final FEB working in digital mode are needed. The EMR detdastallation
at RAL is foreseen in spring 2011.

The MICE and the Neutrino Factory and Muon Collider Colladimns are also
involved in long term projects. As mentioned in Chapter &, piysics potential
of a Neutrino Factory will guarantee unprecedent precisinrihe measurement
of the neutrino oscillation parameters and will offer thespibility to study both
the QCD and the slow muon physics. Nevertheless, there areotirer main
technologies to produce neutrino beams of large intensityparity:

- the so-callecsuper Beams (SBEO0] in which the proton beam is produced
with an unprecedent power (up to 4 MW) and the associatedweschave
a very large fiducial mass. In particular, the so-callfétAxis Beam (OAB)
method [48] will be used to achieve very low contaminatiorthia beam
and to producess with an energy independent from the one of the parent
beam (figure 6.1(a));

- the so-calledBeta Beams[iBs) which are based on the concept (first pro-
posed by Zucchelli [50]) of creating a high purity, well colated, well
defined and intense, andve beams from th@3-decay of radioactive ion-
ized ions (typically Ne and He nuclides); figure 6.1(b) shawpossible
future scenario for a Beta Beam complex at CERN [24, 50].
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Figure 6.1: (a) Schematic principle of the Super Beam prodo@nd correlation
between thew and 1t energy. (b) Schematic layout of a possible Beta Beam at
CERN [24].

Even if these technologies (and the one presented in Chhfdea Neutrino Fac-
tory) are based on different methods, they share some conaspmcts: the most
important and intriguing is the R&D of the near and far detext In particular,
several detector types have been foreseen [53]:

- the Magnetized Iron Neutrino Detecto8liNDs, figure 6.2(a)); they are
very large mass sampling calorimeters (typically made oh/steel and
scintillator) immersed in a magnetic field able to providettedantimatter
distinction and to increase the neutrino interaction pbolig (thanks to
their very large mass); they represent the baseline optonéar and far
detectors of a future Neutrino Factory complex and will bérajzed for the
detection of thegyolden channefthat is the appearance channgl— v,);

- the Liquid Argon detectord Ar TPCs, figure 6.2(b)); they consistin Time
Projection Chambers (TPCs) made of massive (up to 100 kemgedmate-
rial that provide high uniform and accurate imaging; theyl e used in a
Neutrino Factory, together with the MINDSs, to detect thecafledplatinum
channel(v, — ve);

- the Totally Active Scintillating DetectordASDs) in which a large mass of
scintillator (up to 35 kton) is segmented in both directi¢psoviding the
particle position identification) and immersed in a 0.5 T metgg field. The
most popular design is an extrapolation of the MINERexperiment [95]
and consists of triangular shape bars with the same crossrsetthe ones
used in EMR but with a length up to 15 m (figure 6.3); they repneshe
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Figure 6.2: (a) Two examples of the MIND design. (b) Layouadfiquid Argon
detector.

most versatile detector type and could be used both in SE3Brfdcilities
to provide electron/muon/pion separation with high efficg

Figure 6.3: (a) Schematic view of a TASD: the typical dimensi are
15x15x150 n?. (b) The triangular shape bars have a>3137 cn? cross sec-
tion and a length of 15 m.
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As mentioned above, these detector types represent theoetiefs in the detec-
tor technology and open the way towards an intense R&D prodpath from the
instrumentation and the physics points of view. In paraculledicated studies on
the way to produce such detectors, their electronics anlajproblems related to
the mechanical constraints and the assembly will be neediethr as the TASD
is concerned, the development of EMR could represent a fepttewards its con-
struction. In particular, different aspects in the desigd angineering of a TASD,
that is the production of scintillator bars with a considdedength (and thus the
uniformity along the bar itself), the development of thecasated electronics (that
must be fast enough and able to operate in magnetic fieldsylesign of the me-
chanical support for several tons of material and all thebjanms related to the
fiber glueing, are still open questions and will become @&uiti case of such a
large mass detector. The knowledge acquired in this thesis and, in particular,
during the tests with the prototype (that is the need of glumtrease the light
collection and the choice of the exact number of fibers pey &iad during the
construction of the final detector (in terms of mechanicsasskmbly procedure)
are thus fundamental steps. Moreover, EMR could be usedest bench for the
development and the optimization of a different electrsmicain based on Silicon
PhotoMultipliers (SiPMs).
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Appendix A

Tests on the FEB prototype

Several characterization tests have been performed orrthetype of the Fron-
tEnd Board (FEB) in order to verify both the functionality hfe FEB and the
capabilities of the ASIC. The schematics of a single chaohéhe MAROC-II
ASIC assembled on the FEB is given in figure A.1. It has 64 chmrach one
consisting of a preamplifier (blue rectangle in figure A.lgdmg three different
paths (red rectangles in figure Al1)
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Figure A.1: Architecture of a single channel of the MAROCABIC.

1For a complete description see section 3.1.4.1.
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A scheme of the test setup is given in figure A.2. It consists of

- the FEB prototype under test (see section 3.1.4.1 for a tetmplescrip-
tion);

- an oscilloscope to see the input/ouput signals (the FEBé®mtwo LEMO
connectors for the hofdand trigger outputs);

- a multimeter to control and measure the DAC threshold \&lue
- a pulse generator that provides the input signal;

- a VME crate that hosts the VME MAROC control board and a SBS fir
the data transfer;

- a PC with the Linux operating system with both the DAQ sofevand the
analysis routines.

multimeter

—

TH

sScope @_ﬂ’f: readout
e ;. %ol

Send

HOLD

TRIC-;GER
MAROC board

Figure A.2: Scheme of the test setup for the FEB prototyps tétsconsists of the
board under test, an oscilloscope, a multimeter, a pulserger, a VME crate
and a Linux PC.

2The hold signal represents the time between the trigger and the minersignal itself is
sampled and held. Its value can be set by the DAQ software.
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A.1 Test procedure& results

The MAROC-II analog output has been studied as a functionffgrdnt tunable
parameters; the following procedure has been applied:

- the so-calleghedestahndnoise rmglistribution$ have been acquired in or-
der to evaluate the behavior of each ASIC channel in case sigmal. The
obtained results are shown in figure A.3(a): the red histogrethe bottom
figure corresponds to the noise rms after¢benmon modsubtraction (see
Appendix B for details);

- a 1V square pulse with a frequency of 10 kHz (the so-catigltbration
signal) has been sent to a capacitor connected to each channel.ldiia g
response, that means the average over all the 64 channglbgba com-
puted; figure A.3(b) gives an example of the obtained digtidn: it has
been fitted with a Gaussian function to determine the peakiposind the
obtained values have been used in the following analysis.
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nr channel 2 -
- 400 |
14 3
120 300 |
10; 3
Qsf 200 |
< 6F 3
ar 100 |
2F I
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nr channel ADC value

(a) (b)

Figure A.3: (a) Pedestal and noise rms distributions: tliehistogram repre-
sents the common mode subtracted noise rms. (b) Example &dlssian fit to
measure the mean value of the response of all the channetgteage pulse input.

The tests performed on the FEB prototype board were thevwollg:

3They indicate, respectively, the baseline and the noiseofitise complete electronics chain
(see Appendix B for details).
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- ahold scanfor a fixed value of the preamplifier gain has been performed
to reconstruct the shape of the signal and measure the hloiel theat corre-
sponds to the signal maximum. The output signal amplitudeoean mea-
sured for different hold values in the range 260 ns as mentioned above:
the peak mean positions obtained with the Gaussian fit haye fetted as
a function of the hold values. The results for three testeatd®are shown
in figure A.4: in all the cases the hold peak issa?0 ns;
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Figure A.4: Hold scan of 3 boards: the shape of the signal bas beconstructed
and the peaking time corresponds to a hold value G0 ns.

- with a fixed hold value of 70 ns (that means at the signal pes&gan on
the input voltage amplitude has been performed to test the linearity of
the ASIC. The input voltage has been varied in the range 6 XY while 4
values for the preamplifier gain have been choserB(416—32; 16 corre-
sponds to the unity gain that is the preamplifier input is étputhe output).
The mean values corresponding to the peak positions havegdieted as
a function of the input voltage: the results for all the foairgconfigura-
tions, together with a linear fit (violet lines), are giverfigure A.5. For all
the studied gain configurations the linearity has been eeriiip to an input
signal of 1 V while the flat regions for gain values of 16 and 8&espond
to a saturation of the MAROC-II ASIC;

- the signal shape and its durationhave been studied varying the slow
shaper parameters; a schematic of the slow shaper arch#estpresented
in figure A.6(a): there are 3 feedback capacitors, commoril the chan-
nels, that can be switched on and off independently.
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Figure A.5: Linearity of the slow shaper for 4 different gamlues.

The channel response to the calibration signal (with a fix@der of the
preamplifier gain of 16) has been recorded and fitted with as&au func-
tion in the hold range ©250 ns. All the 9 possible configurations have been
investigated and the result is shown in figure A.6(b). As ekpd chang-
ing the three capacitors the shape of the signal has beerfietbdihe best
choice for the EMR MAPMTs readout is the one with all the thcapaci-
tors enabled that corresponds to the slower output sigfatKIsolid line in
figure A.6(b));

- atest of thdinearity of the DAC has been performed. Figure A.7(a) shows
the DAC schematics; it is divided in two parts:

- one 16 bit thermometer DAC made of 16 switched identicalemtrr
sourcesiges = 20 pA) for coarse tuning;

- one 8 bit switched scaled current source DAC for fine tuninigeré-
fore 3« (164 8) bits must be sent serially to load the whole DAC mask.

The DAC linearity was checked by scanning the thermomete€ [jthe
coarse one) and keeping the fine tuning bits all disabled. arhplitude
of the threshold output signal has been measured (with themater) en-
abling 1 by 1 each bit of the DAC: the result is presented inrGgh.7(b)
where the linearity is verified up to 12 enabled current sesirc

- thebehavior of the FAST shaperhas been studied. The schematics of the
two fast shapers is shown in figure A.8: bipolar (left) andpafar (right).
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Figure A.6: (a) Slow shaper architecture: the three tunéseback capacitors
are indicated as &75 fF, G=150 fF and G=300 fF. (b) Slow shaper analog
output as a function of the feedback capacitors setting.
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Given the output of the unipolar shaper is faster than theobtiee bipolar,
only the bipolar fast shaper has been tested.

Bipolar Fast Shaper Unipolar Fast Shaper
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Figure A.8: Schematic view of the two fast shapers: bipdikeit)(and unipolar
(right).

All the 16 possible configurations changing the two resssénd the two ca-
pacitors in figure A.8 have been investigated (only 16 chwighe ASIC

have been tested). A train of square pulses with a frequeht§ kHz and

variable amplitude has been sent to each channel. The nwhbeunts,

that is the number of times that the input signal overcomesditreshold,
has been acquired for each channel with a VME scaler varyiadhresh-
old.

Figure A.9(a) gives a representation of an event while figuB{b) shows
the corresponding threshold scan:

- when the threshold value is very small the system is alwaggdred
(that means the output signal of the shaper is always hidtzer the
one of the discriminator): the registered counts value is O;

- increasing the threshold, the ASIC counts twice the numbpulses;
this is due to the undershoot (that becomes an overshodteaither
edge of the square pulse (this situation corresponds tcetthdire in
figure A.9(a));

- when the threshold reaches the value indicated by the bieerifig-
ure A.9(a), the ASIC counts the effective number of pulses;

- finally when the threshold is too high, the shaper signal neresses
the threshold and the system does not count.
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Figure A.9: (a) Schematic view of the threshold scan prilecifb) Fit of the fre-
guency (defined as the the ratio between the number of condtha acquisition
time) as a function of the threshold.

For each of the 16 channels, the number of counts registgrételzhannel
as a function of the threshold has been fit with a step function

f(x) =axerf((—(x-b))xc)+d (A.1)

where erf is the error function
2 X
erf(x :—/ exp —t3]dt A2
(== |, exd-—t (A2)

The two parameters of interest dr@andc in equation A.1 that represent re-
spectively the threshold value corresponding to the mehrea the signal
(inflection point in the curve) and to its spread. Fitting fflaameteb, and
taking c as its error, as a function of the pulse amplitude, it is guesio
test the linearity of each single channel.

The result for one of the studied configurations is given inrggA.10(a):
typically each channel is linear up to a 200 mV input signha(tcorre-
sponds to~ 9 MIPs with a preamplifier gain of 16) for all the studied con-
figurations.

The slope of the linear fit corresponds to the gain of each redlawhile
the constant term is the channel offset (that is the O of teerhinator).
Figure A.10(b) shows the gain spread and the offset one ®déchan-
nels; the data obtained fitting with a Gaussian function e gnd offset
distributions for all the configurations are listed in tabld.;
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| R50kQ | R100KQ | C50fF| C 100 fF|

gain |

offset |

0

0

0

0

0.736-+ 0.0167

1810.5+1.2

3.853+ 0.449

1434.9+ 5.3

4.596+ 0.334

1470.4+19.1

3.371+ 0.082

1427.5+ 5.1

3.649+ 0.204

1465.4+ 7.3

3.091+ 0.031

1407.9+ 2.7

3.516+ 0.061

1413.9+ 2.3

2.687+ 0.047

1398.8+ 2.1

2.921+ 0.023

1415.6+ 1.6

2.183+ 0.023

1421.9+ 25

2.321+ 0.044

1426.8+ 2.2

1.885+ 0.014

1415.0+ 1.0

2.016+ 0.045

1427.5+ 6.9

1.656+ 0.022

1423.6+ 1.0
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1.821+ 0.027

1422.0+ 2.1
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|
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1.587+ 0.153

1402.7+ 2.2

Table A.1: Gain and offset values for all the 16 studied camgons (1 means

disabled while 0 means enabled).
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- one of the MAROC-II features is that the discriminated sigauration is
correlated to the pulse height of the shaper output; thisns@areadout
based on the Time Over Threshold (TOT) principle can be implated. It
is presented in figure A.11(a): the red signal stays abovihtieshold for a
time interval T2 while the blue signal does the same for a timerval T1.
If it were possible to find a relationship between the timeghgmal stays
over the threshold and its amplitude, an “analog” info wdogdextracted.

70 [

[ —
60
//

50 //
gl /.
e L irst
= I / 3 /indt 1883
R
S 30 P1 -25.3

[ / P2 2.32

P3 -0.1922E-0
cond

X*/indf 5103 / 1
[ P1 39.3
10 P2 0.12

~NTNTw PTTINTO

g 4 O20 40 60 80 100 120 140 160 180 200
-hme input amplitude (mV)

(a) (b)

Figure A.11: (a) Time Over Threshold principle. (b) Fit o&tfiime Over Thresh-
old: the first part of the curve (up to 45 ns) has been fitted vjlnadratic function
while the second one has been fitted with a linear function.

The TOT measurementshave thus been performed varying the input sig-
nal amplitude and keeping the threshold value fixed (at anppéier gain

of 16); the time width has been measured with an oscilloscbpe result is
shown in figure A.11(b); two fits have been performed: up to ¢fe rela-
tionship between the time width and the signal amplitudea#l described
by a quadratic function, then the correspondence becomesrli



Appendix B

Analysis procedure

A stripping procedurdnas been applied to all the data collected in the data taking
periods presented in Chapters 4 and 5 in order to select af spianl events

The event selection has been performed considering th@8iBeam Chambers
(SiBCs) data in order to use only the single track events,dre single particle
crossing all the detectors.

The data taking/analysis procedure has been divided ie thifferent steps:

- acquisition and analysis of the so-callgetlestal rur{section B.1); the elec-
tronics baseline, its noise and common mode have been dttalévaluate
a threshold for each silicon strip (bar) to identify the pér{bars) in which
the particle has deposited its energy. This threshold Jsdisaalso been used
in the ADCs to perform the so-callembro suppressign

- data acquisition and selection of the good events (sed@i@j; for each
event, particles can hit one or more silicon stripsfuster-finding algorithm
has been applied to identify the exact position of the plarticthe detector
using a center of gravity method;

- data storage (section B.3); the stripping program geasras an output an
ASCII DST (Data Summary Tape) file, containing the relevafdrimation
of all the detectors: the event time, the hit position in thiec@ Beam
Chambers and the pulse height of each EMR channel.

1The stripping procedure was the same for all the data takémipgs; the examples presented
in these sections are taken from the data analysis of therifwregular shape bars (see section 3.2.2
for details).
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B.1 Pedestal analysis

A particle crossing a detector deposits a charge which is &meplified, sampled
and sent to the ADC for the digitizatién

When no signal is present, the baseline level digitized le&yABDCs (due to the
complete detector+electronics chain) is caledlestal

A pedestal run is obtained acquiring data with a random éiiggorder to evaluate
the electronics baseline and theiseof each channel: 200 triggers are randomly
generated and the mean value of each channel of the ASIGsesyis the pedestal
while the rms corresponds to the noise.

Figure B.1 presents an example of the pedestal distribati@me silicon detec-
tor and of the MAPMT connected to the five triangular bars; ttivee different
regions in figure B.1(a) correspond to the three readout AQ8€e [103] for de-
tails). Figure B.2 presents the global noise rms (blackslirend the noise rms
after the common mode subtraction (red lines).
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Figure B.1: (a) The pedestal distribution (expressed in Add@nts) of one tile

of one silicon detector: the three different regions cqoesl to the three read-
out ASICs. (b) The pedestal distribution of the MAPMT corteelcto the five

triangular bars.

The common mode noise defined as the noise contribution due to the external
noise on the detector bias line (for example the electromignoise). In other

2|n the case of the silicon detectors this procedure is peréorby the ADC board while for
EMR a dedicated frontend board, the FEB, is used (see Chafdedetails).
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Figure B.2: (a) The noise rms distribution of one Silicon Be@hamber and (b)
of the MAPMT connected to the five triangular bars. The blaokd represent
the global noise rms while the red ones the noise rms aftecdinemon mode
subtraction.

words, the common mode noise corresponds to a common eeriatithe base-
line of all the channels on an event by event basis. The fatigyrocedure has
been performed in order to compute the pedestal and thesitmoise rms (that
is without the common mode contribution):

- calculation of the pedestal and noise rms values of ea) str

- calculation of the common mode:
sN(raw; — pede)
N

] — number of ASIC i— number of channel (B.1)

j=1,23 and i=1,..,128 (SiBCs

j=1 and i=1,..,64 (barg
event by event, the pedestal value of each chanped€) has been sub-
tracted from the raw datagw;) and the mean valu€M;) has been com-
puted ASIC by ASIC excluding the dead or noisy channdlgndicates the

number ofgoodchannels); the rms value associated to this number (i.e. the
rms of CMj) represents the common mode noise of a single ASIC;

C|V|j =

- subtraction of the mean value of the common mode on an eweavént
basis from the raw data;
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- re-calculation of the pedestal and noise rms distribgion

Figure B.3(a) shows an example of the common mode distdbudf one silicon
chamber ASIC: the mean value~s0 while the rms is~ 3.3 ADC. Figure B.3(b)
shows the correlation of the common mode distribution of thfterent ASICs
connected to the same silicon detector: the correlatiorodstnates that the com-
mon mode noise is a detector feature.
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Figure B.3: (a) The common mode noise distribution of oneCSASIC. (b) The
common mode correlation of two readout ASICs of the samemsilchamber side.

The value of the common mode for the SiBCs (figure B.2(a)) esudy negligi-
ble with respect to the intrinsic noise. This means the AD&s work in azero
suppressiomode. In fact if the common mode noise is high the threshabadilsh
be increased reducing the detector efficiency. On the othued hhigh noise and
standard threshold means a larger number of strips to rean@eéule (since they
are over threshold) and thus a smaller DAQ rate.

The threshold was set to 5 times the overall noise rms (thats®~ 25—-30 ADC
referring to figure B.2(a)).

B.2 Single track events selection
To identify the number of the strip, and thus the positionwimich the particles

release their energy, theull distribution has been considered. It is defined as
the ratio between the pulse height (that means the sign#tteathannel with the
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maximum signal in the event and its corresponding noise naateiy event: in
practice the signal is expressed in terms of its noise rms.

The pull distribution of one silicon detector is shown in figB.4(a): the shape
of the distribution is due to the fact that the detector has fboating strip (see
section 4.2.2 for details). When the patrticle crosses theecef the floating strip,
each of the two neighbouring readout strips collects 38%eftbtal charge and
the pulse height is lower [103]. This case corresponds tfistgpeak, named in
figure B.4(a), while the higher one, namBds the one due to the particle crossing
a readout strip (see [103] for details). The lower peak ne&@ i figure B.4(a))
corresponds to the noise events that means the events wsigoal.
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Figure B.4: (a) The pull distribution of one silicon detectthe high peak near 0
corresponds to the noise events while the other two peakesept the fact that
a floating strip method is exploited to readout the silicotedtr [103]. (b) The
distribution of the number of strips per cluster.

Considering the pull distribution it is possible to fix a thineld in terms of noise
rms in order to identify the strip with the maximum signal. &imel by channel,
the pedestal has been subtracted from the raw data of egelstr the obtained
value compared with the threshold (typically the choseadhold was 16). The
strip with the maximum is the one whose signal overcomes thatthreshold and
the signal of all the other channels.

Given the capacitive coupling and the fact that the trackglance angle is not
90° with respect to the strip, the charge is readout by severghbeuring strips:
this group of contiguous strips is calletuster. Thus acluster-finding algorithm
has been applied to identify the exact position of the particthe detector using
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a center of gravity method. The identification of the clustas been performed
considering the strips that surround the one with the marinamd choosing a

lower threshold for the signals of these strips (typicallg thosen threshold was
50). The position of the particle is defined as:

2 (STRIR xPH)
B % PH
where the index runs over the number of strips composing the clustérit is
the pulse height. The distribution of the number of stripsgester is shown in
figure B.4(b): as expected each cluster is composed-@f dtrips.
The single track events have thus been defined as the onesich whly one
cluster is present in every silicon detector tile.

Xpos (B.2)

B.3 DST file

The set of good events obtained using the stripping methsdritbed in the pre-
vious sections has been organized in a DST file for each rgonitains:

- afirst row with the noise rms of all the channels connectatedibers (80
for the EMR small prototype + 4 for the rectangular shape bsist 10 for
the triangular bar data taking and 128 for the EMR module cgssioning
at UNIGE);

- arow for each event with: the event number, the absolute tmseconds,
the position measured by the silicon chambers (x1, y1, x2, tyi2 pulse
height of each MAPMT channel.

B.4 Silicon detector alignment

Given the silicon detectors have not been installed wittokibs precision (both
in the beamtest setups and in the commissioning phase @mesjfline detector
alignment procedure is needed for a correct analysis.

The procedure was based on the translation of the coordsyatem of one of the
two SiBCs (figure B.5(a)), that is:

- the distribution of the difference of the particle positi@constructed by the
first SIBC and the one measured by the second SiBC has beemutzhfpr
each direction:

Xo—X1=a

B.3
Y2—y1=Db B3



B.4 Silicon detector alignment 165

SIBC 2
SIBC 1 A =]
‘ <«
------------------ P
Y.| yE
a I -
:xz
| b
| : . |
X 20 -15 -10 0 5 10 15 20

il '.5
difference (cm)

(@) (b)

Figure B.5: The Silicon Beam Chambers alignment proced(aka translation
of the coordinate system of the second SiBC has been perforibgthe distri-
butions of the difference of the particle position recounsted by each SiBC: the
one calculated after the alignment is shown in red.
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- if the detectors are perfectly aligned, the distributisrcentered on O (red
histogram in figure B.5(b));

- if the detectors are misaligned (blue histogram in figurg(B)) the values
computed with equation B.3 are used to translate the axelseoécond
SiBC to obtain the red histogram.
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