@‘ CERN-THESIS-2020-254
X 17/12/2020

UNIVERSIDAD COMPLUTENSE DE MADRID

FACULTAD DE CIENCIAS FISICAS

TESIS DOCTORAL

Analisis de la produccion y propagacion de la luz de centelleo
en el detector de doble-fase WA105

Analysis of the scintillation light production and propagation
in the WA105 Dual-Phase demonstrator

MEMORIA PARA OPTAR AL GRADO DE DOCTOR

PRESENTADA POR

Chiara Filomena Lastoria

DIRECTOR

Dra. Carmen Palomares Espiga






MADRTD

DECLARACION DE AUTORIA Y ORIGINALIDAD DE LA TESIS
PRESENTADA PARA OBTENER EL TIiTULO DE DOCTOR

D./Diia. Chiara Filomena Lastoria
estudiante en el Programa de Doctorado DYAD - Doctorado en Fisica \
de la Facultad de Ciencias Fisicas de la Universidad Complutense de

Madrid, como autor/a de la tesis presentada para la obtencion del titulo de Doctor y
titulada:

5

"Analisis de la produccion vy propagacion de la luz de centelleo en el detector de doble-fase WAILODS"

" Analysis of the scintillation light production and propagation in the WA 105 dual-phase demonstrator”

y dirigida por: Dra. Carmen Palomares Espiga

DECLARO QUE:

La tesis es una obra original que no infringe los derechos de propiedad intelectual ni
los derechos de propiedad industrial u otros, de acuerdo con el ordenamiento juridico
vigente, en particular, la Ley de Propiedad Intelectual (R.D. legislativo 1/1996, de 12 de
abril, por el que se aprueba el texto refundido de la Ley de Propiedad Intelectual,
modificado por la Ley 2/2019, de 1 de marzo, regularizando, aclarando y armonizando
las disposiciones legales vigentes sobre la materia), en particular, las disposiciones
referidas al derecho de cita.

Del mismo modo, asumo frente a la Universidad cualguier responsabilidad que
pudiera derivarse de la autoria o falta de originalidad del contenido de la tesis presentada
de conformidad con el ordenamiento juridico vigente.

En Madrid, a 30 de septiembre de 2020

Firmado por LASTORIA CHIARA
FILOMENA - DNI Y4576620W
Fecha: 30/09/2020 22:03:03
CEST

Fdo.:

Esta DECLARACION DE AUTORIA ¥ ORIGINALIDAD debe ser insenada en

la primera pagina de la tesis presentada para la obtencidn del titulo de Docior.






A te,
che non smetti di combattere e,
nonostante dubbi e paure,

non ti arrendi.

"Un giorno, quando le cose andranno bene, ti guarderai indietro e sarai orgogliosa di non esserti

arresa.”

Hevrin Khalaf






ACKNOWLEDGEMENTS

If T learned something during my Ph.D. is that what really counts is every single
step you do (or not do) toward the “end”. But most importantly, that you have
no idea how the “end” will look like until you reach it and that it will certainly be
different from all the ways you have tried to imagine it. Covid-19 docet! So, here
I am: trying to summarize my acknowledgements to all the people who helped me,
whether they wanted to or not, to arrive here.

First, I would like to thank Carmen. During these years, and especially the last
months, there have been some tough moments or animated conversations, but they
all ended up with additional clarifications that helped me to question what I was
doing or how I was doing it, forcing me to be sure about motivations, methods, and
answers I was giving or I had to find. Although in a different way, I received the same
kind of teaching from the rest of the CIEMAT neutrino group: in particular, Inés
and Clara, as well as all the engineers (Enrique, Sergio, Antonio). It was because
of that, I learned to believe in myself and my intuitions, taking the responsibility to
defend them, independently on the (mostly, still unknown) result. I would say, that
in this way I understood what doing research means.

Secondly, I would like to express my gratitude to the whole Light analysis group
(especially Laura, Thorsten, and Michael) and all the discussions we regularly had
that encouraged me in carrying out my analysis.

Finally, I would like to thank Ana and Alessandra for carefully reading this
manuscript and for their suggestions and their support (not only this time), which
represented a strong motivation for me.

I would like to thank the CIEMAT Basic Research Department (in particular,
Nica, Marcos, Isabel) that welcomed me since when I arrived; a special thanks is
for Marta, Sonia, Ana, M. Carmen, Ricardo, and Pilar that have been always so
willing to help with the Spanish bureaucracy: if I didn’t get lost, it is really thank

to you alll As well as, the ae-suport (in particular, Jaime, Juanjo and Antonio) that



had always a solution for my technical (let’s call them) issues; Jaime, you literally

avoided a couple of heart attacks!

I am particularly grateful to Angel that always found time to guide me or solve my
doubts related to the University, especially in the last months. For similar reasons,

I would like to thank Pedro and Francisco for their willingness and kindness.

Thanks to the CIEMAT neutrino group support I had the opportunity for two long
amagzing experiences at CERN, first, and at LAPP, later. In both cases, I have been
so lucky to meet special people that made those months really fantastic. Let’s start
from the beginning. First of all, thanks to Alberto. I was still wondering how those
months at CERN would be or what I should have done when you soon made me
feel so comfortable that I realized from the beginning that I was starting an exciting
journey. Sometimes, we had different points of view, but I've always learned a lot
from you. Now, I have to find the right way to express my great thankfulness to
Silvestro. You have always found time for a coffee, a skype (long skypes, actually!), a
chat, and I always could count on you. If today, instead of declaring war on ROOT,
I am curious to learn how to improve a code, believing that I can do that on my own,
it is also thanks to you. It was thanks to both of you, and thanks to introducing me
to the rest of the Italian group, that you reminded me “our” way to discuss physics
(and coffee, and food, and cooking, and music, and books, etc..), that really made
me feel at home. By the way, this is something that must be written in Italian, non
mi dimenticheré mai quanto sia stato piacevole riconoscere ’accento cosi romano di
Manrico di fronte ad un buon caffé Nespresso! Thanks to Stefania and Francesco; |
owe a lot to the discussions we had looking for an explanation of a result that is still
not conclusive; that reminded me of a nice way to do research. About that welcoming
atmosphere, I really want to thank Kevin, Christoph, Laura (Molina), and Cosimo
for contributing to making that period, and all the “re-encounters” that followed,
some of the best times I had during the last four years! And thanks to Andrea; we
had to wait for the Neutrino Conference before finding a connection, but from that
moment I'm really grateful for all the interesting (and fun) discussions we had, from
Paris..to Civitanova del Sannio (pensa tu!)!

Finally, a special thank is to Laura (Zambelli). It is not only about the nice time
we had in Annecy, but also for all T learned with you (my way to coding has been
completely transformed..and for the first time I was proud of my codes!), all the
possibilities you proposed me (Paris and Manchester, just to mention two of them),
and, most of all, the trust you showed about my ideas and/or results; it was a very

hard-working time, but it really (reminded and) changed my way to do physics! My

ii



time there would not has been so nice without Thomas-Gasparetto, Alessandro (and
his Moka!), Fabiana, Francesco, Florian, Thomas, the rest of LAPP people..ah, and
the ArtMalté beers and saucissons!

Last (but not least), about people I met “by-chance”, I would like to tell my gratitude
to Davide. I consider myself lucky to have encountered your enthusiasm for physics,
your knowledge, and the openness to sharing them; these qualities are far from

common!

Nevertheless, the Ph.D. it was not done by only nice parentheses abroad, but
most of all from the day-by-day life. So, the second long list is dedicated to my
“companeros, de despacho y de cafés’! Gracias a Diana, una amiga més que mi
vecina de mesa!l La lista de llamadas y conversaciones (a cualquier hora del dia
y de la noche), experiencias, viajes, cervezas (y patatas-bravas) que hemos vivido
juntas podria ser infinita! Pero han hecho que mi experiencia madrilena, a pesar
de todo, haya podido ser tan bonita! Ah, perdéna si has empezado aprendiendo
italiano a través de mis cabreos hacia la pantalla del ordenador! te aseguro que el
italiano es mucho més bonito que eso! pero piensa que gracias a esta preparacién,
podras ir paseando por Roma con la misma tranquilidad de un romano-de-verdad!
Gracias a MA, mi referencia desde mi primerito dial No creo que hubiera sido
capaz de aguantar tanto sin tu amabilidad, disponibilidad, y conocimiento increible
sobre..dirfa ROOT (porque sabemos todos que eres el hijo segredo de René Brun!),
pero no es sélo esto; es cualquier duda computer-related, es la burocracia de la
Complu, y es, sobre todo, la passion por todo lo que te gusta! Creo que nuestras
conversaciones, yo hablando italiano y tu hablando espanol, son lo més original que
me llevo de mi experiencia aqui. Un gracias muy grande es para Ana, confieso
que echo mucho de menos nuestras pequenas conversaciones pronto por la mafnana,
antes de empezar el dia. As{ como gracias a José, por el tiempo tanto aqui como en
Ginebra. He aprendido mucho de vuestra actitud, muchas veces diferente de la mia,
que me han ensefiado otra manera de enfrentarme a las situaciones. Luego, un gracias
muy grande es para Edgar, y todas las veces que hemos salido del trabajo todavia
buscando interpretaciones sobre que le pasa al argén liquido o al fit y sus parametros!
Han sido mis salidas del trabajo de las “mds divertidas”. Y a Martin y Ivan con
los cuales, juntos con los demés, hemos compartido tanto escapadas originales como
simple cervezas que han aligerado mi dia-dia en frente de un ordenador. Un gracias
grande es también para Mab y Adri, con los cuales creo hemos organizado la cena de
Navidad maés elegante de toda la historia de las cenas de Navidad (..si, si, lo sé que

todos los organizadores de cenas-de-navidad pensamos lo mismo, pero la cura que

iii



hemos puesto nosotros ha ido muuuucho més alld de lo normal!); para Mar y nuestras
compras de ropa swing y nuestros vinos (no te olvides que nos queda por lo menos
otro antes que vuelvan a cerrar otra vez!); para ManuGrande, Carlos, Miguel-Polo,
Antonio, Irene, Jaime, Manuelino que desde las primeras semanas que he llegado en
Madrid me habeis ayudado a descubrir la naturaleza alrededor de Madrid (todos, de
diferentes formas, habeis contribuido en ensenarme el espiritu espanol - y madrileno
- cuya pasionalidad es unica); para Hector, Sergio, Miguel-Molero, Iker, Carmen
que con todos los demds, me han acompanado en una de las cosas que m&s me
gusta de haber vivido aqui: bailar, con la ligereza y la naturalidad que sélo aqui he

encontrado!

Hablando de Madrid y espiritu madrileno, un gracias especial es sobretodo para
Esther y Crugz; la primera, una amiga desde hace mil anos ya, y la segunda, una
nueva amiga que he podido conocer mucho més en estos anos. Os debo muchisimo!
Creo que llegar a escribir estas lineas no hubiera sido lo mismo sin la seguridad de

saberos cerca, desde que he llegado el aeropuerto el primer dia!

Infine c’¢ la mia “famiglia” e la mia famiglia che vanno ringraziate!
La prima, i miei amici di sempre, coloro che sento come il mio faro (romano e non),
non importa a quanti km di distanza siate da me. Elisa, che definire un’amica
& oggettivamente riduttivol Mi ritengo incredibilmente fortunata a saperti al mio
fianco sempre, non c¢’¢ lockdown che tenga. Ah! ho gid prenotato la terrazza di
Angelina per recuperare come si deve! Fede e Fra (e le piccole Gi e Ci), il nostro
ritrovarci a testare quanto siamo ancora disposti a rimanere lontano da Roma la
dice lunga su quanto sia grata a questa citta per avermi permesso di costruire un
legame cosi bello e resistente. Anna, fisicamente il mio punto saldo nela citta eterna
(ad essere onesti, direi Furio Camillo e nel nostro caro amato Pigneto!), e Amica
di concerti, musica, album, viaggi e chiacchierate...torneremo presto, (prestissimo!)
a preparare una valigia per una meta cosi! Antonio, che non & né un amico, né
un cugino; ¢ semplicemente la bellezza di sapere che ci sono legami che resistono
al tempo e alla distanza al di la di qualsiasi cambiamento. Michele e Daniela, e
i nostri (re)incontri e cene/vacanze che spesso “non esistevano” ma che mi hanno
sempre restituito tanta energia. Isa, Simone e la piccola Sofia, che mi ricordate che,
in fondo, basta davvero poco per mantenere vive le amicizie. Kimasa, stavolta non
quella a quattro zampe, ma la mia seconda casa romana, che ha sempre lasciato la
porta aperta per i miei ritorni. Infine, Paola, che mi hai aiutato ad imparare come
cambiare prospettiva; potrebbe apparire scontato, ma non lo &. Ogni volta che mi

sono sentita lontana o sola, ho sempre avuto la certezza che su di voi avrei potuto

iv



contare! Grazie infinite per la vostra Amicizia distance-independent!

Ora dovrei trovare un modo, non ripetitivo, per ringraziare voi, la famiglia quella
naturale (i miei genitori e Marta); e non so farlo senza commuovermi. Non avete mai
smesso di ripetermi che ce 'avrei fatta, nonostante tutto. Non vi siete mai stancati
di ascoltarmi, incoraggiarmi e aiutarmi ogni volta che la vista sembrava offuscarsi.
Devo tanto, tantissimo, all’interesse che avete sempre mostrato per quello che faccio
(nonostante possa risultare incomprensibile) e vi sono infinitamente grata per tutte
le volte che vi siete entusiasmati con me. Un grazie in piu lo devo a te, sorellona (che
sei diventata una donna, ormai, che stimo tantissimo), perché e stato soprattutto
grazie alle tue cazziate, quando necessarie, che ho smesso di dubitare di me. E a
Mario, che é quel fratello maggiore su cui so di poter contare. Grazie a zia Mariella
(e a zio Giorgio), che rimani il mio esempio di riferimento! forza, perché, presto,
passera anche questa; a Lindona-mia e alla sua fermezza mista alla sua semplicita,
per cui provo una grande ammirazione; a Mathieu e alla sua gentilezza, cosi come a
Gaby e Alex, perché tutti insieme formate quel pezzo di famiglia allargata a cui mi
sento piu vicina (nonostante un oceano di mezzo) e che ringrazio perché avete visto
piu lontano di quanto fossi capace io..e avevate visto giusto. E infine grazie ai nonni,
gli zii, Angela, che si perdono in quello “che studio” (vi assicuro che non siete i soli)
e, soprattutto, a zio Carmine, la persona senza dubbio piu geniale della famiglia, la

cui forza € un esempio per tutti.






Contents

Acknowledgements

List of Figures

List of Tables

Resumen

Abstract

1 Novel giant liquid argon TPCs to study neutrinos

1.1 Neutrino physics in a nutshell . . . . . . . ... ... ... .......

111
1.1.2
1.1.3
1.1.4
1.15

Historical overview on the neutrino physics. . . . . . . ... ..
Neutrino oscillations, what did we learn so far? . . . . . .. ..
Overview of the oscillation parameters . . . . . .. .. .. ...
Open questions in neutrino physics . . . . . . . .. ... .. ..

Long Baseline Experiments . . . . . . . .. ... ... ... ..

1.2 General principles of a LAr-TPC . . . . . . .. .. ... ...

1.21
1.2.2

Single-Phase technology . . . . . . . . . .. ... ... ... ..

Dual-Phase technology . . . . .. .. ... ... ... .....

1.3 The Deep Underground Neutrino Experiment . . . . . . . .. ... ..

1.31
1.3.2
1.33
1.3.4
1.35

DUNE physics goals . . . . . . . . .. ... .
LAr as a target for neutrino interactions . . . . .. .. ... ..
Neutrino beam . . . . . . . ... o
Near Detector . . . . . . . . . . . .
Far Detector . . . . . . . . . . . . . e

1.3.5.1 Expected advantages of the DP technology . . . . . .

1.4 The DUNE FD prototypes at CERN . . . . . ... .. ... ... ...

141

vi

DP prototypes: from R&D setups to ProtoDUNE-DP . . . . . .
1.41.1 Small R&D prototypes . . . . . . .. ... ... ...

xi

xviii

xx1i

© ~N O W N ==



1.4.1.2 WA105 DP demonstrator . . . . . . ... ... .... 34

1413 ProtoDUNE-DP. . . . ... ... ... ........ 36
1.5 The added value of the light detection in a DP

LA-TPC . o o e 37
2 Working principles of a Dual-Phase LAr-TPC 39
2.1 Energy depositionin LAr . . . .. ... o 39
2.2 The physics in the liquid phase . . . . . .. ... ... ... ...... 41
2.2.1 The ionization and recombination process . . . . . .. ... .. 42
2.2.1.1 Recombination models . . . . . ... ... ... 43
2.2.2  The primary scintillation light mechanism . . . .. . ... ... 45
2.2.2.1 Light yield, dependence with the LET and the drift field 47
2.2.2.2  The scintillation time profile . . . . . ... ... ... 49

2.2.2.3  The intermediate component and proposed hypotheses
onitsorigin . . . ... L L L 50
2.2.2.4 Relative contributions of fast and slow components . . 51
2.2.3 Propagation of the scintillation light . . . . .. ... ... ... 53
2.2.3.1 Rayleigh scattering length . . . . . ... ... ... 56
2.2.4 Electron transport properties . . . . . . ... ... 58
2241 Driftvelocity . .. ... ... . 58
2.2.4.2 Electron diffusion . . . . ... ..o 60
2.2.4.3 Space Charge Effect and drift field lines distortion . . 60
2.3 Effect of the electronegative impurities . . . . . . . .. ... ... .. 61
2.3.1 lonization electrons attachment . . . . . . . . ... .. ... .. 62
2.3.2 Scintillation light quenching . . . . . . .. ... ... ... ... 62
2.3.3 Enhancement of the scintillation light absorption . . . . . . .. 63
2.4 The physics in the vapour phase . . . . . . ... ... ... ..., 65
2.4.1 Electrons extraction, amplification, and collection . . . . . . .. 65
2.4.2 The secondary scintillation light production . . . . . ... ... 67
243 Secondaryeffects . . .. ... .. 69
2.5 Discussion on the LAr properties . . . . . . . ... ... 70
3 The WA105 demonstrator for a large scale dual-phase LAr-TPC 73
3.1 Detector description . . . . . .. ... oo 73
3.1.1 Cryostat, cryogenic and LAr purification systems . . . . .. .. 77
312 FieldCage . . . . . . . . 79
3.1.3 Charge Readout Planes . . . . . .. .. ... ... ... .... 80

vii



3.1.4 Demonstrator operation . . . . . . ... ... L. 82

3.2 Photon detection system . . . .. ... 85
3.2.1 Wavelength shifter options . . . . . . ... ... 86
3.2.2 PMT High Voltage divider circuits . . . . . .. ... ... ... 87
3.2.3 Light Data Acquisition . . . . . . ... ... .. 89
324 PMT calibration . . . . .. .. ... L o L 89

3.3 Cosmic Ray Taggers as an external trigger system . . . . . . .. .. .. 90
3.3.1 CRT reconstruction of the muon tracks . . . . ... ... ... 92
3.3.2 CRT-PMT DAQ communication . . . . . . . ... ... .... 97

3.4 The PMT self-trigger as internal trigger system . . . . . ... ... .. 98

3.5 Total events collected for the light analyses . . . . .. ... ... ... 99

3.6 Analysis framework . . .. ... 100
3.6.1 PMT waveforms . . . . .. .. .. ... ... ... 101

3.7 Characterization of the PMT response . . . . .. . ... ... ..... 103
3.7.1 ADC dynamic range saturation . . . . . . ... ... ... ... 103
3.7.2 PMT linearity . . . . . . . . . 103
3.7.3 PMT Pedestal and RMS stability . . . . ... ... ... .... 108

3.8 Muon-like event selection from the CRT external trigger . . . . .. .. 109
3.8.1 Topology of muon-like selected events . . . . . . . . ... ... 114

3.9 Performance of the photon detection system . . . . ... ... .... 115
3.9.1 Basic features of the prompt scintillation light signal . . . . . . 116
3.9.2 Reduction in the geometrical acceptance due to the PMMA plate 117
3.9.3 Impact of the HV divider configuration on the collected charge . 119
394 totime. . . . . 122
3.9.5 Validation of the photon detection system design for future detectors123

4 The scintillation light production in the liquid phase 125

4.1 Study of the scintillation time profile . . . . . . . ... ... ... 126

4.1.1 Test of the fit procedure through a toy MC . . . . . ... ... 129
4.1.1.1 Optimization of the fit procedure . . . . .. ... .. 134
4.1.1.2 Impact of the 4 ns digitization sampling . . . . . . .. 134
4.1.1.3 Impact of keeping Tgast fixed . . . . . ..o 137

4.1.2 Study of the systematics . . . . .. ... ... ... ... ... 139

4.2 Characterization of the scintillation time profile in absence of drift field 145
4.2.1 Monitoring of the LAr purity through the 74,y decay time . . . 145
4.2.2 Measurement of the slow and the intermediate decay times . . 147
4.2.3 Relative probability amplitudes and the fog factor . . . . . . .. 149

viii



4.3 Effect of the drift field on the scintillation light . . . . . ... ... .. 154
4.3.1 The light recombination factor . . . . .. ... ... ... ... 155
4.3.2 The impact of the drift field on the scintillation time profile . . 160
4.3.3 Variation of the relative amplitudes and enhancement of the

(Afast + Aint)/Aglow ratio . . . . . . oo Lo 161
4.3.4 An unexpected decrease of the 7y decay time . . . . . . . .. 165
4.3.5 Stability of the 7y, decay time . . . . . . .. ... 168
4.3.6 Multi-fit approach and interpretation of the results . . . . . .. 169

4.4 Discussion of the results and possible interpreta-
tioNs . . . L 174

The scintillation light propagation in the liquid phase 177

5.1 Study of the attenuation length in the WA105 DP demonstrator . . . . 178

5.2 Light MC simulation for the WA105 DP demonstrator. . . . . . . . .. 182
5.2.1 Detector geometry . . . . . . . ... 182
5.2.2 Event generation . . . .. .. ... oL 183
5.2.3 Light maps: a faster way to propagate the light . . . . . .. .. 185

5.2.3.1 Optical parameters influencing the propagation . . . . 187
5.2.4 Physics simulation . . . .. ... o Lo 188

5.3 Validation of the MC simulation . . . . .. ... ... .. ....... 189
5.3.1 Geometrical track reconstruction . . . . . ... ... ... ... 189
53.2 Collected S1 light . . . . .. ... ... . . .. 191

5.4 Study of the Rayleigh scattering length parameter . . . . . . . . .. .. 193
5.4.1 Impact of the detector material reflectivity . . . . . . . .. ... 195

5.5 Comments and prospects . . . . . . . . . .. ... 197

The electro-luminescence light produced in the gas phase 199

6.1 Characterization of the electro-luminescence
light . . . e 199
6.1.1 S2-algorithm description . . . . . . ... ... ... ... .. 201

6.2 Measurement of the drift velocity . . . . . . . . ... ... ... 205
6.2.1 Comparison with other measurements in the literature . . . . . 208

6.3 Impact of the amplification field on the electro-luminescence light . . . 209

6.4 Comments and prospects . . . . . . . . . ..o 211

7 Towards larger structures: conclusions and prospects 213
A S2-algorithm validation and performance 219

ix



A.1l MC simulation description . . . . . . . .. ... L. 219
A.2 Algorithm validation using dedicated MC samples mimicking CRT and

PMT like events . . . . . . . . . o o o 221
A.2.1 S2 algorithm performance evaluated with MC samples . . . . . 222
A.2.2 Validation of the drift velocity measurement method . . . . . . 226

A.3  Comparison of the S2 algorithm performance in the data, collected in the
two trigger configurations . . . . . .. .. L L Lo 228
Bibliography i



List

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10

1.11

2.1
2.2
2.3
2.4
2.5
2.6

2.7

of Figures

Schematic description of the two neutrino mass ordering options

Oscillation probabilities . . . . . . .. .. .. 000
Schematic description of the TPC operation principles . . . . . . . .
Phase diagram for argon, around the triple point . . . . . .. .. ..
Schematic description of a SP LAr-TPC . . . .. ... ... .....
Schematic description of a DP LAr-TPC . . . . . .. ... ... ...
Schematic drawing of the Deep Underground Neutrino Experiment .
Total muon neutrino and anti-neutrino CC cross-section as a function
of the neutrino (anti-neutrino) energy . . . . . . . ... ... ....
Schematic drawing of the beam production site reaching the near de-
tector . . ..o e
Schematic description of the multi-purpose detector of the DUNE near
detector . . . . . . L

Schematic view of the single and dual-phase modules foreseen for the
DUNE FD . . . . . e

Illustration of the track structure and the Coulomb clouds determined
by the ionization process of an incident electron . . . . . . . ... ..
Scheme summarising the general reactions occurring in noble gases
excited by ionizing charged particles . . . . . .. ... .. ... ...
Dependence of the charge obtained from the collection of ionization
electron with the drift field . . . ... ... ... ... ... ...
Variation of relative scintillation light, L, and collected ionization
charge, Q, as a function of the electric drift field strength . . . . . .
Summary of the studies related to the drift velocity measurement in
LAr . e e
Impact of the concentration of the impurities on the scintillation time
profilein LAr . . . . . . . . . .

10

12

14

17

19

21

24

25

26

28

43

44

45

48

99

64

Extraction efficiency of electrons as function of the applied electric field 66

xi



xii

2.8

3.1

3.2

3.3

3.4
3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15
3.16

3.17

Electroluminescence yield as a function of reduced electric field pro-

duced in Argon . . . . . ...

Main components of the WA105 DP demonstrator and corresponding
dimensions . . . . ...
Pictures and schematic description of the WA105 DP demonstrator
main components. . . . ... .. ... e e
Evolution of the electronegativity impurities measured in the WA105
DP demonstrator . . . . ... .o oo
Description of the main components of the Charge Readout Plane

Schematic drawing of the charge extraction and amplification in the
GArphase. . . . . . . .
Reconstructed cosmic muon crossing the entire drift volume of the
WA105 DP demonstrator and corresponding waveforms recorded in
each channel . . . . .. . .. oo
Pictures and relative quantum efficiency measurements related to the
two WLS configurations installed in the WA105 DP demonstrator

Schematic description and pictures of the HV divider circuits installed
in the WA105 DP demonstrator . . . .. ... ... ... ......
Example of the integrated charge spectrum, corresponding gain com-
putation, and power law expressing the PMT gain as a function of the
operation voltage of the PMTs. . . . .. ... ... ... .......
Picture of a CRT pair of panels installed outside the demonstrator
cryostat and corresponding panel’s structure. . . . . . ... ... .
Descriptive sketch of the track reconstruction given by the CRT ex-
ternal system trigger . . . . . . . ... ... oL o
Typical time of flight distribution of muon-like events triggered by
the CRT system . . . . . . .. .. ..
Typical angular distributions observed with the CRT trigger system
in the parallel geometry and in the shifted ones . . . . . . ... ...
Schematic description of the fiducial volumes defined to describe dif-
ferent regions of the detector . . . . . ... . ... ... ... ....
Schematic description of the CRT and PMT-DAQ communication. .
PMT self-trigger logic and dependence of the trigger rate with the
ADC threshild applied to all PMTs . . . . . ... ... ........

Summary of all the scintillation light data collected. . . . . . . . ..

68

74

76

78
80

83

84

87

88

90

91

92

93

94

95
97

98
99



3.18

3.19

3.20

3.21

3.22

3.23

3.24
3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

Typical raw PMT waveform generated by a crossing muon and de-
tected by a single PMT . . . . ... ... .o o 101
Dependence of the Sl-amplitude with the integrated S1 charge over
80 ns, expressed in P.E. . .. ..o o000 104
x? minimization developed to identify a common cut rejecting all the
events saturating the PMT response . . . . . ... ... ... .... 105
Averaged normalized waveforms for one PMT in slices of S1 maximum
amplitude . . . . . ... 106
Typical correlation of the integrated S1-charge over 80 ns (y-axis) and
in the (1; 4) ps range (x-axis), both expressed in P.E. describing the
comet-effect . .. 107
Monitoring of the PMT performance during the whole demonstrator
operation period reported for a PB PMT (empty dots in red) and a
NB one (full dots in black) . . . ... ... ... .. .. ... .. 108
Event reconstruction in the two CRT pairs in the wall and door sides 110
Correlation of the fygg distribution with the ToF observed at each ad-
ditional cut applied in the CRT selection . . . . . . . ... ... ... 112
Correlation of the fgy distribution with the total integrated S1 light

and with the minimum approach distance at different level of the
muon-like events selection . . . . . . ... ... 113
Distribution of the Sl-amplitude as a function of the minimum ap-
proach distance shown at different levels of the muon-like event selection113
Distributions showing the track topology identified at the end of the
CRT selection, corresponding to muon-like events crossing the FC
volume . . . . ... 115
Correlation of the integrated S1 charge over 4 us collected by each
PMT with respect to each of the others PMTs, after applying the
complete CRT cut sequence . . . . .. ... ... .. ......... 116

Dependence of the MPV of the S1l-amplitude with the PMT number-
ing, corresponding to the PMT position inside the demonstrator . . 118

Average waveform of the NB and PB PMTs, in the two WLS config-

UrationsS . . . . . . .. e e e e e e e 120

Dependence of the MPV of the integrated Sl-charge with the PMT

numbering, corresponding to the PMT position inside the demonstrator121

xiii



Xiv

3.33

4.1

4.2

4.3

4.4
4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14
4.15

4.16

Distributions of the tg time at which the muon-like events selected
after the CRT cut sequence produce the scintillation light signal de-
tected by the PMTs . . . .. .. . . oo L

Example of all the waveforms collected by an NB PMT, in a single
run with Egqpie= 0 kV/cm and triggered by the external CRT system
FExamples of average waveforms reported for an NB and a PB PMTs;
the fit function of the scintillation time profile is overlaid to the NB
average waveform . . . . . . ... ... L L o
Correlation matrix of the parameters needed in Eq. (4.1b) to repro-
duce the scintillation time profile . . . . . . ... ... ... ... ..
Example of the generated toy-MC waveform . . . . . ... ... ...
Pull distributions of all the parameters extracted from the fit of the
scintillation time profile . . . . . . . .. ... ...
Comparison between the measurement of 7ine, Agow, and Tgow pa-
rameters retrieved by performing a likelihood or a x? fit, simulating
different statistics conditions . . . . . . .. ... L
Optimization-grids of the o-parameter obtained using the values given
in the x and y axes as seeds for the corresponding parameters . . . .
Pull distribution of the o-parameter obtained simulating a waveform
with 1 ns and 4 ns digitization sampling . . . . . . . ... ... ...
Optimization-grids of the 1y, -parameter obtained using as 7yt seeds
the values given in the y-axis; whereas, T, is fixed at the values given
onthex-axis . .. .. .. . L
Scintillation time profile showed up to 25 us for an NB PMT and up
to 12 ps for an PB PMT; the former needs a fourth component to

reproduce properly the data in the whole range . . . . . . . ... ..

122

126

128

130
132

133

135

136

136

138

143

Monitoring of the LAr purity through the 74,y decay time measurement 146

Correlation of the fgy factor with total scintillation light measured in
the three NB PMTs . . . .. .. . . . ..
Correlation of the fgy distribution obtained for the muon-like selected
events with the ToF and with the tanf . . . . . . . ... .. ... ..
Dependence of the S1 charge with the drift field strength . . . . . .
Measurement of the Sy gyift/S1,0 ratio, at 0.5 kV/cm, produced by the
cosmic muons traversing the WA105 DP demonstrator LAr volume .
Measurement of the Sy quifr/S1,0 ratio PMT-by-PMT obtained inte-
grating the S1-charge in different ranges . . . . . . . . .. ... ...

152

154
155

156



4.17

4.18

4.19

4.20

4.21
4.22

4.23

4.24

4.25

5.1

5.2

5.3

5.4

9.5

5.6

5.7

5.8
5.9

Measurement of the Sy gyift/S1,0 ratio and PMT self-trigger rate, in
the data of the drift field scan . . . . . . . ... .. ... 0.
Scintillation time profile observed in an NB and an PB PMTs mea-
sured for the increasing strength of the drift field . . . . . .. .. ..
Dependence of the (Agast + Aing)/Aslow ratio and of the individual rel-
ative amplitudes with the drift field . ... ... ... ... ... ..
Comparison of the fgy factor and the (Agast + Aint)/Asiow ratio depen-
dences with the drift field strength . . . . . ... ... ... .....
Triplet lifetime 740y as a function of the drift field . . . .. ... ..
Dependence of the intermediate decay time Tyt as a function of the
drift field . . . . . ..
Comparison of the fit function obteined by performing a global fit of
all the data of the drift field scane and function obtained by the single
fitofeachrun . . . . . .. . Lo L
Comparison of the results obtained for the scintillation time parame-
ters retrieved by the global-fit approach or by the single fit. . . . . .
Scintillation time profile measured in LAr, with and without an ap-

plied electric field . . . . . . . . . .. ... o o

2-D distributions of the S1 light, integrated over 4 us, as a function
of the minimum approach distance . . . .. ... ... ... .....
Example of S1 light distribution obtained in one 20 mm bin fitted by
a Gaussian function . . . .. .. Lo oL Lo
Fit of the mean of the S1 light as a function of the minimum approach
distance . . . . . . L
Measurement of the attenuation length measured by the five PMTs
in the four integration time ranges . . . . . . . ... ... ... ...
Characteristic dependence of the PMT acceptance with the incident
angles of the VUV photons . . . . . .. ... ... ... ... ...
CRT-maps corresponding to the upper panel (wall-side, on the left)
and the lower panel (door-side . . . . ... ... ... ........
Characteristic asymmetry present in the z-coordinate of events trig-
gered by the CRT external system . . . .. ... ... ... .....
MC voxelization of the WA105 DP demonstrator LAr AV . . . . ..
Exponentially-modified Landau function used to fit the PMT-Voxel

pair arrival time distributions . . . . . . ... ... o L.

159

161

162

163
166

168

172

173

175

178

179

180

180

183

183

184
185

XV



xvi

5.10

5.11
5.12

5.13

5.14

5.15

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

Description of the light propagation inside the WA105 DP demonstra-
tor for different simulated Rayleigh scattering lengths . . . . . . ..

Photon visibility in the y-z plane (at x = 0) for PMT-3 . . ... ..

Geometrical Monte Carlo validation based on the data-MC compari-
son of the CRT reconstructed variables . . . . . ... ... ... ...
Data-MC comparison of the collected S1-charge spectrum . . . . . .
Data/MC comparison of the S1 scintillation light correlation with the
minimum approach distance by simulating the scintillation light prop-
agation under the hypotheses of AR,y = 20 cm, 55 cm, and 163 cm .
Correlation of the S1 scintillation light with the minimum approach
distance when 50% VUV photon reflectivity is set for different ele-

ments of the detector . . . . . . . . . ... o

Cumulative average waveforms of the five PMTs collected in different
extraction and the amplification field condition . . . . ... ... ..
Schematic description of different S2 signals reconstructed by the al-
gorithm . . . . . . . ..
Definition of the characteristic quantities defining the electrolumines-
cence signal retrieved by the S2-algorithm . . . . . .. ... .. ...
Raw and corrected average waveforms collected in a PB PMT, in the
long acquisition window . . . . . . .. ... ...
Example of a CRT trigger reconstructed event crossing the LAr AV
of the WA105 DP demonstrator demonstrator. . . . . ... ... ..
Measurement of the drift velocity, based on the CRT track reconstruc-
tion, performed in presence of a 0.485 kV /cm drift field . . ... ..
Measurement of the drift velocity, including data triggered by the
PMT self-trigger at the nominal 0.485 kV /cm drift field, and consid-
ering a muon-like event selection based on the track reconstruction in
the anode-plane . . . . . . . . . oo
Comparison of the drift velocity results obtained in the WA105 DP
demonstrator with the ones reported in the literature . . . .. . ..
Reconstructed S2-charge and amplitude shown as a function of the
amplification field, at two induction fields . . . . ... ... ... ..
Schematic description of the electroluminescence photons production

under different amplification field strengths . . . . . ... ... ...

187
188

190

192

194

196

200

202

203

205

206

207

208

209

210



Al

A2

A3

A4

A5

A.6

A7

A8

A9

Tand distributions of events generated in the three MC simulated
geometries. . . . . .. L e e e
Average waveforms and distributions of the drift, starting and ending
times are reported for two over the five PMTs . . . . . . . ... ...
Discrepancy of the reconstructed S2 time from the true one is shown
by considering the (ts2 true — ts2)/ts2,true distribution. . . . .. . ..
Correlation of the S2 duration with the track topology . . . . . . ..
Validation of the drift velocity measurement through the correlation
of the drift time with the drift length computed from the entry and
exit track coordinates. . . . . .. ... Lo L Lo
Drift velocity measurement in the ideal case of homogenous drift field
in the LAr bulk and including the simulation of the SCE . . . . . . .
Average waveforms and distributions of the drift time for events trig-
gered by the CRT external system and by the PMT self-trigger . . .
Correlation of the S2 duration with the track topology expressed in
terms of the Az . . . . . . . L
Correlation of the S2 duration with the track topology expressed in

terms of the tanf and tan¢ distributions . . . . . . ... ... .. ..

A.10 Comparison of the S2 algorithm performance in the data reported in

terms of the S2 mean, starting, and ending time distributions.

221

223

224

226

227

227

229

230

231

232

xvii



List of Tables

1.1 Mixing-matrix parameters . . . . . . . . ... ..o 6
1.2 Summary of the relevant quantities of the argon . . . . .. .. ... 16
1.3 Summary of the DUNE scientific physics program . . . .. .. ... 23

2.1 Summary of the parameters describing the scintillation time profile
produced by electrons and/or muons reported in the literature - part I 54
2.2 Summary of the parameters describing the scintillation time profile
produced by electrons and/or muons reported in the literature - part II 55
2.3 Summary of the values reported in the literature of the total attenu-

ation and Rayleigh scattering lengths . . . . . . . .. ... ... ... 57

3.1 Dimensions of the main elements installed in the WA105 DP demon-
strator ... L 75

3.2 Measurement of the impurities’ concentration obtained from the
RGTA in WA105-DP demonstrator . . . . . . ... ... ... .... 79

3.3 Dimensions and distances of the CRP components and its positioning
inside the demonstrator . . . . .. ... ... ... ... ..., 82

3.4 Nominal and scanned values corresponding to the field applied the

TPC components . . . . . .. ... Lo 84
3.5 Summary of the PMT-base polarity and WLS configurations installed

ineach PMT . . . .. . . 86
3.6 PMT gain applied during the demonstrator operation . . . .. . .. 90

3.7 Geometrical acceptance of the CRT system allowed by the two panel
positions in the y-z (theta-angle) and x-y (phi-angle) planes . . . . . 94
3.8 Dimensions corresponding to the sub-volumes dividing the LAr bulk 96
3.9 Values applied in order to reject the events saturating the PMT re-
sponse, differentiating for the two base configurations. . . . . . . .. 105
3.10 Typical rejection percentage, reported per PMT, corresponding to
the number of events saturating the PMT response in the two trigger

configurations . . . . . .. L L L L 106

Xviii



3.11

3.12

3.13

3.14

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

Mean of the minimum approach distance measured from every PMT
at different levels of the CRT selection . . . . ... ... ....... 114
Most probable value of the measured for the S1-amplitude distribution

and corresponding variation induced by the presence of the PMMA

plate . . . .. 119
Variation of the integrated S1 charge induced by the presence of the
PMMA plate or the base configuration . . . . . .. ... ... .... 120

Mean and RMS of the ty time distributions observed for the five PMTs122

Seeds for the inputs of the scintillation time profile parameters used
in the toy-MC waveform generation . . . . . . ... ... ... .... 131
Discrepancies observed in the parameter calculation induced by per-
forming a x? fit when the likelihood fit fails . . . . .. ... ... .. 140
Mean and sigma of the pull-distribution obtained performing a
likelihood-fit, considering three fit ranges: 9.5 us, 3.5 us, and 2.5 us 141

Discrepancies observed in the parameter calculation induced by per-

forming the fit up to 2.5 us instead of upto 3.5 us . . . . .. ... 142
Relative error assigned by the fit procedure to each parameter . . . . 144
Measurement of the 7g decay time . . . . . . . . . ... ... ... 147

Summary of all the fit parameters obtained by analyzing all the data

collected in absence of drift field . . . . ... ... ... .. ... .. 148
Measurement of the (At + Aint)/Asiow reported for each of the three
NB PMTs, in absence of drift field . . . . . ... ... ... .. ... 150
Measurement of the fgy factor for each of the three NB PMTs, in
absence of drift field . . . . . .. ... L L oL 151

Measurement of the S qyift/S1,0 ratio measured integrating the S1-
charge and the corresponding suppression caused by the drift field at
0.5 kV/em . . .o 157
Measurement of the (Ag.st + Aint)/Aglow ratio and fgy factor in the
three NB PMTs and both trigger configuration, at the nominal drift

field of 0.5 kV/em . . . ... L 164
Measurement of the slow decay time at the nominal drift field strength
of 0.5kV/em . ... 166
Measurement of all the fit parameters obtained by analysing all the
data collected at the nominal value of the drift field 0.5 kV/cm . . . 170

Evaluation of the average value of each scintillation time parameter

retrieved by global-fit approach or by performing individual fits . . . 171

Xix



5.1 Attenuation length measured by the five PMTs in the four integration

time ranges . . . . . L L L e e

A.1 Discrepancy of the reconstructed S2 time from the true S2 time.






"Caminante, no hay camino,

se hace camino al andar.”

A. Machado

RESUMEN

Los experimentos de oscilaciones de neutrinos de préxima generaciéon, long-
baseline, tienen como objetivo responder las grandes preguntas de la fisica de neu-
trinos, como la observacién de la violacion de la fase CP en el sector lepténico y
la determinacién del orden de la masa de neutrinos. El experimento Deep Under-
ground Neutrino Experiment (DUNE) es uno de estos proyectos, cuyo disefio final
estd todavia por definir. Su detector lejano (far detector, FD), situado a 1300 km
de distancia de la produccién del haz de neutrinos, en Fermilab, constard de cuatro
cdmaras de proyeccién temporales (time projection chamber, TPC) de argén liquido
(LAr) de 10 kilotoneladas, que utilizardn tecnologias de una tnica y de doble fase
(DP).

Hoy en dia, el LAr es un medio convencional para detectores de neutrinos y de
materia oscura. En el diseno de las LAr-TPC propuesto para el FD de DUNE;, la
reconstruccién del evento se basa en la senal de carga, producida por la ionizacién,
y en la senal de luz de centelleo, producida por la desexcitacién de los excimeros de
Ar. Gracias a la fina segmentacion del anodo, la reconstruccién completa del evento
permite una excelente resolucién espacial a la escala del mm; el tiempo absoluto
del evento se proporciona a través de la deteccién de la luz de centelleo. En este
tipo de detectores, el sistema de deteccién de luz (photon detection system, PDS) es
esencial para discriminar los eventos que no proceden del haz, y para complementar
las medidas calorimétricas del evento.

En las LAr-TPC de doble-fase, se mantiene una regién de gas argén (GAr) por
encima de la masa de LAr, donde es posible la extracciéon y la amplificaciéon de
los electrones de ionizacién, antes de su recogida al dnodo. Esta configuracién es
particularmente ventajosa en detectores grandes, porque la amplificaciéon de carga
permite cubrir trayectorias de deriva méas largas. Sin embargo, ni las tecnologias
de fase unica, ni la de DP han sido probadas a gran escala; por ello es crucial la

operacion de pequenos prototipos que demuestren su escalabilidad. Para validar
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el diseno de la tecnologia DP en DUNE, se ha trabajado con dos prototipos con
un volumen activo de argén creciente: WA105, de 3x1x1 m? (~4.2 toneladas), y
ProtoDUNE-DP, de 6x6x6 m® (~300 toneladas); ambos han estado expuestos a

muones cosmicos durante largos periodos de toma de datos.

WA105 comprobé la idoneidad de las LAr-TPC DP en la escala de las toneladas,
permitiendo alcanzar importantes hitos tecnolégicos, como la extraccién y la ampli-
ficacién de los electrones en una superficie de 3 m?. Ademas, se ha validado el diseno

de los dos principales subsistemas para la detecciéon de la senales de carga y de luz.

Esta tesis estd dedicada al estudio de la luz de centelleo recogida durante el periodo
de toma de datos del prototipo WA105. La primera parte de la disertacién se centra
en el estudio del funcionamiento del PDS; la segunda sobre la caracterizacién detal-
lada de las dos senales luminosas producidas en las fases de argén liquido (luz de
centelleo primaria, S1) y de argén gaseoso (luz de centelleo electroluminiscente, S2).
Los resultados alcanzados han dado pie a conclusiones pioneras que han permitido

profundizar en la comprension de la microfisica de LAr.

El PDS utilizado en WA105 estaba compuesto de cinco tubos fotomultiplicadores
criogénicos (PMT) con fotocatodos bialcalinos recubiertos con tetrafenilbutadieno,
para la conversién de la longitud de onda (wavelength shifter, WLS). Las capacidades
del PDS se han estudiado comparando las diferentes configuraciones del WLS y de
los circuitos divisores de alto voltaje utilizados en las bases de los PMTs. El estudio
del rendimiento del PDS ha sido esencial para validar el disefio de este sistema para
ProtoDUNE-DP y el médulo de doble-fase del FD de DUNE.

Debido a la amplia aplicacién del LAr en los detectores de materia oscura, la
mayoria de los estudios sobre la S1 utilizan electrones o retrocesos nucleares como
particulas que interactian con él. Por otro lado, las LAr-TPC dedicadas a exper-
imentos de long-baseline estan disenadas para la deteccién de particulas cargadas
de mayor energia (GeV). Por tanto, la exposicién a muones césmicos ha permitido
mejorar el conocimiento sobre la produccién de la S1 por particulas similares a las

esperadas en esos experimentos.

El conocimiento exhaustivo de la produccién de la S1 es esencial para la mejora
de las simulaciones actuales sobre los estudios de sensibilidad fisica en detectores
gigantes de LAr. Por ello, uno de los principales objetivos de esta tesis es la car-
acterizacién de los mecanismos de produccién de la S1 a partir de la interaccién de
muones césmicos con el argén en el volumen activo. La operacién del prototipo en
diferentes condiciones de campo permitié estudiar la reduccion del la cantidad de S1

producida por recombinacién y observar dos comportamientos inusuales relacionados
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con el impacto del campo de deriva sobre la probabilidad de desexcitacién del argén
desde el estado de singlete o triplete y el tiempo de desexcitacion desde el nivel de
triplete. Estos resultados han proporcionado conclusiones muy innovadoras sobre el
estudio de la dindmica de recombinacién de LAr.

El segundo objetivo importante de esta tesis es el estudio de la propagacion de la
S1 en LAr, directamente relacionada con la escalabilidad del PDS a detectores mas
grandes. La propagacion de la luz es particularmente sensible a la longitud de dis-
persion de Rayleigh, cuya medida sigue siendo contravertida. En el detector WA105,
la evaluacién de este pardmetro se ha llevado a cabo mediante la comparacién del
analisis de datos con simulaciones Monte Carlo generadas con diferentes longitudes
de dispersion de Rayleigh. Debido a las dimensiones del detector, los datos muestran
una sensibilidad limitada a este parametro.

Por dltimo, la disertacién esta dedicada al anélisis de la S2 producida en GAr. El
desarrollo de un algoritmo dedicado a su reconstrucciéon ha permitido su caracteri-
zacién, asi como la medida de la velocidad de deriva de los electrones de ionizacién
bajo campos eléctricos ligeros (< 0.5 kV/cm). La amplificacién de los electrones en
GAr representa un mecanismo relativamente innovador, cuyo impacto en la S2 se ha

estudiado por primera vez en el detector WA105.
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"A journey of a thousand miles begins with a single step.’

Lao Tse

ABSTRACT

The next-generation long-baseline neutrino oscillation experiments aim to answer
most of the unsolved questions in neutrino physics as the observation of the CP
violation in the leptonic sector and the determination of the neutrino mass ordering.
The Deep Underground Neutrino Experiment (DUNE) is one of these projects, whose
final design is currently to be defined. In particular, the far detector (FD) site
is intended to have four 10-kton Liquid Argon (LAr) Time Projection Chambers
(TPCs), using both the single and dual-phase (DP) technologies.

Nowadays, LAr is a conventional medium for neutrino and dark matter detectors.
In the LAr-TPC design proposed for the DUNE FD, the event reconstruction is
based on the detection of the charge signal, produced by ionization, and the scin-
tillation light provided by the Ar excimers de-excitation. Thanks to the fine anode
segmentation, the charge-readout allows an excellent 2-D spatial resolution, reaching
the mm scale; whereas, the absolute event time is obtained through the scintillation
light detection. In these detectors, the photon detection system (PDS) is essential
for triggering non-beam events as well as to complement the calorimetry.

In the DP LAr-TPC, a gas argon (GAr) pocket is kept above the liquid argon bulk,
enabling the amplification of the extracted ionization electrons before their collection
on the anode plane. This design is particularly advantageous in big detectors for
allowing longer drift paths, providing the recovery of the signal deterioration, and
reducing the energy threshold. In the case of DUNE, it is expected to be extremely
helpful in the detection of low energy events as Supernovae neutrino fluxes and
proton decays.

However, neither the single nor the dual-phase technologies have been operated at
the kton scale; hence, the operation of smaller prototypes is crucial for demonstrating
their scalability toward larger volumes. To validate the DP technology for the DUNE
FD, two prototypes have been worked at CERN with an increasing LAr target mass:
the WA105 DP demonstrator of 3x1x1 m? fiducial volume (~ 4.2 tons), and the



ProtoDUNE-DP of 6x6x6 m? fiducial volume (~ 300 tons); both of them have been

exposed to cosmic muons for long periods.

The WA105 DP demonstrator covered the essential function of proving the suit-
ability of DP LAr-TPCs at the ton scale, leading to important technological mile-
stones. For the first time, the assembling of small LEM units allowed the extraction
and the amplification of the electrons in the GAr pocket over a surface of 3 m?; the
innovative design of a non-evacuated cryostat has been validated for its installation
in bigger detectors, and the two principal sub-systems for the charge and light detec-
tion have been tested. The demonstrator took more than 5x10° events in different

trigger and electric field conditions.

This thesis is dedicated to the study of the scintillation light collected in the
WA105 DP demonstrator during its whole data taking period. The first part of the
dissertation is centered on the study of the PDS performance. The second part,
on the detailed characterization of the two light signals produced in LAr (primary
scintillation light) and GAr (electroluminescence scintillation light). The achieved
outcomes pointed out pioneering results helping to deepen the understanding of the
LAr micro-physics.

The PDS consisted of five cryogenic photomultiplier tubes (PMTs) with bialkali
photocathodes coated with the Tetra-Phenyl-Butadiene (TPB), as wavelength shifter
(WLS) material. The system capabilities are studied comparing the WLS options,
differing for the TPB coating configurations, and the high-voltage divider circuits
used in the PMT bases. Their performance was essential to validate the PDS baseline
design for both ProtoDUNE-DP and the DUNE DP FD module.

Given the wide application of LAr in dark matter detectors, most of the studies
describing the scintillation light use electrons or nuclear recoils as interacting par-
ticles. On the contrary, LAr TPCs for long-baseline experiments are designed for
the detection of higher energy (GeV) charged particles. Hence, the detector expo-
sure to cosmic muons allowed to increase the knowledge about the scintillation light

production from particles similar to the ones expected in those experiments.

A deep understanding of the scintillation light production mechanisms is funda-
mental to improve current simulations for physics sensitivity studies in giant LAr
detectors. Hence, the characterization of the scintillation light production mecha-
nisms from the cosmic muon interaction with the Ar atoms is one of the main goals
of this thesis. Due to the simple design of the PDS, the detector represented a good
test bench for these kinds of studies. Because of the drift field reduction of the

total scintillation light, the demonstrator operation at different drift fields allowed

ii



the study of the recombination mechanism. Two unusual behaviors are observed,
related to the impact of this field on the probability of populating the singlet or
the triplet excited states and the de-excitation time from the triplet energy level,
providing innovative results on the LAr recombination dynamics.

The second important goal of this thesis is the study of the VUV photons’ propa-
gation in LAr, influencing the PDS scalability to larger detectors. The light propa-
gation is particularly sensitive to the Rayleigh scattering length whose measurement
is still contradictory. In the WA105 DP demonstrator, the evaluation of this parame-
ter has been considered comparing the data with Monte Carlo simulations generated
with different Rayleigh scattering lengths; however, due to the detector dimensions,
a limited sensitivity is found. Nevertheless, the dependence on other factors affecting
the light propagation, as the detector components reflectivity for VUV photons, has
emerged and suggests the necessity to consider it more carefully in future experi-
ments.

Lastly, the dissertation is dedicated to the analysis of the electroluminescence light
signal produced in GAr. The development of an algorithm dedicated to the electro-
luminescence signal reconstruction allowed its characterization and the measurement
of the ionization electrons drift velocity under low electric fields (< 0.5 kV/cm). The
amplification in the LEMs represents a relatively innovative mechanism, whose im-
pact on the electroluminescence light signal is studied for the first time in the WA 105

DP demonstrator.

iii
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"You know how it is, exciting and risks come together.’

H. Tanaka

CHAPTER ].

NOVEL GIANT LIQUID ARGON TPCS TO STUDY
NEUTRINOS

In this chapter, a historical overview of the neutrino physics and liquid argon
(LAr) time projection chambers (TPC) evolution are provided in order to describe
the experimental context motivating this thesis.

In Sec. 1.1, a brief introduction on the neutrino oscillation mechanism and the
current status of its detection in Long Baseline (LBL) accelerator experiments will
be given. In Sec. 1.2, the description of the general TPC operation principles up to
the novel implementation of the dual-phase configuration for giant neutrino detectors
will be provided. Among all the next-generation neutrino experiments, the discussion
will be focused on the Deep Underground Neutrino Experiment (DUNE), described
in Sec. 1.3. Given the huge dimensions of DUNE, smaller prototypes are necessary to
ensure the best detector performance. Two foreseen options are planned in DUNE:
the single and the dual-phase (DP) technology; the approach developed for the DP
prototypes will be presented in Sec. 1.4.

One of the key features of having LAr-TPCs is the excellent track reconstruction;
nevertheless, due to the complexity of the event topology, an alternative and com-
plementary function is covered by the scintillation properties of the LAr; in Sec. 1.5
the role of the light detection in DP LAr-TPC will be discussed.

1.1 Neutrino physics in a nutshell

Neutrinos, like electrons, are leptons; however, in contrast with them, neutrinos

are neutral, but both are weakly interacting. Because of their introverted nature,
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neutrinos hypothesis first and their detection later showed to be fascinating and

complicated at the same time.

1.1.1 Historical overview on the neutrino physics

Dating back to 1930, after the radioactivity discovery and its puzzling understand-
ing, W. Pauli hypothesized the existence of the neutrino to explain the continuous
spectrum observed in nuclear decays, apparently contradicting the principle of en-
ergy conservation [1]. Only in 1934, E. Fermi identified in a massless, neutral, and
weakly interacting fermion the fundamental component for the description of the
theory of the beta-decay[2]. He named this particle neutrino; the anti-neutrino is its
anti-particle. The first detection of the (anti)neutrino dates to 1956, by C. Cowan

and F. Reines, through the detection of the inverse-beta-decay reaction:
ptve—n+el (1.1)

in a liquid scintillator experiment, using 7, produced in a nuclear reactor [3]. The
evidence of the electron anti-neutrinos was pointed out from the comparison between
the counting of events collected with the nuclear reactor on and off. This result led to
a cross-section measurement of the order of 1.2J_r8:1><10*43 cm?, compatible with the
theoretical expectation of (1.0 + 0.17) x10~%3 ecm? [4]. In analogy with the lepton
families, also neutrinos and anti-neutrinos exist (at least) in three flavors. The muon
neutrino, v,, postulated in 1940, was discovered by L. Lederman, M. Schwartz, and
J. Steinberger in 1962, from the decay of pions in a spark chamber at the Brookhaven
National Laboratory [5]. Finally, the third-flavor neutrino, v;, postulated in 1975
by M. L. Perl [6], was observed only in 2000 by the DONUT experiment [7].

Based on the results of the LEP experiments at CERN, in the ’90s, the total
number of neutrino families was set at three, through the measurements of the
Z°-boson decay channels [8]. Despite the robustness of the result reported, these
observations do not exclude the existence of a massive fourth-neutrino family, the

sterile neutrino, not observed yet.

The Standard Model of Particles

Neutrinos, as elementary particles, are described by the Standard Model (SM) of
the particle physics that is the self-consistent theory able to describe three of the four
fundamental interactions describing our Universe: strong, electromagnetic, and weak

interactions. The SM is a renormalizable gauge field theory based on the SU(3)c®
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SU(2)r® U(1)y, corresponding to the strong interaction (described by the quantum
chromodynamics, QCD), to the weak isospin and, to the hypercharge group, respec-
tively. Fermions are the basic constituents of matter, they exist in two types, quarks
and leptons, interacting mediated by spin-1 bosons (Wi, Z°, ~, and gluons); the
former interacting via the three interactions and the later only via electro-magnetic
and/or weak interactions. When fermions are grouped in weak isospin doublets,
they can be recognized in terms of their chirality; hence, left-handed neutrinos are
in a doublet with the corresponding left-handed charged lepton (¢1) and the right-
handed particle are in a weak isospin singlet (¢r). Only left-handed neutrinos have
been observed; hence, if a right-handed neutrino would exist, it will interact via none
of the mentioned interactions. Neutrino interactions in the SM framework are driven
by the exchange of a W* boson (charge-current interactions, CC) or via a Z° boson
(neutral-current interactions, NC). In CC interactions, leptons with the same flavor
as neutrinos are involved in the interaction under charge conservation. NC inter-
actions, instead, are flavor-independent; hence, any kind of neutrino interacts with
other leptons or quarks. Finally, the particle mass is provided in the SM through the
spontaneous breaking of the gauge symmetry through the mediation of the spin-0
Higgs boson. In the SM framework, the right-handed singlets are coupled with the
left-handed doublets via the Yukawa coupling; the mass term in the SM Lagrangian
is:

Ly = —Mp(Vrr +Yrr) (1.2)

with Mp, the Dirac mass of fermions and explicitly dependent on both right and
left-handed fields; hence, in the SM formalism, the existing neutrinos, observed only
as left-handed particles, are expected to be massless.

Although the validity of the SM has been demonstrated by the agreement with the
experimental results, it still leaves some physics phenomena unexplained. Neutrinos,
for instance, are an example of physics beyond the SM; they are predicted as massless
particles, whereas the experimental evidence of neutrino oscillations demonstrates

the opposite.

1.1.2 Neutrino oscillations, what did we learn so far?

Several neutrino sources are present in nature and first studies on neutrinos were
based on the ones produced by the Sun. The pioneering Davis experiment in the
sixties [9], trying to test the solar model, was the first to measure the neutrino flux

from the Sun and to detect a deficit. Initially ascribed to possible limitation af-
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fecting the Standard Solar Model (SSM), the so-called solar-neutrino puzzle have
been confirmed by many experiments, such as GALLEX [10], SAGE [11], and Su-
perKamiokande [12], suggesting to look for other solutions than limitations in the
SSM. Consequently, it was solved only by accepting the hypothesis of the neutrino
flavor oscillation mechanism. All the aforementioned experiments, in fact, detected
a deficit in the neutrino flux corresponding to ~ 1/3 of the prediction. A hint for the
neutrino flavor oscillation was observed in the Kamiokande experiment [13] studying
atmospheric neutrinos from pion and muon decays. Under the hypothesis of two
neutrino flavors, v, and v, the expected flavor ratio should have been at 2:1 for
v,,:Ve; nevertheless, the proportionality was not always confirmed, depending on the
distance traveled by the neutrinos. As a consequence, the hypothesis of the neu-
trino oscillation has been proposed and confirmed by Super-Kamiokande in 1998
[12]. Only in 2001, with the sensitivity of the SNO experiment to the three solar
neutrino flavors, the anomaly was solved [14]. The SNO experiment was sensitive to
both the CC interaction of electronic neutrinos and the three-flavor sensitive elastic
scattering channel; the first observation confirmed the solar neutrino deficit observed
by other experiments, whereas, the latter was in agreement with the prediction con-
firming the oscillation of v, to another nu flavor. The experimental observation of

the appearance of the tauonic neutrino was reported in 2014 by OPERA [15].

Neutrino oscillation formalism

In analogy with the K° <+ K oscillation, B. Pontecorvo, in 1957, defined the the-
oretical formalism describing a neutrino flavor transition, taking place during the
neutrino propagation over a distance L, from the production point [16]. After the
muonic neutrino observation, the possibility of the neutrino oscillation between the
neutrino families was proposed by Maki, Nakagawa, and Sakata in 1962 [17]. As a
consequence of these two contributions, the formalism describing the neutrino oscil-
lation describes the weak interactions by a non-diagonal Hamiltonian in the flavor
eigenstates, v, through the unitary PMNS matrix, Upyns', and assuming neutrinos

as Dirac-particles’. The flavor eigenstates are expressed as a linear combination of

!The sub-indexes are referred to Pontecorvo, Maki, Nakagawa, and Sakata, respectively.
2If neutrinos would be conceived as Majorana particles, an additional phase would be needed in

the Upnars matrix; however, their contribution would cancel each other in the propagation
probability that will be expressed in Eq. (1.7) and Eq. (1.8).
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the neutrino mass eigenstates, vy:
va) = Z elvm), (1.3)

the UZ, matrix is the rotation mixing-matrix. Considering the three flavors eigen-
states (e, u, 7) and the three mass eigenstates (1, 2, 3), the Upy/yg matrix is a
3x 3 rotation matrix, parametrized by the mixing angles 0;; and a complex phase ¢;
the total matrix is hence separated in three matrices corresponding to the rotations

around each angle as follows:

1 0 0 C13 0 8136—i5cp ci2 s12 0
Upnms = [0  ca3  S23 0 1 0 —s12 c12 0| (1.4)
0 —893 (€23 _313615013 0 C13 0 0 1

in this nomenclature, the c;;=cosf;; and s;;=sinf;;. Neutrinos are produced and
consequently detected with their flavors, their propagation in vacuum is expressed as
a function of the neutrino energy, Ey, of the k-th mass eigenstate, by the Schrodinger

Equation:

|Va(t) Ze_’E’“tU* k) (1.5)

it is important to emphasize that, in contrast with the SM description, the detection
of a different flavor from the original one is possible only if neutrinos have non-zero
mass and different among them. Because of that, the probability of the neutrino

flavour to change is expressed as follows:

P(vo — vg) = (va|va(t) Z kUﬁkUaiUEie_i(E’“_Ei)t (1.6)
Amle
P(ve — v3) = (vslva(t) Zk UakUBkUMU&exp( R ) (1.7)

the second equation is obtained from the first assuming the three neutrino mass
eigenstates to be relativistic and propagate at the same energies (E ~p >m). The
aforementioned probability is named appearance when o # (3; whereas, it is called
survival-probability when o = 8. In Eq. (1.7), it is important to highlight that
the oscillation phase, Am L/4E depends on the ratio L/E; this dependence is
an important factor for determining the design of Long Baseline (LBL) neutrino

oscillation experiments. If applied to the anti-neutrinos, previous Eq. (1.7) becomes:

AmizL> (1.8)

P70 — 75) = wslva()) = 3 UakUBkUngzemp( Sk

i,k
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Comparing Eq. (1.7) and Eq. (1.8), they differ in the sign of the imaginary phase;
hence, applying the Charge-Parity (CP) transformation it is not possible to obtain

one equation from the other, meaning that neutrinos and anti-neutrinos violates CP.

One last observation must be given relative to the neutrino propagation in the
matter; in this case, the Hamiltonian is modified taking into account the interactions
of neutrinos with matter constituents, mostly electrons and protons; because of that,

electron neutrinos are more affected than the other flavors.

1.1.3 Overview of the oscillation parameters

As introduced in Sec. 1.1.2, the combination of the results of more experiments
was needed to solve the solar-neutrino puzzle. The data from solar, atmospheric,
reactor, and accelerator experiments can be combined to obtain a global picture of
the neutrino oscillation parameters. Besides, depending on the sensitivity of the
detector to the neutrino flavors and on the L/E factor, not all the detectors are
sensitive in the same way to all the mixing-matrix parameters. Hence, the state-
of-the-art of these parameters is obtained combining the results of all the running
experiments in order to obtain the most updated version of the Upyrs-matrix. In
Tab. 1.1, the values of the mixing angles 0;, of the Am%i, and of the dcp-phase are
reported, within the framework of three-neutrino oscillations; the values are taken
from Ref. [35].

parameter best value + ligma

sin612 0.304 £28%3

sin?6a3 0.570 £%918 , (0.575 £%-017 )

sin%0;3 0.02221 +9-00068. . (0.02240 + 0.00062)

Am2,[107%eV?] 7.42 £02L
AmZ,[1073eV?] 2,514 £90% . (-2.497 + 0.028)
dcp|’] 195 £51, (286 +27;,)

Table 1.1.: Summary of the most updated values of the mixing-matrix parameters obtained from
the global fit of the oscillation parameters. The values reported are referred to the
ones obtained if neutrino masses follow the normal-ordering; in parenthesis, the values

expected under the hypothesis of inverted-ordering are reported.
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1.1.4 Open questions in neutrino physics

Neutrinos produced in the Sun are those that have been studied the longest in
the past fifty-five years; thanks to that, the 6i5-angle is very well known; however,
a discrepancy with Am?2, is present comparing the measurement of this parameter
in reactor experiments or from the solar neutrino flux. The measurement of the
fo3-angle and Am§2 parameters is possible considering the disappearance of v, or
7, in accelerator experiments (as NOvA[18], MINOS [19], and T2K [20]) or from
atmospheric neutrino experiments (as Super-Kamiokande and IceCube [21]). How-
ever, the data collected so far are still not able to distinguish whether or not 6s3
is greater or smaller than 45%; clarifying this information is needed to understand
whether the muonic and tauonic neutrinos equally contribute to the mass eigen-
states, and corresponding to the maximal mixing between the two flavors. Finally,
the 6;13-angle has been measured by the disappearance of 7 both at reactor (DayaBay
[22], DoubleCHOOZ [23], and RENO [24]) and accelerator experiments (T2K).

Despite this well-described picture of the neutrino physics, there are still some
open questions waiting to be answered. In the following sections, only the ones
that will be investigated in the next-generation of accelerator experiments will be

summarized; the remaining ones will be discussed at the end of the section.

Mass ordering

The oscillation probability equations in vacuum furnish only a measurement of the
square mass difference between neutrinos; but which one is their ordering?

From the comparison between solar and atmospheric neutrinos, a hierarchy has
been pointed out because

[mass]

Am%l << |Am§1| ~

|Am3,|.  On the other V3 T | (T V2

hand, because the sign of | DR A

Am2, is still unknown, e
V2 T . Ve

two options are possi-
V1 DT | T Vs

ble to solve the so-called
. . Normal Hierarchy Inverted Hierarchy
mass ordering (or hier-

archy) problem: either Figure 1.1.: Schematic description of the two neutrino mass
hierarchy (or ordering) options: normal hierarchy
(left) and inverted hierarchy (right). The plot is
from Ref. [25].

a normal-ordering (NO)
such that m; < mg < mg

or an inverted-ordering
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(IO0) which implies mz < m1 < mga Ref. [25]. A schematic description of the two
hierarchies is reported in Fig.1.1; in both cases, the smallest difference remains Am%l,
but the NO would imply to find Am3; > 0 and IO to find Am3, < 0.

Only next generation neutrino experiments, including the matter effect, would
clarify the ordering with a significance ~5¢; in particular, the main contributions are
expected by atmospheric (ORCA [26], PINGU [27]), accelerator (HyperKamiokande
[28], DUNE?) and reactor (JUNO [29]) experiments. Despite HyperKamiokande is
a long baseline accelerator neutrino experiment, its baseline is not sufficiently long,
such that the measurement that will be performed will be based on the detection
of atmospheric neutrinos in the far detector; DUNE, on the contrary, defined its
baseline in order to fulfil this as one of its primary goals. On the contrary, JUNO
with a baseline of about 50 km can measure the mass hierarchy independently of the
CP phase by studying the periodic distortion induced by Am?ﬂ in the anti-neutrino

energy spectrum.

CP violation

The propagation of neutrinos is not the same as anti-neutrinos, do they violate
the CP symmetry?

The answer of this question would help in clarifying the origin of the baryon
asymmetry leading to the matter and anti-matter asymmetry in our Universe [30].
The CP violation has been already observed in kaons and B-mesons; next-generations
of accelerator neutrino experiments, such as HyperKamiokande and DUNE, has the
discovery of the CP violation in the leptonic sector, by considering the difference
between neutrino and anti-neutrino oscillation probabilities, as their primary physics
goal’. In the SM framework, theoretical models have been proposed describing a

violation of the lepton number generation that would explain this asymmetry [31].

Other unanswered questions

In addition to the aforementioned questions, it is important to remind that
Eq. (1.4) has been written making the hypothesis of the neutrinos as Dirac particle;
hence, only one CP-phase is mentioned that is detectable by oscillation experiments.
In contrast, the hypothesis of neutrinos as Majorana particles can be included by

adding the Majorana phases[32], and it is tested in Ovdouble-f decay experiments

SDUNE will be the subject of Sec. 1.3.
4See Sec. 1.1.5 for more details.
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[30]. Moreover, oscillation experiments cannot give direct measurements on the neu-
trino masses but only of their squared differences; nevertheless, experiments looking
at the S-decay energy spectrum of tritium and studying how its endpoint deviates
from the hypothesis of a zero-mass neutrino [33] can provide the direct measurement
of the electron neutrino mass. Finally, the Uppyass-matrix is based on the three-
flavor paradigm; despite the LEP measurements tend to confirm this paradigm,
several anomalies contradicting such hypothesis have been pointed out in reactor
and accelerator experiments; they can be interpreted assuming the existence of at

least one more neutrino flavor (sterile neutrino[34]).

1.1.5 Long Baseline Experiments

The long baseline (LBL) experiments represent one of the most controlled scenario
where it is possible to study neutrino oscillations; in this kind of experiments the
information regarding the neutrino energy (typically at the GeV-scale), and the
distance from the production point are decided by the experimental design. The
typical geometry of this kind of experiments foreseen a near detector (ND) site,
aiming to characterize the neutrino beam, and a far detector (FD) site that will
measure the neutrino oscillation probability. In this landscape, Eq. (1.7) can be
expressed as a function of L/E in the case of v, disappearance and in the case of
Ve appearance, including the matter effect contribution, as follows:

Py, —v,) =1- [003491351'7122023 + sin220133m2923]sin2 (ATE%L)
sin?(A31 — alL)
(A31 —alL)?
sin?(A31 — alL)
(A31 —al)

(1.9a)

P(v, — ve) ~sin20935in%013 Ad+

+ 3in2923 sin2913 81”2912

sin(al)
(aL)

+ 0052923 sin22912

Asy Agicos(Asy + dcp)+

sin?(al)
(aL)?
being A;; = Am?jL/élE, a = GpNg/2, G the Fermi constant, N, the number

A3, (1.9b)

density of electrons in the Earth, L the baseline expressed in km and E the neutrino
energy expressed in GeV. In vacuum, the maximum oscillation probability is found

when

Egn <Gk:xl/) ~ (0= 1)(3 ) 157 A1m§2(ev2) (1.10)

being n the n-th oscillation maximum at energy E,. The corresponding equation for

anti-neutrinos is found by substituting a— —a and dcp — —d0cp; the asymmetry
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term is obtained as follows:

Aop = [P(I/M = ve) — P(v, — 1/:6)}

P(v, = ve) — P(, = 1) (1.11)

that, in the leading order approximation, in the three-flavor paradigm it becomes:

cosby35in260198indcp Am%lL
Acp =~ (

1L ) + matter effects. (1.12)

sinfaz3sind13

From these equations, it arises how LBL experiments can both measure §cp from the
beam data and confirm the CP violation from the measurement of the asymmetry

Acp. In the left of Fig. 1.2, Eq. (1.9b) is shown as a function of the baseline; the

(a) Electron Neutrino Appearance Probabily vs. LE (b) Impact of CP Phase on Vacuum Oscillations (c) Impact of Matter Effects on Oscillations (5, = 0)

7 018 s Vacuum oscillations, all terms, i, = 0 7 1 Vacuum

= Al terms,
T OE, . Al terms,
e All terms,

, all terms, 5

7 010w Vacuum oscillations, allterms, i, = 0
£ otf- Matter effect at 1000km, NH

Matter effect at 2000km, NH
+ Matter effect at 3000km, NH
1= Matter effect at 3000km, IH

& o16f- sin’29,, term only
—ssse5+1 Solar oscillation term only

. o 1 osf-

004 - .Y e® 004 -
- /; /N \/" -
o . ) o

500 4500~ 50
Baselina/Noutrino Energy (km/GeV)

sefineNeutrino Energy (km/GeV)

Figure 1.2.: The v, — v. oscillation probability as a function of baseline/neutrino energy (L/Ev)
is given (left); the impact of effect of the CP phase in vacuum (middle) and in
presence of the matter effect (right) are reported. The plots are from Ref. [36].

middle plot shows the effect of CP phase on the oscillation probability and the right
plot the effect of matter effects on the same probability for dcp=0. The colors of the
curves are representative of how the probability changes as a function of the baseline
L. By considering these plots, it appears how an experiment with energy close to the
first oscillation maximum and 1300 km far away from the production point would

be sensitive to the mass ordering, independently from the dcop-value.

Current LBL experiments

T2K and NOvA are the two current experiments having as main physics goals

the measurement of o3, Am%Q, and dcp. Here, a brief description is given:

e T2K: The Tokai-to-Kamioka (T2K) experiment is located in Japan; it has
292 km baseline and the muonic neutrino beam, produced at J-PARC. The
far detector is the SuperKamiokande detector, a water-Cherenkov detector,
with L/E~480 km/GeV. Because of the possibility of the off-axis positioning
of the near and far detectors, neutrinos arrive within a very narrow energy

band centered around 600 MeV.
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e NOvA: The NuMI Off-axis v, Appearance (NOvA) detector is based in the
United States, at 810 km away from the Fermilab where a 2 GeV narrow
(anti)neutrino beam is produced. The detector is made by segmented liquid

scintillators, with L/E~400 km/GeV, and sensitive to the matter effects.

The T2K experiment provided excellent results, detecting for the first time the v, ap-
pearance from the v, beam [37] and highlighting the first hint of a non-zero dcp-
phase measurement [38]. Currently, the T2K and NOvAexperiments are carrying
out a joint analysis aiming to clarify the slight disagreement found in the preference

of the octant for the f23-mixing angle.

Future LBL experiments

Despite the interesting results that both T2K and NOvA are accomplishing, none
of them are expected to give a conclusive measurement of the oscillation parameters.
For this reason, a next-generation long-baseline experiments has been planned and it
is expected to reach the necessary sensitivity to clarify such precise measurements.
Two are the ones currently proposed: Hyper-Kamiokande, at the T2K site, and
DUNE, in the USA. The first will have the same baseline as T2K, the second will
increase it up to 1300 km.

The Hyper-Kamiokande experiment will still use the same neutrino beam produced
at J-PARK after its upgrade for the T2K experiment, but both the near and the far
detectors will be improved. Despite the ND will remain the same, its setup will be
upgraded in order to enhance the beam characterization and minimize the systemitc
uncertainties. The FD, instead, will be a water-Cherenkov detector analogous to
Super-Kamiokande, but 10 times larger, reaching ~260 ktons and with a potentiated
ultrasensitive light photon-detection system.

On the contrary, DUNE will use time projection chambers based on the liquid
argon technology, reaching a fiducial mass of 40 ktons and using the most powerful
neutrino beam in the world, whose description will be given in the next section; a
wider description of the DUNE experiment in relation with its main physics goal will

be given in Sec. 1.3.

1.2 General principles of a LAr-TPC

The Time Projection Chamber detector was conceived by David Nygren in 1974
[42]. His idea was to have a detector able to identify a ionizing crossing particle from

its energy deposition and to reconstruct its track three-dimensionally.
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The basic idea of a TPC is pictured in Fig. 1.3; it consists of an active volume
filled with gas or liquid, where the particles crossing the active volume lose enough
energy to ionize the volume atoms. The electrons produced in the ionization process,
in the form of swarms, are drifted by a uniform external electric field towards a
position-sensitive stage anode that provides a 2-D projection of the particle trajectory

in the x-y plane. The segmentation of the anode defines the spatial resolution of

v

arrival fime

Figure 1.3.: Schematic description of the TPC operation principles. The orange line represents the
track of the crossing particles producing ionization electrons and positive ions drifted
by the electric field. The 2-D reconstruction of the track projection takes place in
the anode plane; the arrival time of the drifted electrons gives the z-coordinate of the

track.

the 2-D track reconstruction. The arrival time of the drifted electrons is used to
reconstruct the z coordinate allowing a 3-D track reconstruction. The identification
of the particle is possible measuring the energy loss per unit path (dE/dx) which
is proportional to the collected charge per wire and unit time (dQ/dx), making
the TPC a good calorimeter. To optimize the TPC performance in terms of the
charge signal extraction, the knowledge of all the physics processes related with the
transport properties of the electrons is essential. The diffusion of the electrons in the
electric field from where they are produced up to the anode plane affects the spatial
resolution over long drift distances; in addition, possible attachment of the electrons
with the atoms or molecules can degrade the swarm formation [43]. A magnetic field
can be applied to provide a measurement of the momentum and the charge of the
particle. In order to reduce the electron diffusion, the magnetic field must be parallel
to the electric field [44].

First TPCs were filled with noble gases or mixtures, later on, liquids were intro-
duced. The advantage of using liquids comes from their higher density compared

with the formers; moreover, ionization charges have greater mobility in liquids and
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the additional benefit of reduced electron-ion recombination. These features make
liquid TPC optimal for the detection of processes with a very small cross-section
as neutrino interactions or direct dark matter (DM) interactions, as well as proton
decay searches. Being noble gases scintillators, the light produced by the particles
crossing the TPC volume can be detected; it can be used in combination or as an
alternative to the information extracted from the drifted charges produced in the
ionization. The scintillation light is produced either by excitation of the medium
atoms or by the recombination process that can take place after the electron-ion
production. From the scintillation light point of view, noble elements are excellent
materials since they are transparent to their scintillation light®.

Various are the liquefied noble gases that can be used in a TPC (He, Ne, Ar,
Kr, Xe). The proposal of using pure liquid argon as the TPC active volume was
presented by Carlo Rubbia at the end of the 1970s [45]. The choice of having a
liquid argon time projection chamber (LAr-TPC) is justified by many reasons, the

most important are listed below:
e Aris dense (1.4 g/cm?), so the crossing particles deposit significant energy

e Ar is the third most abundant gas in the Earth’s atmosphere (1%) so that it

can be easily extracted, making it the cheapest noble gas available

e Ar can be easily purified, most of the impurities can be frozen out from its

liquid state to very low levels

e Ar has a large dielectric rigidity, that eases the use of high voltage in long drift
paths

e Ar scintillation light allows a good pulse shape discrimination

e Ar provides to identifying electromagnetic showers (from the ratio of the sec-

ondary over the primary scintillation light signals)

The Ar scintillation light produced from the de-excitation of the Ar dimers is emit-
ted at 127 nm, in the vacuum ultraviolet (VUV) region; this energetic radiation is
not able to activate further ionization in such a way the Ar results transparent to
its scintillation light. Despite that, to detect the scintillation light with common
photomultiplier tubes, a wavelength shifter is required. To build a liquid-argon de-

tector, cryogenic temperatures are needed. Ar in liquid, solid, and gas states coexist

5A wider description of the role of the scintillation light in liquid argon TPC is available in Chap-
ter 2.
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in thermal equilibrium (triple point) at T=83.81 K at 0.6889 bar; while the boiling
point at which the argon gas liquefies is T=87.30 K. In Fig. 1.4, the phase diagram
for argon around the triple point is shown. The most significant argon properties
and quantities are summarized in Tab. 1.2; all the argon properties can be found in
Ref. [47]. It is important to remind that first liquid TPCs were filled with Xe because
of its better physical properties in terms of density and electron mobility, but the Ar
abundance and cheapness make it the optimal candidate for detectors that must be
scaled up to multi-ton scale. To detect very small cross-section interactions big size
detectors are needed and LAr density makes it a perfect candidate for the target ma-
terial. Besides, being the Ar the only element needed in the detector active volume,
LAr-TPCs allow having uniform volumes with an excellent reconstruction of all the

final particles created. Thanks to the uniformity of the active volume, the three-

dimensional topology reconstruc- Argon Phase Diagram

tion does not suffer from any seg-

1000 :

mentation. For these reasons,

LAr-TPCs have an important role
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Figure 1.4.: Phase diagram for argon, around the

searches, that are worth keeping triple point. The plot is taken from

in mind will be pointed out. In Ref. [47].

both detectors, the control of the Ar purity is crucial since the presence of elec-
tronegative molecules increases the electron attachment probability®. Currently, Ar
purification systems reached levels where the amount of electronegative impurities
is kept at the part-per-trillion (ppt). A big difference between neutrino and dark
matter LAr-TPCs concerns the energy range exploited in the two kinds of detectors.
At the scale of the neutrino beam interactions, they deposit enough energy to be
reconstructed through their tracks. All the neutrino LAr-TPCs operated so far had
volumes filled by Ar only in the liquid phase, in the configuration called Single-Phase
(SP). The imaging capability of a such LAr-TPC is determined by the anode seg-

5More details can be found in Sec. 2.3.
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mentation that reached a spatial resolution of mm scale and an angular resolution
of the order of one degree. An intrinsic limitation is imposed by the long drift dis-
tances that must be covered in bigger detectors by ionization electrons, because of
the overlapping of the random diffusion motion with the spatial resolution of the
coordinate, the reconstruction in the x-y plane is deteriorated. To minimize such
degradation is crucial to have a good knowledge of LAr properties like the electron
motion diffusion and the drift velocity of electrons to correct the z coordinate of the
reconstructed track. Additionally, the amount of electronegative impurities must
be kept at minimum levels. In direct DM searches, the interactions take place at
the scale of few keV; on the other hand, the energy scale of the main physics goals
exploited the neutrino experiments is of the order of tens of GeV. Due to the energy
scale of the detectable processes and to improve the background suppression, the
most common LAr configuration used in DM detectors keeps Ar in the gas phase on
the top of the Ar liquid phase in the so-called Dual-Phase (DP) configuration [52].
As it will be described in Sec. 1.2.2, the DP configuration takes advantage of the
amplification of the drifted electrons in the gas volume; such amplification becomes
particularly helpful in the detection of low energetic events [192]. Despite that, in
this range of energies, one of the main drawbacks given by using LAr is the intrinsic
presence of radioactive isotopes present in the natural argon (*’Ar, “°Ar and #2Ar)
because of their 3-decay mode. In particular 3?Ar, with its half-life of 269 years, 1.01
Bq/kg and its point spectrum at the order of hundreds of keV, is one of the main
intrinsic backgrounds to be distinguished to the searched DM signals (more details
can be found in Ref. [46] and [48]). An optimal considered alternative, to minimize
also the 39Ar contamination, is the substitution of the natural Ar with Underground
Argon (UAr).

As will be described in Sec. 1.3, in the current DUNE plan, both single and dual-
phase configurations are foreseen options for the far detector modules. The two

configurations will be compared in the next two sections.

For completeness, a brief comparison with water Cherenkov detectors must be
mentioned. Already in 1998, the Super-Kamiokande detector’ demonstrated the
robustness at the multi-ton scale of the technology when the neutrino oscillations
have been observed for the first time. In the initial discussion for choosing the DUNE
detector design, both LAr and water Cherenkov detectors have been considered;

despite that, LAr showed to have some advantages becoming the final choice (build

"The Super-Kamiokande detector was filled by 50 k-ton ultra pure water in a cylinder with 39.3m
diameter and 41.4m high.
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quantity value
atomic number (Z) 18

atomic weight

mean excitation energy (I)

39.948 g/mole
188 eV

liquid argon energy gap (Egap) 14.3 eV
first ionization potential (I;) 15.7 eV
average energy for ionization in liquid (W) 23.6 eV
average energy for ionization in gas (Wy) 26.4 eV
MIP stopping power of liquid 2.105 MeV /cm
nuclear collision length 54.25 cm
nuclear interaction length 85.77 cm
scintillation wavelength (dominant component) 128 nm
Rayleigh scattering length in liquid 90 cm
radiation length in liquid 14 cm
Moliere radius in liquid 9 cm
density of the liquid 1.4 g/em?
boiling point at 1 atm 87.3 K

triple point

83.81 K, 0.689 bar

heat of evaporation 6.44 kJ/mol
dielectric constant of liquid (¢) 1.5

critical energy in liquid for electrons 30 MeV
critical energy in liquid for muons 500 GeV
scintillation photons/MeV in absence of drift field =~ 5x10*
electron mobility 500 cm?/Vs

Table 1.2.: Summary of the relevant quantities of the argon, all the values are updated and taken
from the PDG [49].

both detectors was clearly cost-prohibitive). Being its density around 1.4 kg/m?, LAr
is 40% more favorable than water, the interaction length is similar in both media but
the radiation length in LAr is half than in water [79]. Because of these differences,
to reach the same sensitivity to measure the CP violation, a fiducial volume of ~40
kton of LAr is needed instead of ~200 kton of water [51]. Additionally, being the
LAr a scintillator there is no minimum threshold to detect an interaction, while in
Cherenkov detector a minimum energy threshold of ~4 MeV is required. Finally,

the excellent imaging capabilities, good energy resolution, high detection efficiency,
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and good particle identification have been identified as key features to make LAr the

final choice for a multi-ton neutrino detector.

1.2.1 Single-Phase technology

In the SP LAr-TPCs, the signal produced by the drifted electrons is collected by
wire planes immersed in the LAr: the induction planes face to the drift region and
provide a non-destructive signal of the electrons crossing them, while the collection

Inductionl

plane is where the electrons are gath- Cathode _
‘N 7 Induction2

ered. The drifted charges overpass _
the induction planes where the signal : \
is bi-polar and needs a deconvolution

method to be reconstructed; while,

on the collection plane, the signal is

unipolar and its reconstruction is eas- e

ier [54]. As shown in Fig. 1.5, the ee o

wires on the three planes cover differ-

ent, non-orthogonal, angles to give a “ \Z

full 3-D reconstruction. DL N\
The first SP LAr-TPC ever built DT

at the ton scale was ICARUS-T600

. Figure 1.5.: Schematic description of a SP LAr-
[55]; it represented the final result of a

TPC (picture from Ref. [62]); the
more than a decade of R&D dedicated active volume corresponds to the

program made by smaller prototypes whole LAr bulk where the drift field

needed to fulfil the main technological is applied horizontally.

challenges hidden behind the simplicity of the TPC concept. This conceptual design
for a SP LAr-TPC is now the most accredited one, already used in ArgoNeuT [56],
LArIAT [57] and the 35-ton prototype [58], and it is the baseline configuration of all
the LAr-TPCs of the Short-Baseline Neutrino (SBN) Program [53] at FermiLab such
as SBND [59], MicroBOOVE [60] and the overhauling version of ICARUS-T600 itself.
In these detectors, the scintillation light was collected by arrays of Photo-Multipliers
Tubes (PMT) positioned behind the wire planes and used to measure the absolute
event timing, to.

Thanks to the maturity of the SP technology, it will be the first option for two over
the four modules of the DUNE far detector. An important step forward in the scaling
of the SP technology towards the DUNE far detector modules is the ProtoDUNE-SP
[92] detector operating at CERN since 2018. Similarly to the ICARUS design, the
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ProtoDUNE-SP LAr volume is segmented in two big regions divided by the cathode
plane, with a 0.5 kV/cm drift field applied with the maximum drift length of 3.53 m
reached so far. Furthermore, in contrast with the antecedent SP LAr-TPC that used
PMTs, the photon detection system is made by SiPM directly integrated into the
anode plane assembled modules; its design, successfully tested for the first time in
the ProtoDUNE-SP detector, consists of two different models of a bar-shaped light
guide and the innovative ARAPUCA design to trap the photons®. More details can
be found in Ref. [95], [96], [97]. One of the disadvantages of the SP technology is
given by the limitation on the drift path reachable with the minimum degradation
of the collected charge. Because of that, big volumes can be reached only paying
the price of the fiducial volume segmentation. In addition to that, despite the great
S/N? ratio achieved in ProtoDUNE-SP, the scaling up to big volumes could limit it
and consequently, the accessibility to lower energetic physics studies.

On one hand, the SP technology guarantees the detection of both the overriding
DUNE physics at the GeV scale, to study the CP violation, and events at the MeV
scale, as solar or supernova neutrinos and nucleon decay searches. On the other, the
SP modules will be installed with other LAr configurations to improve the detection
of low energetic events, reducing the cost of the detector and have a better handling of
systematics. One of those alternative technologies is the Dual-Phase option described

in the next section.

1.2.2 Dual-Phase technology

The Dual-Phase technology is characterized by the coexistence of an argon vapor
layer above the liquid argon volume. In this configuration, schematized in Fig. 1.6,
the drift of the electrons is vertical. A combination of strong electric fields al-
lows their extraction in the gas argon (GAr) phase and the creation of a Townsend
avalanche that multiply the ionization electrons extracted. The collection of the
amplified electrons take place in a 2-D anode plane. Two signals characterize the
light production in dual-phase LAr-TPCs: a prompt scintillation light signal (S1)
immediately generated when a particle crosses the liquid argon, and the secondary
scintillation signal generated in the gas argon phase (electro-luminescence light, S2);
both processes will be extensively described in Chapter 2. In the DP LAr-TPCs
for neutrino detection, these light signals are detected by arrays of PMTs that must

8The term ARAPUCA is the indigenous Guarani word for “a trap to catch birds”.
9The definition of S/N used here and in the rest of the thesis is in agreement with Ref. [104] and it

corresponds to the ratio of mean waveform amplitude over the average value of the noise RMS.
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be positioned below the cathode of the TPC field cage. The main advantage mo-

tivating this TPC design is given by the feasibility to build bigger detectors than
the ones allowed by the SP configura-
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its collaborators [65]. The operation
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of such detectors became quite com-

mon in DM experiments since the ra- Figure 1.6.: Schematic description of a DP LAr-
tio of secondary light to the primary TPC (picture from L. Zambelli).

scintillation light is very useful for A pocket of gas argon above the

. . LAr phase allows the extraction and
background rejection. The applica-

amplification of the ionization elec-
tion of the DP concept in LAr-TPCs trons; consequently, the drift field is
was successfully tested for the first applied vertically.

time in the WArP prototypes where

the maximum drift obtained was ~70 cm [67]. Initially, those detectors avoided the
avalanching mode that turned out to be unstable [66] and read only the two light
signals through the optical readout of the PMTs. Only with the discovery of the
high-gain operation of Gaseous Electron Multiplier (GEM) in noble gases [68], a
huge step forward has been made in the application of the avalanche amplification
in GAr combined with the charge readout in the anode plane for the detection of
rare events. GEMs ensure that the photons produced in the avalanche are confined
inside holes; for this reason, they are well suited for operation in pure argon vapor
without the use of a quencher gas. Despite the first GEM designs were very delicate
devices, since possible electrical discharges have been observed, they were able to
provide a large effective amplification factor for the electrons extracted in the gas

volume!".

One solution to develop such DP design coupled with the charge readout has been

The gain signal observed in Ar was >10* [71].
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proposed within the LBNO-DEMO (WA105) Collaboration that was born to study
the design of a DP LAr-TPC with a mass that could reach the k-ton [69], [70]. The
goal of the proposed DP design is to develop a LAr-TPC where the charge signal
amplification recovers the long drift degradation; besides, the detection of both light
S1 and S2 signals can be used. In this configuration, the charge signal reconstruction
can reach S/N much higher than in a SP LAr-TPC !!. Significant improvements in
the stable operation of these devices have been obtained increasing the thickness
of GEM-like detectors in the so-called Thick-GEM (ThGEM) or Large Electron
Multiplier (LEM) [72], [73], [74] (an interesting review on cryogenic detectors with
electron avalanching can be found here [75]). LEMs are the devices installed in the
current DP LAr-TPCs [76]. Their optimization is the result of a long R&D that
started over the last decade with the final aim to identify the optimal solution for a
scalable device to cover big surfaces; further improvements are still under study in
the current prototypes 12

The anode readout plane is the second key component of the current DP LAr-
TPCs. It is made by two perpendicular sets of semi-transparent electrode strips
(called views) that are separated by a thin insulating layer. The amplification pro-
duced inside the LEMs is strong enough to produce an amount of charges that can
be split on both views; in this way, it is produced a similar response on both sets of
strips that correspond to the x-y coordinate in the 2-D projection. The pitch strip
define the anode segmentation which is ~3mm in current DP LAr-TPCs'?. Con-
trary to the signal collected in the induction planes of the SP anode, the 2-D anode
collects two mono-polar and symmetric signals that facilitate the event reconstruc-
tion [80]. The combination of the LEM’s amplification with the collection of the
two segmented views is the key feature that guarantees high-performance imaging,

constituting a unique property of the dual-phase TPC.

1.3 The Deep Underground Neutrino Experiment

DUNE [61], [62], [63], [41] is an international leading-edge neutrino experiment
under construction in the USA. Its main goal is to study the neutrino oscillation

parameters, the mass ordering and CP violation in the leptonic sector. It will use the

1A S/N>400 for a maximum effective gain~90 has been measured for minimum ionizing particles
in small R&D setups [98]; more details will be given in Sec. 1.4.1.1

12The LEMs operation in DP LAr-TPC and their principle of operation will be explained in
Sec. 1.4.1 and Sec. 2.4 respectively.

13More details on the 2-D segmented anode installed in currently DP TPC will be given in Sec. 3.1.
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Sanford Underground Fermi National
Research Facility, Accelerator Laboratory,
South Dakota lllinois

Figure 1.7.: Schematic drawing of the Deep Underground Neutrino Experiment; in the scheme it is
possible to recognize the ND, on the right, very close the beam production and the FD,
on the left, at 1300 km far away from it. Picture from https://lbnf-dune.fnal.gov/

world’s most intense neutrino beam originating at the FermiLab and detected 1300
km away at the Sanford Underground Research Facility (SURF) in South Dakota.
The choice of the baseline and, consequently, the far detector site is the result of the
optimization studies that ensure a 30 sensitivity to measure the CP violation at any
dcp value. A schematic description of the DUNE experiment is given in Fig. 1.7.
Two are the sites where the DUNE detectors are positioned, the first hosting a near
detector (ND) and the second hosting the far detector (FD). The comparison of the
neutrino energy spectrum between the ND and FD is crucial for discovering new
physics in the neutrino oscillations process. The ND target will be built 574 m
from the neutrino beam production to characterize the neutrino beam intensity and
energy spectrum. The FD will be a giant modular LAr-TPC with a 40 k-ton fiducial
mass split in four modules; the cavern that hosts the FD is 1.5 km underground. As
described in Sec. 1.2, the combination of the LAr characteristics and the LAr-TPC
features is the best option to give a unique neutrino interactions reconstructions with
the best imaging precision and resolution.

In the following sub-sections, the DUNE physics goals, the main interactions that
are expected to be detected in the DUNE FD detector, the neutrino beam features,
and the description of the near and far detectors will be summarized; however,
without entering into the details of the physics program nor the details of the DUNE
detectors '* because would not add essential information for the scope of the thesis.
On the other hand, more attention will be given to the description of the crucial
features of the DUNE experiment, the novelty of the technology employed and the
challenging of the experiment to clarify the motivation of building prototypes, like

the WA105 DP demonstrator for the dual-phase LAr configuration.

4The most updated summary, at the time of writing this thesis, on the details on the DUNE
experiment can be found in Ref. [61], [62], [63], and [41]


https://lbnf-dune.fnal.gov/

22 Novel giant liquid argon TPCs to study neutrinos

1.3.1 DUNE physics goals

The construction of such a giant detector, as DUNE is, allows exploring a wide
physics program. The primary DUNE scientific goals are related to the neutrino
oscillation measurements for which v, and 7, wide energy spectrum beam will be
used. In the DUNE program, the measurement of the CP phase (dcp ) is the pre-
dominant physics purpose, as well as to study the matter-antimatter asymmetry and
the neutrino mass ordering (through the measurement of Am3; and the a3 mixing
angle in the octant where it lies). Answering these questions, DUNE results will be
a sensitive test of the three-neutrinos paradigm. Additionally, given the far detector
dimensions, non-beam searches are possible. DUNE, in fact, will be sensitive to the
detection of the v, flux from the core-collapse supernova burst, as well as to study
several channels for proton decay searches, and consequently search the baryon num-
ber violation that would give a hint for the grand unification theories. Thanks to
the empowered neutrino beam, the high statistic samples determined by the fiducial
mass of the detectors, and very precise particle identification and track reconstruc-
tion ensured by the LAr-TPCs, the contribution that the DUNE physics will bring
to the present long-baseline neutrino experiments is in the enhanced precision of
the measurements that will carry out. Moreover, due to the beam characteristics
and the high resolution of the ND, additional physics studies related to the neutrino
interactions will be also allowed. In Tab. 1.3, the DUNE scientific program is listed;
the detailed description of such a vast and ambitious physics program can be found
in Ref. [62].

1.3.2 LAr as a target for neutrino interactions

Restricting the discussion to the interactions regarding the neutrino oscillation in
the FD, the measurement can be done either looking for disappearance or appearance
of a specific neutrino flavor. The former is studied from the survival probability of
the v, or ¥, in the beam, while the latter can be found looking for v, or v, appear-
ance from the v, or v, oscillation. The tagging of the neutrino flavor is possible
only through charge-current (CC) interactions, while neutral-current interactions
are considered background signature of the CC interactions. Both in the case of

disappearance and appearance searches, the neutrino interaction with LAr volume is
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primary physics goals

mass ordering from Am3; and 623 mixing angle (sensitivity to the three-neutrino paradigm)

CP violation discovery from the dcp measurement (matter-antimatter asymmetry)

Ve flux from core-collapse supernova (information on early stage of core-collapse and

possible signature of birth of black-hole)

proton decay searches (baryon number violation)

ancillary physics goals

physics beyond the standard model (BSM) (Lorentz violation, CPT wiolation,

sterile neutrinos, etc)

v, appearence

neutrino oscillation from atmospheric neutrinos

neutrino interactions in the ND (neutrino cross sections and studies of nuclear effects)

dark matter searches (searches for light-mass dark matter at the GeV scale in the ND,

and searches for boosted dark matter testing different models)

Table 1.3.: Summary of the DUNE scientific physics program, all the additional details not men-
tioned in the text are reported in Ref. [62].

basically with the argon nucleus through four possible CC interactions:

disappearance : v, +n—p-+pu_, Vy+p—n+ut (1.13)

appearance : Vg+n—p-+e , To+p—n+et. (1.14)

As shown in Fig. 1.8, depending on the neutrino energy, E,, different interactions are
possible. For E, ~GeV, Ar nuclei remain almost intact in the interaction determin-
ing a quasi-elastic (QE) scattering. For E, between 1 and few hundred GeV, reso-
nances can be produced either with the creation of a A or a N* state that decay into
a m and another nucleon N’(N can be either referred to a proton or a neutron and 7
can be 7, 't or ) through the following interaction: v,(7,) + N = A+ p~(u™),
where A — 7 + N’. The case of a 7 meson in the final state is difficult to be distin-
guished from the v, appearance signature; in both cases an electromagnetic shower
is produced and the distinction of the two processes is possible only with the perfect
reconstruction of all the products. Finally, for E, >10 GeV, the deep-inelastic scat-
tering (DIS) starts to be the dominant process and the v interacts with the quarks
inside the nucleons with the consequent production of hadronic showers. Considering
all these possibilities, the final particle produced by the neutrino interactions with

Ar are electrons, muons and hadronic showers.
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Figure 1.8.: Total muon neutrino (left) and anti-neutrino (right) CC cross-section as a function

of the neutrino (anti-neutrino) energy. The plots are taken from Ref. [81] .

LAr properties ensure the best track reconstruction for the searched events. How-
ever, the detection of low energetic events or the measurements of non-beam events
is challenging due to intrinsic presence of v, background, Michel electrons, etc... In
these searches, an important role is covered by the scintillation nature of the LAr. If
most of the DUNE physics searches are guaranteed by the TPC track reconstruction,
some non-beam searches, as nucleon decay searches, and new interesting areas of in-
vestigations are possible thanks to the detection of the scintillation light. On one
side, the light information can give a redundant measurement of that performed by
the charge signal to suppress systematic uncertainties and explore new physics; on
the other side, the knowledge of the ty time of the event is important to correct the
charge reconstruction deterioration due to the electron captures or other transport
effects, as well as to fiducialize non-beam events and to trigger low energy non-beam
processes. The role of the photon detection in the LAr-TPC, alone or in combination
with the charge signal to perform complete calorimetric studies, will be described in
Sec. 1.5; in the next two sections, the neutrino beam and the near detector features

will be presented.

1.3.3 Neutrino beam

The main innovation brought by the DUNE experiment to the current long-
baseline neutrino experiments is the powerful proton beam provided by the Proton
Improvement Plan-II (PIP-II). In the first phase of the DUNE experiment, the beam
power will be 1.2 MW, which corresponds to 1.1x10%! protons-on-target (POT) per
year [61] in the energy spectrum lying in the (60; 120) GeV range. An important



1.3. THE DEEP UNDERGROUND NEUTRINO EXPERIMENT 25

upgrade of the actual accelerator will empower the proton beam up to 2.4 MW, with
a consequently important increase in the statistics. The protons are extracted from
the Fermilab Main Injector (MI) and transported in the target area where the pri-
mary proton beam hits on a cylindrical graphite target (with 16 mm diameter and
2.2 m long) producing hadrons, successively focused on three magnetic horns. From
the decay of pions and kaons in a cylindrical decay pipe filled with helium (with a
diameter of ~4 m and a length of ~200 m), the neutrino beam is extracted. The
neutrino beam is designed to reach the maximum event rate in the energy region
between 0.5 GeV and 8 GeV, at the maximum proton energy of 120 GeV. In Fig. 1.9
a schematic description of the beam production is given; more details can be found
in Ref. [62].

Primary Beam Enclosure

Apex of

MI-10 Point of Extraction:
Target Hall
Complex

Near Detector Absorber Hall Primary Beam

Service Building Service Building Service Building

Figure 1.9.: Schematic drawing of the beam production site reaching the near detector. The
neutrino beam is produced by the interaction of protons on a graphite target, reaching
the near detector 574 m far away from the production point. The picture is taken
from Ref. [62].

1.3.4 Near Detector

At the time of writing this thesis, the Near Detector (ND) design is not yet in
its final configuration, but the main components and their functionality have been
already defined and will be summarized in this section. At the time of writing this
thesis, the most updated information on the ND can be found in Ref. [61] and [88],
the Conceptual Design Report with additional information is in preparation.

The ND is made by three standalone detectors that give complementary informa-
tion to reach the best characterization of the neutrino flux and minimize as much
as possible systematic uncertainties in the comparison of the neutrino flux measured

in the near and far detectors. The main goals of the ND are: provide a high preci-
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sion measurement of the neutrino flux, the flavor composition and the study of v-Ar
interactions; moreover, from the ND measurements, there will be the possibility to
disentangle degenerations biased by the energy resolution in the ND-FD comparison.
To achieve the latter goal, the innovative approach, called DUNE-PRISM (DUNE
Precision Reaction-Independent Spectrum Measurement) has been developed. This
procedure is possible because two of the three detectors can be moved off-azis from
the neutrino beam direction to access to many different monochromatic neutrino

energies. In Fig. 1.10, the three detectors are visible: the ArgonCube LAr-TPC,

Figure 1.10.: Schematic description of the multi-purpose detector of the DUNE near detector;
starting from the left it is possible to recognize the 3DST detector and the magnet,
the HPgTPC in the center, and the LAr-TPC based on the modular design of the
ArgonCube detector on the right. The picture is taken from Ref. [61].

a high-pressure gas TPC (HPgTPC) surrounded by an electromagnetic calorimeter
(ECAL) and a magnet at 0.5 T, together named Multi-Purpose detector (MPD),
and a 3-D scintillator Tracker (3DST) surrounded by the KLOE magnet.

The ArgonCube and the MPD are the two components that can be moved. When
the three detectors are aligned, the ND configuration is called on-axis; while, when
the ArgonCube and the MPD detectors are moved, the ND configuration is called
off-axis. The ArgonCube LAr-TPC, having the same nucleus as the FD, allows hav-
ing a model-independent extrapolation of the cross-section in the comparison with
the FD. The comparison of the neutrino flux between detectors with the same nuclei
determines a reduction of the sensitivity to possible nuclear effects and a consequent
reduction of detector-based systematic uncertainties. Nevertheless, due to the posi-
tion of the LAr-TPC so close to the neutrino beam, some differences in the detector
structure from the FD LAr-TPC are needed. The ArgonCube detector is big enough

to ensure high statistics, expected at 1><1081/M CC events/year, and the complete



1.3. THE DEEP UNDERGROUND NEUTRINO EXPERIMENT 27

containment of all the particles produced by the v-Ar interactions except the muons
whose energy is higher than 0.7 GeV/c. Because of the high number of interactions
and the necessity to reconstruct also more energetic muons, the ArgonCube detector
is downstream by the HPgTPC. The MPD allows the momentum and charge recon-
struction of the muons, which is a crucial information to know the E,, especially
when DUNE will work in the antineutrino mode.

Besides, the lower density of the gas TPC allows having a better reconstruc-
tion of the primary interaction vertex in the absence of secondary interactions; this
simplified topology allows the improvement of the modelization of the secondary
interactions in the denser detector where pile-up is higher. The off-axis movement
is a crucial additional degree of freedom for the DUNE experiment since, in this
way, a monochromatic »~-beam can be produced. This feature, is very important to
minimize the possible bias that can be introduced by the E, value, in the ND-FD
comparison, due to the convoluted information of the cross-section with the neu-
trino flux. For this reason, if the comparison includes information obtained from a
monochromatic measurement in the ND, the disentangle of this degeneration can be
mitigated and, consequently, the systematic uncertainties reduced.

Finally, the 3DST detector is an important monitor of the neutrino flux in both
on-axis and off-axis configurations. It is made by plastic scintillator cubes of 1 cm?
volume that allows very precise tracking of the particles. Moreover, the different tar-
get present in the 3DST-S detector will help to test with higher statistics the neutrino

models and to compare with the existing measurements from other experiments.

1.3.5 Far Detector

The Far Detector (FD) design is in a more advanced stage. It will consist of four
LAr-TPCs with the same fiducial mass of at least 10 k-ton each; two over the four
modules will use the SP configuration, while the DP configuration is foreseen for
the third module. In the wide DUNE physics program, the sensitivity to the less
energetic supernova core-collapse events or the capability to perform searches for
physics beyond the standard model, like nucleon decay searches, can be potentiated
by implementing the DP LAr-TPCs. This configuration will help in background re-
duction to distinguish neutral-current interactions from charge-current interactions
or to detect low energetic events with a better signal-to-noise ratio compared with the
SP option. Moreover, in the SP configuration, the detector size cannot be reached
without a modular segmentation of the active volume because of the maximum drift

path that can be covered with minimum degradation; in contrast, the DP configu-



28 Novel giant liquid argon TPCs to study neutrinos

ration will allow longer drift path in a uniform active volume. The fourth module

is called a *

‘module of opportunity” where other technologies can be implemented if
they ensure the same performance to reach the principal DUNE physics goals and
allow to explore new physics inside the DUNE project [83].

Each FD module will be hosted in four nearly identical cryostats of
18.9 mx17.8 mx65.8 m, corresponding to 17.5 k-tons of LAr active mass. In each
module, the cryostat will be constructed in such a way that it will be aligned with
the neutrino beam [85]. Such dimensions have never been reached before and both
single and dual-phase technologies have never faced the construction of such a big
LAr-TPC before. For this reason, both technologies built and operated prototypes
to demonstrate the scaling feasibility; in particular, the DP prototypes’ performance
is decisive for its installation in the DUNE FD. The DP technology operation at the
ton scale was explored for the first time by the WA105 DP demonstrator in 2017
(4.3 tons fiducial mass); the scaling up to ~300 tons is being demonstrated with
the ProtoDUNE-DP detector operation'®. Being the DP charge readout a less es-
tablished technology, its doability at the kton scale is more challenging. Due to the
final DUNE FD module dimensions, all the TPC components, for both technologies,
follow a modular assembling to simplify the detector installation in instrumenting
such a big volume. On the left of Fig. 1.11, a schematic picture of the SP module is

presented; on the right of the same figure, the drawing of the DP module is shown.

Signal FT chimneys
with DAQ crafes

Anode deck

Figure 1.11.: Schematic view of the SP module (left) and the DP module (righ) that will be
installed in the DUNE far detector; the modular assembling of smaller basic compo-

nents is crucial to simplify the installation. The pictures are taken from Ref. [61].

In the SP module, the electric drift field will be applied horizontally and the LAr
fiducial mass is segmented in multiple drift regions with a maximum drift length of
3.5 m at the nominal drift field of 0.5 kV /cm. To ensure a good pattern recognition

over such drift length, the LAr purity is an essential requirement, the contamination

15The description of the WA105 DP demonstrator will be given in Sec. 1.4.1.2; whereas, the
ProtoDUNE-DP detector will be described in Sec. 1.4.1.3.



1.3. THE DEEP UNDERGROUND NEUTRINO EXPERIMENT 29

of electronegative molecules (mainly oxygen, water, and nitrogen) must be minimized
at the level of the part-per-trillion (ppt) and the electron lifetime must be higher than
3 ms. Moreover, since there is no signal amplification, a very low-noise cryogenic
electronics is required to ensure a good S/N (the requirement is to have a S/N > 5-
10). In the LAr volume, the Anode Plane Assembly (APA) modules and the Cathode
Plane Assembly (CPA) ones will be alternated to define the whole fiducial mass, a
field cage will surround the drift volume to ensure a uniform drift field. As shown in
the figure, each CPA is flanked with two APA on each side. The Photon Detection
System (PDS) and its cold electronic will be integrated into the APAs. The PDS
baseline module is called X-ARAPUCA [94] and it is the result of the optimization
of the innovative photon detection systems implemented in ProtoDUNE-SP.

In the DP configuration the vertical electric drift field, at the nominal value of
0.5 kV/cm, will allow the drift along 12 m thanks to the electron amplification in
the GAr phase; the longer is the drift path, the higher is the cathode HV (600 kV
will be needed to reach the nominal drift field strength of 0.5 kV/cm). Thanks to the
electron amplification in the LEMs devices, the requirements on the noise electronics
are less stringent than in the SP case, but a low-noise cold electronic is still needed.
Due to the longer drift, the electron lifetime must be higher than 5 ms. The LAr
purity can accept a maximum amount of No impurities at the level of the ppt,
and a maximum amount of Oz and H20O at the ppm level, this requirement can be
reached with commercial LAr combined with a non-evacuated vessel recirculation'®.
The charge amplification takes place in 3 mx3 m Charge Readout Plane (CRP)'"
modules (in total, 80 units), where 2880 LEM-anode sandwich units are assembled
into an iron-nickel frame that ensures the CRP planarity to face with the possible
GAr temperature gradient. The LEM units cover a surface of 0.5 mx0.5 m and the
extraction grid, allowing the ionization electron extraction from LAr to GAr, will
be made by 0.1 mm diameter wires defining a surface with a 3.1 mm pitch. With
an amplification gain ~20, in the nominal drift field, a S/N ratio of the order of
95:1'% can be reached for tracks generated by MIPs crossing the detector 6 m below
the anode plane, the S/N ratio would move to 45:1 for tracks crossing the detector
12 m below the cathode. The charge signal is collected in the 2-D anode plane that
provides the 2-D track projection from two strips giving the x and y coordinates of

the event, with a 3.125 mm pitch used in each strip. The DP photon detection system

'$The validity of this procedure has been already tested in the ProtoDUNE-SP detector ensuring
7ms electron lifetime.

"The description of this innovative structure will be given in Sec. 3.1.3.

8With this nomenclature the number of multiplied electrons per each electron extracted is given.
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(PDS) will be made by an array of 720 cryogenic PMTs (R5912-MOD20 model by
Hamamatsu [91]), uniformly positioned underneath the TPC cathode, on the floor
of the cryostat. A direct coating of a wavelength material on the PMT surface is
necessary to allow the VUV light detection after its conversion in visible light; the
baseline option for the wavelength material is the tetra-phenyl butadiene (TPB).
The HV and the light signal transmission will be possible using a positively biased
circuit using a single cable per PMT. Besides, a LED-fiber system will provide visible
light to calibrate the system. The definition of such design has been optimized also
based on the results that will be presented in this thesis. Additional details on the
photon detection system of the DP FD module can be found in Ref. [41], [62]. In next
section will be summarized the advantages that would be given by the installation of
the DP technology in the DUNE FD and the main challenges this technology must

face to be operated at the giant scale.

1.3.5.1 Expected advantages of the DP technology

One of the main advantages brought by the DP technology is the availability of
a single and homogeneous LAr volume without any segmentation. This feature is
possible thanks to the charge signal amplification in the GAr phase and paves to the
possibility to reach longer drift paths facilitating the recovering of the charge signal
deterioration. The homogeneous LAr volume reflects an active volume free of mate-
rials that can originate intrinsic backgrounds, complicating the event reconstruction.
Besides, the same field cage perimeters a higher fiducial mass determining the de-
creasing of the time needed to reach high statistic; feature particularly precious in
long-baseline neutrino oscillation experiments that want to improve their sensitivity
to the oscillation parameters and CP violation. The demonstration of the DP tech-
nology at the giant scale will make wider the energy range of the neutrino interactions
that can be explored in DUNE; improvements can be obtained in the detection of
the less energetic events as the supernova neutrino flux, the solar and atmospheric
neutrino studies. A further very important simplification is given by the 2-D anode
structure where the charge signal reconstruction is obtained from the collection of a
unipolar signal. Thanks to that, in contrast with the bipolar signals in the SP induc-
tion planes, the efficiency reconstruction in DP-TPC increases significantly [34]; the
additional advantage in the DP configuration is the readout electronics accessible
from outside the cryostat. Finally, the most practical but still important motivation
for implementing the DP technology is at the cost level, being lower the number of

components to be installed in the TPC, the detector prize also decreases but also
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the installation logistics is simplified. Nevertheless, the DP configuration, as it has
been operated so far, shows still challenges whose overcoming are underway. The
inter-space distance between the CRP components and the inter-alignment with the
LAr-GAr surface at the mm precision is the very delicate challenge that can limit the
charge amplification. Despite the CRP alignment doability has been already demon-
strated in laboratory tests, its control over bigger surfaces can be more complicated.
A crucial intermediate step will be the ProtoDUNE-DP performance where a 6x6 m?
surface is covered by four CRP modules. Additional challenges are related to the
light detection as well; as it will be detailed in Sec. 2.2.3, the Rayleigh scattering
is the most problematic process that can decrease the light signal. In the DP FD
module, assuming the currents values for this parameter, the PDS must be able to
collect light produced up to ~12Ag,, scattering length far away [90]. For this reason,
other solutions, as the installation of reflective foils in the top part of the module,
are under study in combination with the baseline PDS design. More details can be
found in Ref. [11], [62].

1.4 The DUNE FD prototypes at CERN

The preparatory step to the DUNE FD modules consists of a dense program of
prototypes built and operating at CERN, intending to demonstrate the potential-
ity of the single and dual-phase technologies. The main goal of these prototypes
is to identify the optimal requirements needed to build the DUNE FD, based on
the experience reached with their performance, both in terms of validation of TPC
components and algorithm optimization for the event reconstruction. One of the key
points of the two ProtoDUNEs detectors is that they will host the modular elements
of the final design of both SP and DP TPCs scaled 1:1 with the ones that will be
installed in the DUNE FD. Given the robustness of the SP LAr-TPCs showed during
the last decades, the SP technology started testing and optimize the detector design
for the DUNE FD based on the performance of the ProtoDUNE-SP detector [92],
[63], [93], filled by a total LAr mass of ~770 tons. ProtoDUNE-SP had the first run
of data (phase-I) from the SPS beam during 2018 and is continuing to be exposed
to cosmic muons since 2019. Its operation has already shown excellent results [93]
and good detector stability; moreover, the charged-particle beam test has allowed
calibration measurements improving the reachable physics in the DUNE experiment.
Currently, an important technical upgrade of the detector is in preparation to take
a second run of beam data (phase-II) in 2022. The DP technology, on the other
hand, culminated its dedicated R&D and prototype program started in 2010 with
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the ProtoDUNE-DP detector, with ~300 tons LAr fiducial mass and 6 m drift; with
the first data taking period ended in Fall 2020 with the exposure of the detector to
cosmic muons. The ProtoDUNE-DP construction was possible thanks to the proof
of the DP technology at the ton scale in the WA105-DP demonstrator that has been
operated in 2017. Important lessons and design improvements have been gained due
to the performance and physics results achieved with the previous smaller proto-
types, as will be described in Sec. 1.4.1. All the additional details can be found in
Ref. [41], [70], [78], [80], [84].

1.4.1 DP prototypes: from R&D setups to ProtoDUNE-DP

In 2010, at CERN, a R&D and prototypes program started to demonstrate the
scalability to the giant scale of a DP LAr-TPC where both charge and light signals
can be collected. Initially, two small R&D setups have been operated reaching a
maximum drift length of 60 cm and 76x40 cm? collection surface in the second of
the two setups. Then, within the LAGUNA-LBNO European programme [77], the
WA105 dual-phase demonstrator [78] has been operated in 2017 exposed to cosmic
muons with a collection surface of 3m?. The role of the WA105 DP demonstrator
detector has been crucial since it demonstrated the possibility to operate standalone
charge readout structures feasible to cover large surfaces. Additionally, given the
detector dimension, the study of the scintillation light pioneered the understanding

of its propagation in big detectors.

1.4.1.1 Small R&D prototypes

In order to test the main components of the innovative concept of a DP LAr-TPC
with both charge and light readouts, two setups were built with increasing size, the
“3 liters” (3 L) [98] and the 250 L [101] and they both operated at CERN between
2010-2014, exposed to cosmic muons for relatively short periods. The operation of
the 3 L. demonstrated for the first time the feasibility of a LAr LEM-TPC. The LEM
devices are a more granular and more robust extrapolation of the GEMs devices with
millimeter-sized holes and a thickness of about 1 mm. They are produced with the
standard Printed Circuit Board (PCB) technique and the holes are practiced in the
PCB plate. In this setup, the LEMs demonstrated for the first time stable operation
of extraction and amplification of the electrons in the GAr phase. Additionally, the
same prototype brought to the definition of the innovative 2-D segmented anode

plane, with a 3 mm pitch, where the charge signal was collected. The design is the
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current baseline for the DP LAr-TPCs. The 3 L setup had a very small volu-
me with a 20 cm drift and 10x10 cm? readout surface.
The nominal drift field of 0.5 kV /cm was provided by field
shapers spaced 5 mm and an electric field of 2 kV /cm was
applied to extract the electrons in the gas phase. Below
the cathode, only one PMT was used to collect the VUV
scintillation light and provide the trigger and the tg recon-
struction. The 3 L setup was the first proof of the stable
operation of a DP LAr-TPC with electron amplification in

the LEM units and an adjustable gain. The latter feature

is particularly interesting for the LEMs implementation in ~ ' - &
bigger detectors. The setup operated in stable conditions /] - \
with an effective gain~15 that corresponds to a S/N~60 ' .

for MIPs [99].

The LEM devices, successfully operated in the 3 L, were then installed in the
250 L setup to cover a more extended surface. In this setup, the charge extraction
was demonstrated over
a T76x40 cm? surface,
above 60 cm of maximum
drift. Unlike the LEM
modular unit, the detec-
tor structure changed a
lot compared with the
3 L. In this second
setup, the LEMs were
coupled with the 2-D an-
ode in a single structure
called LEM-anode sand-
wich; two additional ex-
traction grids were added
to facilitate the electron

extraction in the GAr

phase. In the long term
operation of this setup

the second grid has been found that could limit the transparency of the extracted
electrons and this configuration was successively optimized using only one extraction

grid. The setup, that operated immersed in the ArDM [103] cryostat, had a field
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cage structure with field shaper 2 cm equally spaced where the maximum drift field
applied was of 0.6 kV/cm. Two PMTs were positioned underneath the cathode,
protected by a grounded metallic grid; only one of them was furnished by wavelength
shifter. The 250 L setup led to the identification of the optimal configuration of the
LEM-anode sandwich structure where the LEM and the anode are assembled in a
standalone structure that can be used as a basic module to cover large surfaces. The
assembling of unitary structures helps in making the device more stable; in this way,
possible discharges are confined into the unit module to avoid the propagation of
the discharges to one sector to the other [101]. All additional details about the two
setups can be find in Ref. [98], [99], [100], [101], [102].

1.4.1.2 WA105 DP demonstrator

The WA105 dual-phase demonstrator [78], also referred in the text as 3x1x1, is
the topic of this thesis and it will be widely described in Chapter 3; its design was
very similar to the 250 L
setup. The main innovative
part was the installation of
the Charge Readout Plane
(CRP) where the charge ex-
traction, amplification and
collection in the GAr phase
take place. This structure
covers a surface of 3x1 m?
and it is electrically and me-
chanically independent from
the FC structure. Below the
transparent cathode, shielded

by a metallic ground grid, five

8-inches cryogenic PMTs are
positioned to detect the scin-
tillation and electro-luminescence light signals. To detect the VUV light produced
in the scintillation, the five PMTs use TPB as a wavelength shifter applied in two
different configuration. In view of the definition of the photon detection system
design for bigger detectors, two different PMT highvoltage supply configuration have
been installed and tested. In Chapter 3 the detailed description of the detector and

photon detection system components are available.
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Technological milestones

The role covered by the WA105 DP demonstrator has been very significant since
it proved the feasibility of the DP LAr-TPC at the ton scale with a charge track
reconstruction over a 3x1 m? surface. The most important results regarding the
track reconstruction from the charge signal are itemized below (more details can be
found in Sec. 3.1.4):

e Cryogenic system and membrane cryostat: given the demonstrator dimensions,
much bigger than the previous TPCs, the cryostat building itself has been chal-
lenging; this construction has been designed in collaboration with the industry
to ensure a thermodynamically stable environment. The cryostat consists of a
non-evacuable membrane that endured cryogenic temperatures for the ultra-

pure LAr, uniform gas density, and a flat liquid argon surface.

e Extraction of the ionization charge over an area of 3 m?: for the first time, the

charge extraction over a surface with such a large area has been obtained.

o Assembling of multiple LEMs to allow charge extraction over the 8 m? sur-
face: the combined operation of 12 LEM modules was pioneered in the WA 105
DP demonstrator. The effective gain~20, already reached in the operation of
the single devices, is expected to be reached in the DUNE FD module. In
the WA105 DP demonstrator some limitations in such simultaneous operation
have been found affecting the effective gain reached in each LEM module. De-
spite that, the demonstrator could operate in stable conditions reaching the
amplification in the whole surface accepting the compromise to apply a lower

electric field in the corner LEMs.

e Analog front-end electronics and signal readout: Due to the vertical drift ap-
plied in the DP-TPC, the positioning of the front-end electronics close to the
anode readout plane was possible. This innovative positioning ensures very

useful accessibility during the operation.

As in the previous R&D setups, the light detection system provided a self-trigger for
the charge DAQ system. Differently from them, thanks to the detector dimensions,
pioneering results have been reached in the study of the scintillation light in LAr and
GAr; the deep understanding of the scintillation light production and propagation,
in fact, must be improved to scale the LAr-TPCs toward higher dimensions; in par-

ticular, determining the requirements for the light detection system to be operated
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in larger detectors as ProtoDUNE-DP and DUNE far detector. Additionally, the
investigation of the electro-luminescence light allowed exploring its correlation with

the track topology and the charge reconstruction.

1.4.1.3 ProtoDUNE-DP

The ProtoDUNE-DP detector has 6x6x6 m3 LAr active volume. In the
ProtoDUNE-DP detector, 6 m drift at the nominal value of 0.5 kV/cm is required
and four charge readout planes covering a 6x6 m? surface; these dimensions allow
to test the detector components for the FD module in the 1:1 scale thanks to their
modular assembling. In each CRP module 36 LEM-anode units are assembled; com-
pared with the design used in the WA105 DP demonstrator, the LEM’s structure
has been optimized to ensure a better stability covering the 3x3 m? surface and
minimizing the possibility of electrical discharges. In the first ProtoDUNE-DP run
only half of the surface is fully instrumented. The CRP units have been installed
separately from the field cage and, before the installation, the performance of the
CRP modules has been examined in a dedicated setup (cold-bozx) to test the pla-
narity, the HV stability, and their operation in the larger LAr-GAr interface. The
field cage also has a modular structure made in turn of subunits of 3x2 m? sub-units.
The photon de-
tection system is
made by 36 8-inches
PMTs, suitable to
tag the tg time of
the triggered events,
whose  positioning
has been optimized
to have the best
coverage inside the
detector, maximizing
the light collection
efficiency. The VUV

scintillation light is

converted using two different wavelength shifters: a direct TPB coating on the PMT
photocathode-surface is applied on 6 over the 36 PMTs; on all the other, the in-
novative Polyethylene naphthalate film is being tested. The performance and the
optimization of this photon detection system have been tested in the WA105 DP
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demonstrator; besides, the complete characterization of the PMT configuration se-
lected for the DUNE FD has been performed in the CIEMAT Laboratory [91]. The
photon detection system has shown a very good performance in the ProtoDUNE-DP

detector, acquiring millions of data events whose analysis is ongoing.

1.5 The added value of the light detection in a DP
LAr-TPC

The scintillation light signal covers an important role in LAr-TPCs giving access
to the knowledge of the arrival time of the event, tg, in the drift direction, allow-
ing the reconstruction of the z-coordinate of the event. Even with very high LAr
purity, minimum signal degradation is expected after long drift paths because of
the electron diffusion; for this reason, knowing the to time allows the correction of
the energy response and the consequent resolution improvement. In the case of the
measurement of the neutrino oscillation parameters in DUNE, for instance, this pos-
sibility allows decreasing the systematic uncertainties through a cross-check of the
charge reconstruction with the light information. Additionally, in the DP LAr-TPC
module, where the drift length is much longer than the SP module (12 m instead
of 3.5 m drift length), recovering the signal degradation could be more challenging.
On one side, the signal amplification in GAr helps in the improvement of the charge
signal reconstruction; on the other, being the charge and light systems located at
the opposite ends of the detector, only the combination of charge and light signals
in a complementary calorimetric approach can enhance the event reconstruction in
the whole volume.

One of the advantages of measuring the tg is in allowing the fiducializion of the
LAr volume around the event to be reconstructed. This characteristic improves the
detection of less energetic non-beam events like the detection of supernova burst
(SNB) and nucleon decay searches. Although SNB have a typical signature that can
be reconstructed from the TPC, the detection of the light produced by these events
is extremely useful in the trigger definition for such events. Given the rareness of
such events, the availability of independent trigger systems is precious. Besides, the
detection of the possible SNB tg will allow a good vertex location and a consequent
improvement in energy event reconstruction opening access to study cosmological
models related to the burst production and neutrino interactions within the core
collapsed. In the case of rare events like nucleon decays, background rejection is

crucial. The definition of a fiducial volume, given the t¢ arrival time, in the region
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where the event has been detected and the requirement of a fully contained event
inside the fiducial region, is the only way to distinguish the nucleon decay from
events generated outside the detector. For similar reasons, the reconstruction of
solar or atmospheric neutrinos interactions is improved through the detection of the
light produced in the interaction. These interactions take place in a precise time
and a confined volume, so, similarly to the case of the nucleon decays, through the
knowledge of the tg, it is possible to identify such events inside the detector and
fiducialize the volume surrounding them.

Especially in the dual-phase DUNE FD module with the 12 m height and the PMT
array positioned in the bottom part of the detector, the detection of the light from
the upper part of the LAr volume can be complicated due to the Rayleigh scattering
that becomes more relevant when the dimensions of the detector increase. Similarly,
the detection of the electro-luminescence light signal is not ensured by the actual
module configuration. For this reason, improvements in the detector configuration
are under study and some of them have been mentioned in Sec. 1.3.5 and can found
n [41], like the inclusion of reflective foils in the upper part of the detector and
the Xenon doping. Despite that, it is worth reminding important features of the
detection of the electro-luminescence light that has been explored in the studies
performed in the WA105 DP demonstrator where it gave an alternative measurement
of the ionization charge and that is being further investigated in the ProtoDUNE-DP
detector. The ratio of the electro-luminescence signal with the prompt scintillation
light depends on the particle nature. This feature is already used in DM experiments
for background rejection to distinguish electrons from nuclear recoils. Moreover, the
S2 signal is strictly dependent on the track topology and it can be used to measure
the velocity of the drifted electrons. This knowledge can be used as a cross-check
for the correction of the track reconstruction degradation after long paths. The S2
signal intensity as well, is affected by the presence of electronegative impurities and,
for this reason, it can be used to have a complementary measurement on the electron
lifetime. These and other features of the S2 signal have been deeply investigated in

the WA105 DP demonstrator and related results will be presented in Chapter 6.
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pero llega el momento en que el aviso del aire es mas fuerte que el miedo de caer.”

L. Sepdlveda

CHAPTER 2

LWORKING PRINCIPLES OF A DUAL-PHASE LAR-TPC

This chapter summarizes the physics processes taking place in a dual-phase LAr
TPC when the LAr bulk is crossed by an interacting particle. The energy lost by a
relativistic charged interacting particle with a medium is described in Sec. 2.1. The
rest of the chapter is focused on the description of the scintillation light mechanisms

in the liquid (Sec. 2.2) and the gas (Sec. 2.4) phases.

In the liquid phase, the propagation of the light and the drift of the electrons
toward the GAr phase will be described in Sec. 2.2.3 and Sec. 2.2.4, respectively.
The TPC performance critically depends on the concentration of electronegative
impurities; in Sec. 2.3, how their presence can deteriorate the light and charge signals
will be presented. Finally, the mechanisms governing the electron amplification in
the GAr phase and the consequent production of the electro-luminescence light will
be described in Sec. 2.4.1 and Sec. 2.4.2.

Controversies about some LAr properties related to the scintillation light produc-
tion and propagation are present in the literature; their description will be presented

in Sec. 2.5, paying particular attention to the ones studied in this thesis.

2.1 Energy deposition in LAr

The interaction of a relativistic charged particle crossing a medium determines the
loss of its energy via inelastic scattering with the shell electrons or with the nuclei
of the material. The mean rate of the energy loss per unit thickness of material

1

(typically expressed in MeVg~!cm?) is a function of the particle velocity and it is
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well described by the Bethe-Bloch equation:
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In the formula, K (K = 47Nar.mec?) is a constant related to the Avogadro’s number,
Na, the classical electron radius, re, and the speed of light c; z is the charge of the
incident particle, Z is the atomic number and A the atomic mass of the material. g is
the velocity of the incident particle normalized to the speed of light ¢, 7y is the Lorentz
2mec2 242
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to an electron in a single collision by the incident particle of mass M, and I is the

factor, Wmax = > is the maximum energy that can be transferred
mean excitation energy of the absorber (I = 188eV for Ar). Independently from the
material, instead, the Bethe-Bloch equation shows a minimum (around v = 3 - 4);
a relativistic particle whose mean energy loss rate is at that minimum value is called
minimum-ionizing particle (MIP). After that, there is the characteristic rise of the
equation which is known as the relativistic rise. In the Bethe-Bloch equation, the
d(By) term is the density effect correction needed for energy loss at high energy; at
high velocities, the incident particles polarized the atoms of the medium in such a
way that the electrons far from the crossing particle will be shielded from the in-
tensity of the full electric field. The density correction determines the lowering of
the relativistic rise slope of the Bethe-Bloch equation. At low energies, instead, the
stationarity of the electrons compared to the incident particle hypothesis is no longer
valid and shell correction, C, must be introduced. A linear correction, zL(f3), intro-
duced by Barkas [112], describes the reduction of the stopping power for a particle
with same mass and velocity but a negative charge. More details on the Bethe-Bloch
equation and its corrections can be found in Ref. [107] and [108]. The possibility that
a large amount of energy is transferred to a single orbital electron is not common,
but when it happens this electron can ionize the surrounding atoms. The kinetic
energy of this kind of electrons, named § rays, is in the range I < W < Wyyay. Their
production can be described as an elastic scattering at the 6 angle between the ¢ ray
electron and the orbital electron at the maximum momentum ppyax; because of that,
the angular distribution can be described by cosf = (Te/Pe)(Pmax/ Wmax))-

In real detectors with finite thickness, the distribution of the energy loss probability
is well described by the Landau distribution, the peak of the distribution represents

the most probable value of energy loss and it is described by the following equation:

L e O L e 0] o
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being & = %%%, x expressed in g/cm?, and j= 0.2. This expression, including all

the corrections, is known as the Landau-Vavilov-Bichsel most probable value of the
energy loss. The probability of having § rays is taken into account in the tails of the
Landau distribution expressed in Eq. (2.2); it is important to note that if the dE/dx
is independent of the thickness material, the A, /x is not but scales in a logarithmic
way with it [108].

In the case of electrons and positrons interacting with matter, their energy loss
is caused by ionization and the emission of Bremsstrahlung radiation. The main
reason for that is in the identity between the mass of the incident particles and the

shell electrons.

Photons and electromagnetic showers

At very high energies, the favored processes of energy loss with the material are
radiative. Photon propagation in matter is drastically different from that of charged
particles since they are much more penetrating and their energy is not degraded but
only attenuated unless they are absorbed. The main phenomena that can take place
are determined by the photon energy; starting from the one that needs less energy,
they are the photoelectric effect, the incoherent Compton scattering, and the pair
production. The critical energy, E., is the energy above which radiative processes
become dominant; it depends on the particles and the material, E. ~500 GeV is the
critical energy for a muon in LAr. For even higher energies, photonuclear interactions

where the target nucleus is broken up can take place [109].

+ +

For e* energies higher than their E., the dominant source for e* energy loss in
matter is Bremsstrahlung radiation and the photons generated are energetic enough
to produce et-e~ pairs; the combination of the two processes initiates the so-called
electromagnetic shower. Its development inside the target material can be defined by
two characteristic quantities: the radiation length, Xg, usually measured in g cm?,
and the Moliere radius, Ry Both quantities are characteristic of each material, in
the case of Argon, Xg = 14 cm and Ry = 9.3 ecm. The electromagnetic shower
evolves until the energy of each particle becomes lower than the critical energy, that

reaches hundreds of keV in LAr.

2.2 The physics in the liquid phase

When the particle loses its energy, the LAr atoms can be either ionized or excited;

both processes, directly or indirectly, generate primary scintillation light in the liquid.
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Due to the presence of a drift field, the electrons produced by ionization are drifted
toward the gas phase.

First comprehensive measurements of the fundamental LAr properties have been
concentrated between the end of the 60s and the 90s. Because of the LAr application
as a target for DM experiments, the particles used as sources were electrons, «, or
fission fragments; only recently, some results obtained from cosmic muons have been
provided. In terms of scintillation light, the general expectation is that a cosmic
muon traversing LAr at the MIP energy does not behave too differently from an
electron at the MIP energy. Nevertheless, additional measurements are needed to
improve the understanding of the LAr response to other particles than electrons or

neutrons in order to be used as a target in neutrino experiments.

2.2.1 The ionization and recombination process
The energy loss by the incident particle generates three different processes:
e ionization
e excitation
e heat

since the heat contribution must be detected in a different way than in a TPC, it
will not be treated in this discussion. Defining Fy the average energy released to the

medium, it is possible to write the following equation:
Eo=N; E;+ Nex - Eex + Nj - € (2.3)

being N; and N, respectively the number of ion-e~ pairs and excitons' produced,
E; and E¢x the energy needed respectively to ionize or excite the medium traversed
by the particle, and €, average kinetic energy of sub-excitation electrons, that lies
in the range (6.3:7.1) eV [117]. Dividing Eq. (2.3) by Nj, it is possible to relate
the average energy lost with the W-value, the average energy needed to create a

ion-e~ pair:

Nex
W=E; + == -Eex +¢ (2.4a)
N;
Eo
W= — 2.4b
X (2.4D)

IThe exciton is the way to call the bound-state of an electron and an electron-hole.
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In the case of argon, the atom ionization energy in liquid is 15.75 eV [118], and
14.2 €V [119], in gas; considering these values, arises that the ion-e~ pair production
in gas is facilitated more than in liquid, a W-value = 23.6 eV in liquid and W-value

= 26.4 eV in gas have been measured [124].

2.2.1.1 Recombination models

With the creation of ion-electron pairs by the passage of particles in the LAr, a
non-negligible probability that charges recombine along the particle path track ex-
ists. The recombination process is strictly dependent on the nature of the particle
and the density of the medium. For a MIP, the energy loss is expected to be lin-
early proportional to the number of ion-e™ pair produced (linear energy transfer -
LET - regime). Due to the ionization process, the interacting particles and possibly
0 rays create holes and electrons along their trajectory. The hole is immediately (O
picoseconds) localized by the formation of Argr dimers?. Depending on the nature
of the particle and the particle LET, a different track structure is created as a func-
tion of the escaping probability of the electrons from the Coulomb cloud structure
around the respective ion parents. In Ref. [122], how the track-structure changes
depending on the mass and LET of the interacting particles is reported. In the LET
regime, all the ion-e™ pairs recombine in absence of drift field. Depending on the
dynamic of the recombination process, its modelization is still not univocal; the most
accredited models will be presented hereafter. In the next section, the influence of
the recombination process on the scintillation light production will be described.

Accordingly to the Onsager model [126], in the case of light particles, around

---—--- primary electron 8§ localized ions R;

g N2 secondcry electron >8 self-trapped exciton

Figure 2.1.: Illustration of the track structure and the Coulomb clouds determined by the ionization
process of an incident electron; the Coulomb attraction radius Rc is reported. The

illustration is taken from Ref. [125].

the hole, it is possible to imagine a sphere with a radius Rc, determined by the

2A dimer is the excited state of a diatomic molecular.
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Coulomb attraction. Following this description, schematically represented in Fig. 2.1

a cylinder tube with radius R¢ and length Rg is formed, here the trapped electrons
are distributed in the

Coulomb field assumed ionizing charged parficles ‘
uniform; the initial density

. o Ol 3@
of the ion - e~ pair is yS.

Ny = Ni/7rR2CR0, for 1 MeV

e~ in the argon has been

v
hole (Ar") H ’ e ‘@P escape

[1 25] . The electrons pro- y thermalization ‘ 1. ion-e” pair production by ionizing parficle
. . . - 1 2. §-rays production by ionizing particle
duced by the lonization 3. on-e” pair production by §-rays
. . 4. molecular ion formation
processes -]USt descrlbed, @ 5. hot e thermalization

. . . L 6. e escaping from ion Coulomb atfraction
can either recombine with ‘ recombination ping

measured to be 2:10""nm 3

7. free e recombination

the ion parents (germinate

recombination) or with Figure 2.2.: Scheme summarising the general reactions

occurring in noble gases excited by ionizing

the localized ions they are charged particles; re-adapted from Ref. [125].

attracted to (columnar or

box recombination); in the scheme reported in Fig. 2.2, all the processes leading ei-
ther to the ion-e~ recombination or the escaping of the electrons are summarized.
The presence of the drift field suppresses the recombination processes. As an al-
ternative to the Onsager’s description [126], different models have been proposed
to describe the recombination factor, Q(£)/Qop, counting for the electrons escap-
ing the recombination at the drift field £ under different energy regimes. Different
studies have been reported in literature for low energy electrons [127], [128], [130],
muons, and protons [171], [133]. Both the germinate and columnar recombinations
are well described by the Jaffé theory [134] that is valid for relatively strong drift
fields (€ > 0.5 kV/cm). For less energetic interacting particle the recombination is
well described by Thomas-Imel boz model [130]:
QE) 1 1

Q ety 29

where ¢ = k/€ is the adjustable parameter, inversely proportional to the electric

drift field £ and proportional to the ionization charge density (x = Noa/4a%u with
Np the total number of electrons, « is the recombination coefficient, a the size of
the arbitrary box, and p the electron mobility assumed to be independent from the
field). As reported in Ref. [130], the model has been demonstrated to be valid up
to an electric drift field of 10 kV /cm. If the dependence with the stopping power,
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(dE/dx), is explicitly considered [171], [133], Eq. (2.5) is modifed as follows:

Q) _ A
Qo 1+kg/E(dE/dx)’

(2.6)

in this expression, A is a normalization constant that, with k, are the two parameters
obtained fitting the data. In Ref. [171], the two parameters have been measured from
the muon stopping power, in the (0.2, 0.5) kV/cm range: A = (0.800 £+ 0.003 ) and
k = kg(dE/dx) = (0.0486 + 0.0006) kV/cm (g cm~2/MeV).

In Fig. 2.3, the collected charge and the recombination factor as a function of the
drift field strength are reported for distinct sets of data and considering the different
recombination models; the limitations in the Onsanger’s parametrization for drift

field strength higher than ~1 kV /cm are visible in the left-plot.
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Figure 2.3.: Left: Dependence of the charge obtained from the collection of ionization electron
with the drift field. Data points are from *®Sn source [128]. The black line represents
a fit obtained from the parametrization given by the boz-model; for comparison, the
dotted line represents the fit obtained using the Onsager’s model. The plot is taken
from Ref. [130]. Right: Dependence of the recombination factor, R = Q(£)/Qo as
a function of the drift field; the full points are the data obtained from MIPs (black
stars) [133], and electrons (empty [128] and full [129] circles). The plot is taken from
Ref. [133].

2.2.2 The primary scintillation light mechanism

The primary scintillation light mechanism is originated by the de-excitation of the
argon excimers® that emit photons in the Vacuum Ultra Violet (VUV) region. As
reported in Ref. [131], the Ar VUV scintillation light band spectrum is centered at

126.7 nm. The excimer formation can be obtained either directly from the energy

3The excimer is the strongly bound diatomic molecules in the excited state, it stands as the

abbreviation of excited dimer.
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loss by the interacting particles or from the ion-e™ pair recombination. In the case
of argon, as well as for all the other noble elements, the scintillation processes are

similar in the condensed and the gas phases.

The scintillation light mechanism in argon has been studied for different incident
particles; for a general particle, x, the reactions leading to the photon emission are

the following:

direct excimer formation

X+ Ar — Ar* +x , particle impact

Ar* + Ar — A" , excimer formation
AryY + Ar — Arb + Ar , relaxation

Ar; — Ar+ Ar + hv , VUV light emission

excimer formation from recombination

x+Ar - Art +e” +x , ionization

ArT + Ar+ Ar — Arg + Ar

e” +Ary — Ar** + Ar , recombination

Ar** + Ar — Ar* 4+ Ar + Ar + heat

Ari — Ar+ Ar + hy , VUV light emission

in this nomenclature, the v index is referred to the vibrational state of the excimer
that is null when the excitation is purely electronic; the vibrational relaxations are
typically non-radiative and, only occasionally, emit infrared photons. The direct
excimer formation is also called self-trapping process. From both excimer formation
processes, the final state that leads to the VUV photons is the same, consequently
the wavelengths photon and their decay de-excitation times are expected to be the
same. However, the formation mechanisms leading to the excimer formation by direct
excitation or by recombination are not completely understood yet. The excimer
formation by direct excitation of the Ar dimer has been estimated to be in the range
1-10 picoseconds [120], [121]. On the contrary, the recombination dynamic in LAr is
less known than in other noble gases [122] and few measurements have been reported
for the recombination time, TR, that is found to be longer than self-trapping time.
In Ref. [123], a Tr <1 ns is reported for 1 MeV electrons; whereas, in [125], in
absence of drift field, Tg is found to be (0.8 £ 0.2) ns.
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2.2.2.1 Light yield, dependence with the LET and the drift
field

In absence of electric drift fields, the number of scintillation light photons is ex-
pected to be maximum, Ny, ~ Nj + N, since the recombination contribution to
the scintillation light is expected to be maximum as well. Considering the previous
expression for Ny, defining the average energy required for the production of a single
photon Wy, = Eo/Nyp,, and assuming that each formed excimer produces a photon,
Wy, can be expressed as follows:

W
L+

th,max = (27)

In contrast with the W-value, the Wy, is affected also by the efficiency of the en-
ergy transferred to the medium through the direct excimer formation and ioniza-
tion; this feature affects, in turn, the detector energy resolution and the linearity
of the response. In the case of liquid argon, in absence of electric drift field, the
Nex /Nj ratio has been calculated [124] and experimentally measured [135], its value
lies in the range (0.19, 0.29) and Wpp max in the range (19.8, 18.4) eV [135]. How-
ever, in Ref. [140], N¢x /N; = 0.43 is reported. As a consequence of Eq. (2.7), the
scintillation light yield, representing the total scintillation light produced, is a key
quantity to have a direct expression of the detector capability. This quantity, orig-
inally expected to be independent on the particle LET and maximum in absence
of drift field, showed a deviation of about ~ 20% its theoretical estimation; in the
case of 1 MeV electron, the scintillation light yield is expected to be 5.13x10% pho-
tons/MeV, while its experimental measurement is found at 4.1x10* photons/MeV
[123]. This discrepancy can be explained considering the dependence of the scin-
tillation light production on the particle LET as well as of the role played by the
electrons escaping the recombination with the parent ion.

The dependence of the scintillator response as a function of the energy transfer to
the medium has been empirically described by Birks [139]; in analogy with Eq. (2.6),
the dependence with the particle LET can be included and the dependence of the
scintillation light per unit path can be described by the following equation [137]:

dE
% = 1—1?;13}((315 + Co, (2.8)
with A, B, and Cy adjustable parameters that can be obtained fitting the data. In
particular, Cy is the constant term including direct excitation and geminate recom-

bination contributions, while the volume recombination is included in the first term
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of Eq. (2.8); the two coefficients A and B includes the LET dependence of the vol-
ume recombination decreasing the scintillation yield in absence of drift field. Further
modifications of the Eq. (2.8) have been introduced to describe very low energetic

interacting electrons; more details are available in Ref. [136].

The relative scintillation light yield, measured in liquid argon from a 1 MeV elec-
tron [125] and other interacting particles [135], is reported in Fig. 2.4 as a function
of the electric drift field for values reaching ~10 kV/cm. To include the dependence
on the drift field, the terms in Eq. (2.8) are modified as follows: dL/dE — dL(£)/dE
and dE/dx — dE(€)/dx. For a drift field of the order of tens of kV/cm, the scin-

- T ! ' ' ] | I J
150 7 - .
— .
.E he
5100 ' ! __l‘(‘r *_/ Q |
g # — AT A e
el F;f(‘ T
N «,/'
'?J' 50F |% :‘ \“\ / \ |
5 ! R e S 1---_24_\‘ ~
S| T e e
' |
0 : ‘ |
0 2 4 6 ° ° N

Field Strength ( kV/cm)

Figure 2.4.: Variation of relative scintillation light, L, and collected ionization charge, Q, as a
function of the electric drift field strength produced by electrons with energy in the
range (0.976, 1.05) MeV, using various noble gases. Triangle point represent data
obtained in LAr in the drift field range reaching up to 10 kV/cm. The plot is taken
from Ref. [125].

tillation light yield decreases up to ~1/3 of the initial value, meaning that ~(64 -
67)% of the light yield is produced by the recombination processes and the remaining
~(36 - 33)% is produced by the direct excimer formation [141], [125]. If compared
with the behavior of the ionization, it arises that the decrease of the scintillation
light corresponds to the increase of the ionization in such a way that the sum of the
photon and the collected-electron numbers remain constant, independently from the

electric drift field and for almost all particles [123].
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2.2.2.2 The scintillation time profile

The VUV scintillation light emission is determined by excimer de-excitation
through a transition to the ground energy level from one of the two lowest elec-
tronic excited states: the singlet (S — 'S ) or the triplet (*X — 'S ). This
second transition is strongly suppressed and becomes possible through spin-orbital
coupling mixing and, for this reason, it is much slower than from the singlet state.
The time dependence of the scintillation light can be expressed by a first-order rate
law, characterized by a typical decay time and a normalization constant that ex-
presses the probability amplitude of the de-excitation from each of the two energy
levels. The origin of the de-excitation cannot be distinguished spectroscopically but
by the two very different decay times. The equation describing the time dependence

of the scintillation light, L(t), is the following:

L(t) = Zj:ﬂsAij (t) = Afo(t) + ASLS(t), (2.9&)
Limalt) = Lo/, (2.90)
7
/ L(t)dt = Af + A, — 1; (2.9¢)
0

the indexes f (standing for fast) and s (standing for slow) are respectively referred
to the de-excitation from the singlet and the triplet states; 7; represents the charac-
teristic de-excitation time and A; the probability that de-excitation comes from one
energy level or the other. The nomenclature fast and slow comes from the duration
of the two characteristic decay times. As will be illustrated in the coming description,
the modelization of the scintillation time profile is not trivial; several measurements
show the limitation of Eq. (2.9) in describing the experimental results. For this
reason, some discrepancies have been pointed out for the values of the parameters
describing the time profile of the scintillation light. In liquid argon, according to
Ref. [145], Trast = (6 = 2) ns and Tyow = (1590 + 100) ns. However different val-
ues are reported in literature for both decay times, g, lies in the interval (2-7) ns
[141], [125], [142], [143], [144], [146]; if the dependence with the particle energy is
considered, Te,g is found to increase in the interval (9-15) ns [147]. On the other
hand, 740w has been measured in the range (1020 - 1634) ns [145], [141], [143], [144],
[146]; in Ref. [147], a decreasing of Tyow for more energetic electrons is mentioned.
As will be described in Sec. 2.3, a reason justifying such a big range related to the
measurement of 7y to the sensitivity of 74w to the presence of electronegative
impurities. In Tab. 2.1 and Tab. 2.2, all the values of the decay times measured so

far are summarized.
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2.2.2.3 The intermediate component and proposed hypothe-

ses on its origin

Considering all the mechanisms described so far, only the excimer de-excitation
from the singlet or the triplet state are expected to be responsible for the scintil-
lation light formation in argon. Nevertheless, the experimental data show that an
additional intermediate component between the fast and the slow ones is needed
to reproduce adequately the observed time profile of the scintillation light. Despite
the intermediate component has been reported by several experiments, a confirmed
explanation for its origin has not been identified yet. Two approaches have been
adopted during the years to include such contribution, one tends to include it phe-
nomenologically and the other considers different models in order to test explicit
hypotheses on its origin.

The first evidence of the intermediate component is mentioned in Ref. [125] and
its first estimation is reported in Ref. [145]; the intermediate component is identified
to have a decay time between (20-40) ns and its contribution to the total scintillation
light intensity is of about (10-20) %. A similar result is reported in Ref. [143], where
a Tint = (34 £ 3) ns, contributing as a 7.4% to the total scintillation light intensity,
is observed and measured. Some of the hypotheses proposed to explaining the origin
of the intermediate component are reported in Ref. [143], [148] and [144] and they

can be summarised as follows:

e delayed emission due to the Ny contaminant traces in LAr; justified by the
possible scintillation light emission of N7 that are formed by energy transfer
between Ar* atoms, in analogy with what has been observed in gas mixtures

[150]

e PMT instrumental effects determining light emission in the last cascade dynode
systems that generate after-pulses (expected in the 20-50 ns range after the

primary pulse) [151]

e delayed re-emission of the scintillation light from the excitation of the wave-
length shifter material (the TPB, as shown in Ref. [148] or different combi-
nations of light guide supports coupled to the photo-sensors and wavelength

materials, as shown in Ref. [144])

In the case the intermediate component is originated from the re-emission of the

wavelength shifter material, the two-exponential model described by Eq. (2.9a) must
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be modified adding the probability to measure such re-emissions [144]:

L(t) = Ej:f’S Aj E{lw fi [TlL(ti, T, W, tm) — 7’jL(ti, Tj, W, tm)]. (2.10)

n—T
In this expression, the first sum is on the two possible de-excitation states (singlet
or triplet) convoluted with the delayed wavelength shifter re-emission modes, ny,
represented by the second sum; fj are parameters corresponding to the contribu-
tions of WLS visible light re-emission to the scintillation time profile. Hence, two
delayed components are expected: the intermediate component, measured by most
of the experiments, and a fourth additional contribution present at very long times.
A direct test of the intermediate component as delayed light re-emission by TPB
molecules hypothesis has been discussed in Ref. [148] by measuring the scintillation
light produced in LAr with a strong concentration of No. As will be explained in
Sec. 2.3, in these conditions, the slow decay time is strongly suppressed; hence, the
measurement of the re-emission spectrum of the TPB is possible. In normal LAr
purity conditions, instead, a similar analysis is reported in Ref. [144], using four
different combinations of light-guides and wavelength shifter materials. However,
only three over the four tested configurations show the fourth component, possibly
because the fourth decay time is longer than the data acquisition window®. Both
aforementioned studies report the measurement of both the intermediate and fourth
components; but, the corresponding decay times are very different (7in ~49 ns, in
[148], and Tip ~132 ns, in [144]; whereas, T4 ~309 ns, in [148], and 744, ~6658 ns,
in [144]). All the values of the intermediate and the fourth components reported in

literature are summarized in Tab. 2.1, Tab. 2.2.

2.2.2.4 Relative contributions of fast and slow components

In contrast with what reported for the decay times, in Ar, a clear dependence of the
de-excitation probabilities, Agst and Agow, with the LET has been observed; being
the LET a reflection of the nature of the interacting particle, the measurement of the
ratio Ag.gt /Aglow becomes a key feature for particle identification (PID) and is com-
monly used in DM experiments. According to Ref. [145], the ratio Ag,s; /Agow has
been measured to be 0.3 for electrons, corresponding to 23% of probability to de-
excite from the singlet state and to 77% of probability to de-excite from the triplet
state. The same ratio increases up to 1.3 and 3 for « particles and fission fragments,
respectively. The increasing of the Ag,gst /Agow ratio means that more ionizing parti-

cles tend to populate more frequently the 'Y} than the 3% electronic energy level;

*All the measured values are reported in Tab.3 of Ref. [144]
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an explanation for that is in the different track structure formed by each kind of
particle, however, a full description for that has not been found yet.

The measurement of the intermediate component leads to the necessity of
including its contribution to the total scintillation light when considering the
Afast /Aglow ratio. An empirical way to do so is given in Ref. [143] where the (Af.g +
Aint )/Aslow is considered; the value reported for such ratio is 0.35 quite in agree-
ment with the other values present in literature. Besides, as described in Ref. [148]
and Ref. [144], the model used to describe the parameters of the scintillation light
time profile covers an important role in the relative amplitude probability measure-
ment. In particular, Ref. [144] shows that the absolute contribution of fast light to
the total scintillation light coming from the de-excitation of the singlet state tends
to be underestimated if a phenomenological model similar to Eq. (2.9a) is used in-
stead of the model described in Eq. (2.10). On the other hand, until the origin of the
intermediate and the possible fourth components are not clarified, to find the proper
modelization remains a delicate aspect. The ratio Ag,g; /Agow has been deeply stud-
ied for electrons and high ionizing particles because of the necessity of distinguishing
between electrons and nuclear recoils in DM experiments. However, the fraction of
singlet over triplet has not been so largely investigated for muons that represent the
main signature of v, CC interactions.

An alternative way to provide PID through the scintillation light is the empirical

fprompt factor, defined as follows:

JoF Lt)dt

From = o ) 2.11
Prompt TS () dt (2.11)

tr is typically chosen to be equal to 90 ns and, in this case, fprompt is also referred to
as fgo. Because of its similarities with the Agyt /Aglow ratio, the higher the particle
energy is, the higher the fpyompt factor is. The dependence of the fgg factor with
the particle energy is reported in [147]; the measurement done in absence of drift
field shows that, for electrons, the fog factor decreases for higher energies, while the
fgo increases at higher energies, when the scintillation light is produced by nuclear
recoils or « particless; further investigations can be found in Ref. [149] and [136]. This
difference in the behavior between electrons and nuclear recoils is very important for
DM detectors; in Tab. 2.1 and Tab. 2.2, all the values measured for the probability
amplitudes ratio and the fgg factor are reported.

Unlike for the scintillation light yield, no detailed studies are reported in the lit-
erature regarding the effect of the drift field on the scintillation time profile; only

in Ref. [141] and [125], few details are reported for a value of the electric drift
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field that maximizes the recombination process suppression. In these conditions,
the ratio Af.st /Asiow has been measured to be (0.36+ 0.06), lower than the cen-
tral value reported in absence of drift field, Af.g /Aglow = 0.5. It is important to
notice that in this study the intermediate component is observed only in absence
of drift field but not measured; its effect is included as a systematic error in the
Afast /Aslow calculation. Due to the lack of knowledge on the effect of the drift
field on the scintillation time profile, a pioneering study dedicated to that will be

presented in Sec. 4.3 of this dissertation.

2.2.3 Propagation of the scintillation light

Once the scintillation light is produced isotropically, it propagates inside the LAr
volume before being detected by the photo-sensors. Two main processes affect the
light propagation making finite their attenuation length: the absorption, that causes
the loss of the photons; and the Rayleigh scattering, the classical elastic scattering
where the photon interacts with the electron on the most external shell of argon
atoms, changes its direction, increasing the mean path length. Because of the light
absorption, the reflectivity of the detector materials has an important role in de-
termining the efficiency of the light detection. In addition to that, even a small
presence of photo-sensitive impurities, such as HoO, O, Na, can cause strong light
absorption. Being the separation of the two contributions very difficult, the total
attenuation length, Au, relates the two mechanism through the following equation:

1 1 1

)\att )\abs )\Ray

(2.12)

here, Aaps and Aray take into account the attenuation caused by the light absorption
and the Rayleigh scattering, respectively. Based on such definition, in very pure Ar,
1/Aaps —0, therefore, the attenuation of the light is determined exclusively by the
Rayleigh scattering. In the case of big detectors, under the hypothesis of having
a negligible concentration of impurities, the estimation of the Rayleigh scattering
length becomes crucial, especially if the scintillation light detection is dedicated to
providing the position of the interaction in the active volume.

In LAr, the total attenuation length and the Rayleigh scattering length have been
both predicted by theoretical calculations and measured experimentally, either di-
rectly or extrapolated by the measurement of other optical parameters as the re-
fractive index [154]. However, from the comparison of the measurements with the

calculations, some discrepancies arose. One of the main reasons for that is due to
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Trast [1S] | Tslow [12S] Tint [NS] Tath (D8] | Atfast /Asiow fPrompt Aint drift field Ref.
kV/cm]
(6.3+£0.2) | (1020 £ 60) observed, - — = (0.5£0.2)¢ - — = - — = 0.00 [141], [125]
not mea-
sured
(5.0 £0.2) | (860 + 30) observed, ——— | (0.36 £0.06) - —— ——— 16.00 [141], [125]
not mea-
sured
4.6 1540 - — = - —— 0.26 - —— - —— 0.00 [142]
(6+2) (1590 £+ 100) | (20;40) - —— 0.3 - —— (10;20)% | 0.00 [145]
(943)" | (1463 4 54iay | observed, e e (0.282 £0.009) | ——— | 0.00 [147]
%+ 50yst) not mea-
sured®

Table 2.1.: Summary of the parameters describing the scintillation time profile produced by electrons and/or muons reported in the literature. For each study,
the characteristic decay times and de-excitation probabilities from the singlet and triplet states are reported; the main peculiarities are mentioned

in the notes.

“The big error on the Afs; /Asiow measurement is because of the treatment of the intermediate component; it has been included either in the fast or in the
slow contribution and the variation introduced in the ratio obtained is included as a systematic error.

’The study is done as a function of the particle energy; the value reported here correspond to the lowest electron LET, the dependence with the energy is
reported in the reference.

€A three-exponential model has been tested to include the intermediate component but it revealed to be not stable as a function of the particle energy; so,
the results reported are from a two-exponential model that not include the intermediate component contribution.

4For less energetic electrons, the fprompt increases.
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the difficulty of separating the absorption and the Rayleigh scattering length con-
tributions. In addition to that, the lack of understanding in some argon properties,
like the dependence of the density with the dielectric constant, or the role covered
by the temperature, the argon state, the wavelength, etc., also complicates both the

calculation and the measurements of the two parameters.

The first measurement of the total attenuation length is described in Ref. [162]
where the relative light yield produced by energetic heavy ions is collected by a PMT
positioned at different distances from the source. The experiment reported a value of
Aatt = (66+£3) cm. A different approach was used in the studies reported in Ref. [164]
and [165], where the total attenuation length is measured taking into account the
dependence of the light transmittance with the wavelength of the scintillation light.
The result obtained for the VUV photons at ~127 nm corresponds to a low limit for
the attenuation length, Aat¢ > 110 cm. The fact that this number is higher than the
measurement given in [162] is justified by the method used that, in the first case, in-
tegrates the scintillation light in a given time range; this approach is considered to be
equivalent to integrating over a wavelength range, hence, doing so, the dependence
of the attenuation length with the scintillation light wavelength is not properly in-
cluded and the attenuation length can be underestimated. However, in both studies,
it is not excluded a possible quenching of the scintillation light due to the presence
of optical active impurities or Xe contaminations. The impact of the optical active
electronegative impurities has been reported in a more recent measurement of the
total attenuation length, obtained from the scintillation light produced by cosmic
muons [163]. In this study, Aatt has been measured around ~ 50 cm; from a ded-
icated Monte Carlo (MC) simulation and from mass spectrometric measurements,

such a low value is attributed to the presence of a non-negligible concentration of
CH,4.

2.2.3.1 Rayleigh scattering length

The simplest way to define the Rayleigh scattering length was given in 1899 [153]
describing the light propagation in gas made by spherical molecules; successively,
corrections were added to treat the case of non-spherical molecules. Because of
the thermodynamics fluctuations or due to the anisotropy of the molecules, such a
description was not valid for liquids and solids. Following the description given in
Ref. [154], [155], and Ref. [156], the Rayleigh scattering length is the mean free path

at which such fluctuations appears. The expression of the inverse of the Rayleigh
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scattering length becomes the following:

A

4, 1lex3 (n? —1)(n® + 2)>2}

where A is the emission wavelength (VUV in the case of Ar), kg is the Boltzmann’s
constant, T is the temperature, p the density, kT is the isothermal compressibility,
and n the refractive index. Based on this description, two theoretical calculations are
present in the literature to evaluate the Rayleigh scattering length in liquid argon.
In Ref. [156], ARay = 90 cm is obtained following the description given above and
making the additional hypothesis of considering LAr as a rare gas. In Ref. [161],
instead, the dependence with the temperature is included leading to an estimation
of ARay = (55 £5) cm. Experimentally, a very recent derived measurement of
the Rayleigh scattering length from the measurement of the group velocity of the
scintillation light produced by cosmic muons in LAr has been obtained [166]. The
Rayleigh scattering length has been found to be Aray = (99.9 £ 0.8) cm; under the
hypothesis of treating the LAr as a rare gas, the measurement of Aray is found to
be (91.7 £ 1.4) cm, close to the calculation given in Ref. [156].

In Tab. 2.3, all the values reported in the literature so far, both for the total
attenuation and Rayleigh scattering lengths, are summarized; for all the values,
the way how they are obtained is specified. From the comparison of these values,
the complexity related to the calculation of this important optical parameters is
highlighted; because of that, in Sec. 5.1 and Sec. 5.2.3.1, a contribution to the study
of the light propagation in the WA105 DP demonstrator will be presented.

Parameter | Value [cm] Method and Ref.
66 + 3 measured (direct) [162]
Aatt 524+ 7 measured (direct) [163]
> 110 measured (derived) [165], [164]
90 calculated [156]
ARay 55+ 5 calculated [161]
99.9+0.8 measured (derived) [166]

Table 2.3.: Summary of the values reported in the literature of the total attenuation and Rayleigh
scattering lengths, either obtained by a theoretical calculation or by direct and extrap-

olated measurements.
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2.2.4 Electron transport properties

In Sec. 2.2.1, the behavior of the ion-e~ pair recombination and its suppression
by the strength of the drift field applied have been described. The presence of a
homogeneous electric field allows the electrons to drift along the field lines; during
the drift, the electron swarm diffuses. In the following sections, the description of

both the drift and diffusion mechanisms will be presented.

2.2.4.1 Drift velocity

In presence of a drift field, the electrons created by ionization form a swarm that
moves with a constant drift velocity mostly determined by the drift field strength:
Varitt = ¢ &, being p the electron mobility®, also dependent on the temperature,
T, and & the drift field. In Ref. [169], the relation describing the drift velocity as a
function of both the temperature and the drift field strength is given by the following

equation:
p
va(T, &) = (P1(T = To) + 1) (P5 & In(1+ ?4) +P5 £70) 4 Po(T = To)s (2.14)

here, Ty is the reference temperature, 90.371 K, and P;, i =1,...,6, are empirical
parameters obtained from the fitting of the data®. This parametrization, shown in
Fig. 2.5 by the light and dark blue lines and tagged as Walkoviak in the legend, has
been obtained based on data collected in the presence of an electric field lying in
the range (0.5, 12.6) kV/cm and at temperatures in the range (87, 94) K. A linear
gradient in the temperature is observed and it corresponds to a variation of (-1.72
+ 0.08) %/K. Successively, measurements at the temperatures of (87 £ 1) K [171]
and (89 &+ 1) K [170] have been carried out for values of the drift field in the range
(0.056, 1.012) kV/cm (corresponding to the points tagged as ICARUS-T600 in the
legend of Fig. 2.5). In the common drift field range, a good agreement between
Walkoviak’s parametrization and ICARUS-T600 measurements is found; however, a

disagreement appears for the results obtained at low drift values. In Ref. [170], the

5The mobility is the ability of the electrons to move in the LAr bulk in response to an electric field

strength pulling them.
STheir values can be found in Tab. 1 reported in Ref. [169].
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proper parametrization

of the drift velocity in g -------- ICARUS-T600 (T =89.0K)
IS —— walkovik  (T=875K)
the whole drift field < — — wakovik  (T=89.0K)
] ) = Lieta. (T=875K) —
range has been identified > —— Liea. (T=89.0K) A
; ; ; 2 o =
in a P5-polynomial fit di- _8 e
rectly obtained from the > /ﬁ«{ ‘
collected data. Although E
the dependence with
the temperature is not
explicitly parametrized, / —e— ICARUS-T600 (T =87.0K)
the same polynomial ‘ —5— ICARUSTB00 (T = 89.0K)
—+— Rossietd.  (T=88.9K)
fit is able to reproduce Rossetd.  (T=89.1K)
\

\ \

also the data collected _ _ 06 0.8 1
at other temperatures Drift Field [kV/cm]
[171], [172] and the
observed gradient with Figure 2.5.: Summary of the studies related to the drift ve-
the temperature, for a locity measurement in LAr. Colored lines repre-
drift value of 0.5 kV /cm, sent the drift velocity parameterization as a func-
. . . tion of the drift field and temperature given in
is consistent with the one ) i

Ref. [169] (Walkoviak) and Ref. [174] (Li). The
predicted by Eq. (2’14)‘ points correspond to the measurements performed
Using an alternative by ICARUS-T600 (Ref. [170] and [171]), and Rossi

method based on the et al., [173].

detection of the UV light

produced by a laser, the measurement of the drift velocity in the drift field range
(0.2, 1.2) kV/cm, has been studied in Ref. [173] at the temperature of 88.9 K and
89.1 K; the reported results confirm the trend observed in Ref. [170]. In order to
explain the discrepancy observed at low field, a different parametrization for the
electron mobility has been proposed in Ref. [174], considering the dependence with
the temperature proportional to T—3/2, Following the description in Ref. [174], using
Ty = 89 K as the reference temperature and being ay the extrapolated mobility in

absence of drift field, the electron mobility is described by the following formula:

, (2.15)

B ag + a1 5—}—&2 53/2—|—a3 55/2 <£)(3/2)
M_1+(ag/a1)5+a4 E2 +a5 £3 \T

aj, i=1,...,5, are empirical parameters obtained from fitting the data’. The drift

velocity can be obtained from the usual relation vgig = p €. The study reports

"In Ref. [174], the values of the parameters are reported in the Appendix.



60 Working principles of a Dual-Phase LAr-TPC

values in the drift field range (1072, 4) kV/cm; at very low fields, the mobility is
constant while it linearly increases with the drift field up to ~0.1 kV/cm. In this drift
field range, the parametrization (tagged as Li in the legend of Fig. 2.5) improves a
lot the measurements reported Ref. [170], [171], [172], [173]; however, a discrepancy
with the measurement of the drift velocity under stronger drift field is pointed out.

The comparison of all the results reported in the literature on the measurement
of the drift velocity in LAr is summarised in Fig. 2.5; the discrepancies among them
confirms the difficulty in describing the electron transport properties especially at
low fields. In the analyses performed in the WA105 DP demonstrator, a dedicated
study of the drift velocity around 0.5 kV/cm will be presented in Sec. 6.2.

Without entering into the details, it is necessary to mention that, besides the
strength of the drift field applied and the temperature, the transport of the electrons
in the liquid argon is also very sensitive to the presence of impurities; more details
can be found in Ref. [167].

2.2.4.2 Electron diffusion

The diffusion causes a spread of the electron swarm over long drift paths. At zero
field, with the electrons in equilibrium with the liquid, the diffusion is isotropic. In
this condition, the diffusion coefficient, D, can be evaluated from the Einstein equa-
tion: eD/u = kT. When the drift field is applied, an asymmetry in the transversal,
D, and in the longitudinal, Dy,, components of the diffusion coefficient appears. The
knowledge of the diffusion coefficient is very important to evaluate the deterioration
of the accuracy in the time and position measurements of the charge signal. In LAr,
only a few measurements are available, showing that Dy, is much lower than D [171],
[168], [175]. The best results in terms of good control of systematic uncertainties
is reported in Ref. [174], for a 0.5 kV/cm drift field, Dy, = 7.2 cm ?/s and Dy =
12.0 cm 2/s. The longitudinal diffusion is derived from the measurement of the drift
velocity: Dy, v = Vc?irift 0]% /2d; being o7, the longitudinal diffusion width in time, and
d the distance covered by the electrons. Similarly to the measurement of the drift
velocity, a disagreement with other results in the drift field range (0.1, 0.35) kV/cm

is observed.

2.2.4.3 Space Charge Effect and drift field lines distortion

At the same time that an electron is produced by the ionization process and drifted

with a velocity of the order of the mm/us for a drift field of 0.5 kV/cm, an ion is
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produced with much lower mobility. The ion drift velocity is ~5 orders of magnitude
slower than the electron drift velocity, for the same drift field [176], [177]. Such a
difference in the mobility makes that when the latter are collected in the anode,
the former remain in the LAr bulk for a longer time. The main effect expected for
having the Ar positive ions moving slowly in the LAr bulk is the field line distortion
attributed to the space-charge effect (SCE). At least two outcomes are expected as
a consequence of the SCE: the bending of the track trajectory [177], [179], [181],
induced by the field lines distortion itself, and the increasing of light at the level
of the single photo-electron (SPE) uncorrelated with the position of the track that
initially crossed the detector [178], [182].

Based on the study of the ion impact proposed in Ref. [178], a very recent study
developed a modelization, the Ion Transport Model, able to describe the transport of
the positive ions in LAr and their interaction with possible electronegative impurities
[183]; the model provides a description of the drift field line distortion and of the
increasing the SPE rate consistent with the data on which the model has been tested.
As a consequence of the SCE, the electron drift velocity is modified; in contrast with
the linear relation with the electron mobility through the drift field, the drift velocity
formula is adjusted in order to take into account the effect of the drift field distortion

as follows:

Vo) = 1e(E0) - (EoE(x))2 (2.16a)
vi(x) =v_(x) = pt - E(x) (2.16b)

being & the electric field in absence of SCE, v, the drift velocity of the elec-
trons (positive ions and electronegative impurities, respectively), and fie(+) the cor-
responding mobilities. The goodness of this modelization has been preliminarily
demonstrated on the experimental data collected in ProtoDUNE-SP showing a good

agreement with them; despite that, a tuning of the model parameters is still ongoing.

2.3 Effect of the electronegative impurities

In the commercial LAr, the presence of electronegative impurities (mostly Oq,
No, and H50) is not excluded. The interaction between impurity molecules and
Ar excimers can be described by a two-body collision that not only deteriorates
the charge signal collection but also affects the scintillation light signal. The two

processes can be described by the following reactions:

e +X — X~ electron attachment
Ar*+ X — 2Ar + X light quenching
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here X stands for a general impurity atom. When free electrons are attached by
electronegative molecules, their life time becomes shorter; whereas, when the pres-
ence of impurities is seen from the light point of view, the light yield is quenched
and the decay times decrease, being especially noticeable for the slow component.
Independently from the excimer state the light is emitted, an additional effect is
reported affecting the scintillation VUV light absoption length. The measurement
both of the electron lifetime and of the 74y are alternative ways to evaluate the
LAr purity and they have been used in dedicated studies to the measurements of the
LAr purity in the WA105 DP demonstrator, the description of the second method

will given in Sec. 4.2.1.

2.3.1 lonization electrons attachment

Under the hypothesis of having low initial electron concentration, [e~], the attach-
ment process decreases the electron concentration following an exponential behaviour
proportional to the impurity concentration [X] through a rate constant k., and in-

versely proportional to the electron life time, 7, [143]:

= —kJ[X][e"] = [e7](t) = [e7](t = 0) &/ (2.17a)
= = kJX. (2.17b)

As described in Ref. [184], the constant rate k. depends on the drift field applied,
being function of the capture cross-section and the velocity distribution of the elec-
trons. In particular, under strong drift fields, the electrons are no longer in thermal
equilibrium with the atoms of the liquid argon but gain energy from the electric field;
at the same time, the energy distribution becomes asymmetric and the electron mo-
bility decreases.

Despite that, not all the impurities have the same effect on the drift velocity; as
reported in Ref. [167], even small traces of Ny (~ppm) increases the drift velocity of
the electrons. In this case, the electrons cannot lose their energy through inelastic
scattering but they can lose energy exciting impurity molecules to the vibrational
states. The drift velocity is inversely proportional to square root of the cross-section

of the electron attachment [168], hence the drift of the electrons is facilitated.

2.3.2 Scintillation light quenching

Strong quenching on the excimer formation dynamic and of the 744, decay time is

caused by the presence of electronegative impurities in the LAr. The light quenching
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comes from the non-radiative response in the two-body collision Ar3-X, that com-
petes with the de-excitation process leading to the VUV scintillation light. In this
case, Eq. (2.9) is no longer constrained to the unit but is smaller than one; defining
Qr, in the range 0< Qp <1, as an overall quenching factor representing the ratio
between the total intensity of the emission light when there are impurities compared

to the case of pure Ar, the following equation is valid:

Qr = / Lo(t)dt = Ap o + AL, < 1. (2.18)
0

Consequently, both singlet and triplet lifetime decrease as a function of the impurities

concentration in such a way that it is possible to write:

(XD =~ kX (2.100)
J
KX = o (2.190)

here 77 and A; are the effective lifetime and amplitude quenched by the presence of
the impurities.

Dedicated studies have been performed to evaluate the effect of the most common
kind of contaminants that can be found in commercial Ar such as Oz [152] and
No [143]. The main results are reported in Fig. 2.6; the g0y decrease becomes
visible for [Og2] >10 ppb and [N2] >300 ppb. It is important to notice that in
both cases a saturation on the decreasing of the 744y is reached for concentrations
higher than ~10 ppm and ~400 ppm for Oo and Nj, respectively. According to
Eq. (2.19b), also the relative probability amplitudes are affected by the presence of
impurities that, in the case of Ng [143], is reported on the top-right of the same
figure. Other impurities that can be found in commercial Ar are moistures of HyO
molecules, whose effect on the scintillation light has been studied only in GAr [185]

and it is not expected to be significant for concentrations lower than 10 ppb.

2.3.3 Enhancement of the scintillation light absorption

If contaminants are photo-sensitive molecules, independently from the type of
precursor originated the scintillation light (singlet or triplet), the VUV photons can
be absorbed in their propagation in the medium, affecting the photon mean free path
length. In this case, the probability per unit path length of the photon absorption

can be expressed as a function of the impurities concentration and the following
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Figure 2.6.: Values of the 7; decay times in presence of Ny (top-left) and O: (bottom left)
impurities studied at different concentrations. According to Eq. (2.19b), also the
relative probability amplitudes are affected by the presence of impurities; the effect of
N, is reported in the (top-right). In the (bottom-right), the effect of increasing
O3 concentrarions on the VUV photon transmittance is reported. The plots are taken

from Ref. [152] and [143].

equations are valid:

ka(A) = oa(A)n(X) (2.20a)
=X, (2.200)
abs

in Eq. (2.20a), ka(X) is the absorption coefficient (function of the wavelength, A,
expressed in units of ppm~! cm™!), o4 (\) and n(X) are the cross-section and the
concentration of the contaminants, respectively. In Eq. (2.20b), the photon mean
free path length, A,us, is shown as a function of the absorption coefficient. In
the bottom-right of Fig. 2.6, the relation of the transmittance at the distance x
(Ta(x, A, [X]) = e *%alX] Beer’s law) as a function of Oy impurity concentration is

shown [152].
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2.4 The physics in the vapour phase

The characteristic feature of the DP TPC is the amplification of the ionization
electrons extracted in the gas-phase, that allows recovering the signal degradation
caused either by the long paths or the presence of impurities. The DP concept and
the advantages it can bring have been already introduced in Sec. 1.2.2; in the next
sections the description of the physics that determines the electron extraction and

amplification, as well as the electro-luminescence light, will be provided.

2.4.1 Electrons extraction, amplification, and collection

As soon as free electrons reach the liquid-vapor interface, they can be extracted in
the gas phase. Their behavior can be described by one-dimensional potential energy
distribution with height Vg, the conduction band in liquid. Given an electric field
orthogonal to the liquid-gas interface, &), of the order of few kV/cm, the potentials
in liquid, Vi, and in gas, Vy, as a function of the distance to the interface in the two

phases are the following [187]:

Vi=Vo—qe & x+ A x <0 (liquid) (2.21a)
Ve =—qe & x+ A x>0 (gas) (2.21Db)
—q (61 =€)

Al,g = 4(X+BX/|X’) €l7g (€l+€g) ; (2210)

Ay 4 is a coefficient dependent on the dielectric constants in liquid, ¢, and in gas,
€g, and [ is a cutting parameter depending on the distance from the interface;
Vo = (—0.20 + 0.03) eV for Ar. Depending on the way the extraction of the
electrons takes place, their extraction belongs to two different typical times scales.
The electrons extracted in a very short time are the so-called “hot” electrons that
are sufficiently energetic to be able to overcome immediately the barrier potential
(“fast”-time ~ 0.1 ps). On the other hand, the so-called “thermal” electrons are
the ones that do not pass into the gas phase at the first attempt but they are
back-reflected in the liquid bulk; after multiple-scattering, they are thermalized and
evaporate in the gas with a “slow”-time of the order of 0.1 ms. It is important to not
confuse the meaning of “fast” and “slow” nomenclature used in this contest that is
different from the one used in Sec. 2.2.2. Both times are affected by the strength of
the drift field applied; as reported in Fig. 2.7, the higher the strength, the higher the
emission efficiency is [188]. Finally, the extraction electric field, Eexir, is determined

by the voltages applied between the grid and the bottom LEM electrode, positioned
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at the distance D, and it is inversely proportional to extraction grid-liquid interface
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than the one used for the extraction that gives them enough energy either to excite
or to ionize gas argon atoms. The de-excitation of GAr atoms produces a secondary
scintillation light, named electro-luminescence light, whose description will be given
in Sec. 2.4.2, while the ionization process initiates a Townsend avalanche through
the formation of the secondary electrons cascade [107]. The operating principle of
the amplification in the LEM’s layers guarantees the confinement of the Townsend
avalanche in the LEMs where the multiplication takes place. The characteristic fac-
tor describing the avalanche creation is the gain represented by the exponential law
G = e, in the relation, « is the first Townsend coefficient and d, the gap thickness
between the LEMs layers. The Townsend coefficient is itself a function of the field
applied, a(E) = Ape_Bp/ E being p the gas density, A and B parameters depending
on the gas as well. Because of that, the gain becomes a tunable parameter dependent
on the electric field strength applied at the LEM’s layers. Following the description
given in Ref. [99], the amplification obtained crossing the LEMs is better described
by the effective gain, given by:

Geg = T exp(Ap x e~ B/ (K0, (2.23)

Such relation combines the Townsend avalanche formation with the LEMs and grid
transparency, T, as well as with effective mitigation of the nominal electric field due
to the effective path, x, covered by the electrons within the LEMs gap; k=0.95, is
evaluated experimentally [100].

When amplified in the LEMs, the electrons are successively drifted through the

anode plane following the lines of the induction field. The charge signal is given by
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the induction current on the anode and it can be described by the Shockley-Ramo
theorem [189], [190]. The charge moving in the induction field generates a current
1= —2kqx Vk - Ew; qi is the charge with velocity vy, while £ is the weighted field
that depends on the geometry of the electrodes and it does not take into account
the contribution of the free charges. If the TPC is approximated by infinite parallel
chamber with a uniform electric field, the induction current depends on the induction
charge position, d, such that i = qv/d and Q = qz/d is the total charge collected
in the anode wires. As described in Sec. 1.4.1, the typical design of the segmented
anode is made by two views where are collected the charge Qg and Qq; the effective
gain for MIP can be expressed in terms of the collected charge on the two views as
described by the following formula:

(AQo/Aso) + (AQ1/Asy)

(AQ/As)mrp

being the AQ/As terms introduced to take into account the Bethe-Block behaviour

Gerp =

(2.24)

and the charge amplification furnished by the LEMs. The effective gain needs a
relaxation time, about 1.5 days, before becoming stable; in this time the initial
Gest decreases up to Geg ~ Ggff /3, due to the charging up of the dielectric material
inside the LEMs. The maximum effective gain for MIP has been reached in the
R&D prototypes settings reported in Sec. 1.4.1, corresponding to an amplification
field Eympi= 33 kV/cm, an induction field &,q= 5 kV/cm, and the extraction field at
Eextr= 2 kV /cm (ensuring 90% extraction efficiency [105]), in addition to the typical
values of the drift field set at Eqngg= 0.5 kV/cm (ensuring ~70% of recombination
suppression [133]). This setting allowed to reach the effective gain Geg ~ 20 [98].

2.4.2 The secondary scintillation light production

Similarly to what happens in the liquid phase, when the electrons reach the gas-
phase they are energetic enough to promote Ar atoms to their excited states. The
mechanism of the secondary scintillation light is determined by the transition from
the 4p — 4s states of the excited Ar molecules. In addition to that, the electro-
luminescence process is particularly energy-efficient because any excited state is ex-
pected to be a precursor to the VUV-scintillation. The de-excitation mechanism of
the rare gas is well understood [191] and it showed to provide stable operation in
several DP LAr-TPC based on the electro-luminescence signal for DM searches, as
reported in Ref. [192], [193], [194].

For every electron reaching the gas phase, the number of photons produced is

proportional to the drift path of these electrons and the electric field strength. The
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relation between the electro-luminescence light yield and the electric field is described

by a linear relation [197]:

being Y/N the electro-luminescence light yield per unit path (also referred as electro-
luminescence gain and expressed in the number of photons-cm?/e), £/N the reduced
field, normalized to the number of atoms per cm?, and N = Map/A (with the usual
meaning of the symbols); a and b are empirical coefficients depending on the rare gas.
In LAr, the correlation, experimentally measured [197], [199] and simulated [200],
is reported in Fig. 2.8. As shown, the secondary scintillation light production is a

threshold mechanism, found at £/N a (4 £1)- 10717 Vem? /atom [118], [198]. From

the figure, two features arise: a clear inconsistency up to a factor 2 in the electro-
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same figure, also a MC simu-

lation, optimized to describe the apparatus setup in Ref. [197], is reported; from
the data-MC comparison, at E/N>10.0-10"17V cm?atom ™! a discrepancy arose sug-
gesting that some phenomenon affecting the electroluminescence gain could not be
properly taken into account in the simulation. In addition to that, the photon pro-
duction in the simulation of the photons in the GAr is supposed to be isotropic. On
the contrary, a very recent study, Ref. [201], shows that the LEM design tends to

boost the photons produced in a very narrow cone. If this is the case, more photons
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are expected to be emitted downwards to the liquid phase.

In the case of a DP LAr-TPC with the additional amplification of the electrons
in the GAr phase, the effects of the amplification on the electroluminescence sig-
nal are almost unknowns due to the novelty of this DP configuration. In Chapter 6,
innovative results will be presented as outcomes of the characterization of the electro-

luminescence light in the WA105 DP demonstrator.

2.4.3 Secondary effects

As reported for the physics mechanisms taking place in the LAr phase, also in
the GAr phase physics secondary effects complicate the proper description of the
charge and light production. An example is given by the disagreement between the
electro-luminescence light yield measured by two experiments reported in Sec. 2.4.2.
Some of these effects will be briefly described in this section; more details can be
found in Ref. [202], [203], and [182].

Photon and ion back flow

A collateral effect regarding the Townsend avalanche creation is caused by the
photons produced in the GAr phase. Such photons are energetic enough to produce
electrons from the LEMs layer’s material via the photoelectric effect [202], [203].
As a consequence, secondary avalanches can be initiated by the electrons and the
proportionality expected between the amplified charge and the electro-luminescence
light can be altered. Analogously, as the electrons are extracted in the GAr phase,
the ions can flow back to the LAr phase [182]. This effect can alter the homogeneity
of the drift field in the LAr phase and worsening the SCE, strained by additional
ions slowly drifting in the LAr bulk. Despite that, in other amplification devices has
been demonstrated that this effect can be mitigated by the geometry of holes [205].

As initially described in Ref. [204] for other noble gases (e.g. Xe), the operational
condition of the LEMs (or equivalent amplification devices) affects the avalanche
formation and consequent secondary effects. As investigated for Ar and reported
in Ref. [201], the voltage applied to the LEMs changes the position where both
the photon feedbacks and secondary avalanches take place; as a consequence, it
can be tuned to diminish discharge probability. Besides, both the photon feedback
contribution and the ion backflow in LAr are considered as a possible explanation of

the higher electro-luminescence gain measurement at certain values of E/N.
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2.5 Discussion on the LAr properties

Although the main features of the Ar are known, there are several properties
whose knowledge or description demonstrated to be controversial and needs a deeper

investigation to be completely understood.

The processes producing the primary scintillation light have been identified in the
de-excitation of the Ar excimers from either the singlet or the triplet energetic lev-
els (Sec. 2.2.2). Under this hypothesis, the scintillation time profile, which can be
described in terms of an exponential law, would need only two characteristic times
corresponding to fast and slow components. Nevertheless, in order to reproduce
the experimental shape, an intermediate component, lying between the few ns time
scale of the singlet de-excitation and the us time scale of the triplet de-excitation,
is observed and it can be described by a third decay time (Sec. 2.2.2.3). Despite
its empirical evidence, a univocal explanation for its origin has not been found yet.
The most accredited hypothesis that has been proposed so far interprets the inter-
mediate time as a delayed re-emission of the scintillation light by the wavelength
shifter molecules. For this interpretation to be valid, a second delayed re-emission is
expected to be observed; some experiments reported such measurement reinforcing
such description. However, several discrepancies still persist in the measurements
reported so far. In the WA105 DP demonstrator, a detailed description of the scin-
tillation time profile produced by crossing muons will be presented in Chapter 4
confirming the presence of the intermediate component, providing its measurement,
but not a conclusive observation on the fourth delayed contribution to the total

scintillation time profile.

The excimer formation takes place either due to the direct formation as a conse-
quence of the energy loss by the interacting particles or via the ion-e™ recombination.
The latter process is directly suppressed by the presence of an electric field helping
the electrons drifting toward the TPC anode. If the effect of the drift field on the
scintillation light yield is quite well understood (Sec. 2.2.1), that is not the case of
its impact on the scintillation time profile, in terms of the probability amplitudes

and the characteristic times.

There is a strong consensus on the particle energy loss and the track structure;
hence, the probability of de-excitation from the singlet or triplet state represents a
key observable for particle identification (Sec. 2.2.2.4). Despite that, it is not trivial
to understand how and why the de-excitation probabilities and the characteristics

decay times are influenced also by the intensity of the drift field. Some hints have
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been reported indicating that there is a preference for one excitation level over the
other when the scintillation light is produced via the direct formation of the excimers
or via a recombination process, which is suppressed in the presence of an electric field.
The plausibility of this possibility in LAr has been only vaguely reported in a quite
old study (Sec. 2.2.2.4); on the contrary, in LXe, whose dynamic is much faster
than in LAr, the effect of the drift field on the recombination dynamic, manifested
as a modification of the scintillation time profile, has been observed and explained
as a suppression of the de-excitation from vibrational states typical of the excimer
formation through the recombination process (Ref. [214]). Because of the incertitude
of such understanding, pioneering studies related to this topic will be presented in

this dissertation (see Chapter 4).

As introduced in Sec. 1.5 and explained in Sec. 2.2.3, the knowledge of the Rayleigh
scattering length represents a critical aspect related to the operation of big LAr-TPCs
since it can strongly limit the scintillation light detection. A recent study reports a
derived experimental measurement of the Rayleigh scattering length (Arqy ~100 cm
Ref. [166]); however, the discrepancies arising from the comparison with other stud-
ies, where the light propagation is attenuated by the photon absorption either with
the setup or the impurities, reinforces the difficult in the determination of this im-
portant optical parameter. In this dissertation (see Chapter 4 and Chapter 5),
dedicated studies both from data analysis and MC simulation will be presented; due
to the setup and dimensions, the impact of the light absorption in the TPC elements
will be described.

Similarly, the description, in different drift field strength ranges, of the drift of
the electrons in the LAr phase, as well as how their motion can be impacted by the
presence of the slower ions, do not have a univocal interpretation (Sec. 2.2.4). In
particular, the description of the drift velocity as a function of the drift field strength
and LAr temperature, empirically obtained from data collected up to ~10 kV /cm,
shows an evident discrepancy in low fields regime (£ <0.5 kV/cm) where lies the
typical operation of the LAr-TPC. In this dissertation, an additional measurement
of the drift velocity of the electrons is reported aiming to bring more experimental
data in order to improve the understanding of the electron mobility in LAr (see

Chapter 6).

If on one side an overview of the mechanisms producing the primary scintillation
light taking place in liquid Ar is available; the whole picture of the phenomena con-
tributing to the electro-luminescence light, in the gas state, when the amplification

of the electrons happens in the LEMs layer has not depicted yet. Few studies are
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available describing the electro-luminescence light produced only by the extraction
of the electrons in the GAr pocket; despite that, some inconsistencies have been
pointed out in the comparison of the results, mostly due to the differences in their
operating conditions or geometries (Sec. 2.4.2). On the contrary, the contribution
of the electron amplification in the LEMs (or similar devices) to the S2 signal has
been only poorly explored. Given the lack of information present so far, the re-
sults obtained from the analysis of the electro-luminescence light produced in the
WA105 DP demonstrator (see Chapter 6) represent an important starting point for

advancements in this description.
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CHAPTER 3

LTHE WA105 DEMONSTRATOR FOR A LARGE SCALE
DUAL-PHASE LAR-TPC

In this chapter, the description of the WA105 DP detector components, and the
technological milestones reached in the first operation at the ton scale of this kind
of a DP LAr-TPC, will be given in Sec. 3.1. In particular, a detailed description
of the photon detection system installed in the demonstrator will be presented in
Sec. 3.2. In order to trigger on crossing muons, two alternative systems were installed:
an external Cosmic Ray Taggers (CRT) system (Sec. 3.3) and a PMT self-trigger
(Sec. 3.4), allowing the collection of more than 5x10° events (Sec. 3.5) in different
detector conditions. The role of the CRT trigger demonstrated to be crucial to have
always access to the cosmic muon track topology (Sec. 3.3), independently from the
track reconstruction in the CRP.

The analysis framework developed to access the data and define the main variables
to reconstruct the events and the light signal (Sec. 3.6); the characterization of the
photon detection system response (Sec. 3.7), and the description of the main features
of the scintillation light produced by the cosmic muons (Sec. 3.8) will be discussed.
Finally, the basic performance of the photon detection system will be presented in

Sec. 3.9.

3.1 Detector description

The experimental setup of the WA105 DP demonstrator is based on the DP LAzr-
TPC concept described in Sec. 1.2.2. The demonstrator TPC covers a 3x1x1 m3

fiducial volume corresponding to ~4.2 LAr tons. In order to be operated, it is

73
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immersed in a passively insulated cryostat with 23 m? internal volume, which guar-
antees the operation of LAr in thermodynamically stable conditions, a uniform gas
density, and a flat liquid argon surface. As shown in Fig. 3.1, the WA105-DP detec-

tor consist of four main
components:

e cryostat

e charge readout

plane
e field cage

e photon detection

system 4.7 m

The more external el-

ement is the cryostat

made by an insulation

layer and a corrugated

membrane in the re-
gion in contact with

the LAr, which must Figure 3.1.: Main components of the WA105 DP demonstra-

be kept h i tor and corresponding dimensions. Starting from
e kept at the uniform

p the top, the top-cap, the field cage and the outer
temperature of 87 K cryostat are visible.

(LAr boiling point).

The main vessel of the cryostat membrane structure is hermetically closed by a
1.2 m thick insulating roof, named top-cap; coupled to it, the TPC field cage (FC)
is suspended from eight G10 pillars. The FC is made by nineteen field shaping rings
and the cathode connected by resistors to propagate the HV to its whole volume.
The first field shaper (FFS) at the top of the FC is 20 mm distant from the extraction
grid. The extraction, the amplification, and the collection of the drifted electrons
produced in the ionization process take place in an independent structure named
charge readout plane (CRP). The CRP includes the extraction grid, the LEMs, and
the anode; the maximum distance between the extraction grid and the anode plane
covers only 13 mm. The CRP alignment with the GAr-LAr interface and the field
cage positioning under the liquid level are delicate requirements; the first to avoid
the damage of the LEMs and the second because it affects the distance between

the extraction grid and the LAr level. For this reason, the CRP is electrically
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and mechanically autonomous from the field cage structure and its adjustment over
the LAr-GAr interface is done remotely. The photon detection system units, five
photomultiplier tubes, are suspended at the bottom of the TPC, hung in a support
frame positioned at the bottom-most part of the pillars. Between the PMTs and
the cathode, the ground grid protection is positioned to shield the PMTs from the
cathode HV.

In Fig. 3.2, pictures of the main components and their positioning inside the

detector are shown; whereas, in Tab. 3.1, the dimensions of the main elements are

specified.
component value unit
cryostat outer dimensions (Ixwxh) 7.34x4.76x4.88 m?
cryostat inner dimensions (Ixwxh) 4.76x2.03x2.38 m?
top-cap (Ixwxh) 5.30x2.08%x1.20 m?>
LAr volume 18.01 m3
GAr volume 4.08 m?
LAr height 1590 mm
GAr height 440 mm
TPC structure (Ixwxh) 3x1x1 m?
charge readout surface 3x1 m?
LEM-anode surface units (x12) 0.5%0.5 m?
extraction grid surface 3x1 m?
LAr mass in the TPC 4.2 tons
field cage (1xwxh) 3155x1155.75X950 mm?
field shaper diameter 34 mm
cathode-anode distance! 1000 mm
1*"field shaper-anode distance? 16 mm
field cage height? 984 mm
PMT cathode-surface distance* 206 mm
number of charge readout channels 1280 —
number of light readout channels ) —

Table 3.1.:

demonstrator.

L 2,4 The distance is calculated from the border of the cathode.

Dimensions of the main elements installed in the WA105 DP

3 The distance is calculated from border-to-border of the field shapers.
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In addition to the main detector components, several ancillary elements are needed
to guarantee its correct operation. Auxiliary level meters, reaching a 1 mm precision,
are installed close to the CRP support structure and in the FC pillars. Additionally,
the LAr temperature is controlled by several temperature probes (platinum resistor
thermometers) placed inside the cryostat main volume to control that is kept stable
at 87 K. The thermometers, either fixed to the TPC or glued on the membrane
surface, cover a temperature range from (50, 350) K, with a precision better than
0.5 K. The cryostat operating pressure of the LAr volume is set a 1000 mbar (slightly
higher than the atmospheric pressure at CERN), while the insulation space is kept at
600 mbar; the monitoring of such pressures, as well as the atmospheric pressure, are
constantly controlled by a set of 9 transducers to ensure that the detector is safely op-
erated. Finally, four identical digital video cameras capable of operating in cryogenic
conditions are placed inside the cryostat; five LED strips, provide the illumination
needed to be operated. Three of the cameras are positioned 30 cm above the CRP
frame, in the GAs phase, to monitor the LAr-GAr interface stability; the fourth one
is situated under the ground grid protection facing the CRP frame. Because of their
orientations, they can detect potential electric discharges. The cameras and the LED
lights generate noise that can deteriorate the charge readout electronic performance
as well as the PMT operation; for this reason, they are switched off during the data
taking.

In this section, the main features of such elements will be describe; all the addi-

tional information that may be missing can be found in Ref. [78].

3.1.1 Cryostat, cryogenic and LAr purification systems

The cryostat is the result of strong synergy studies between the WA105 DP demon-
strator requirements and industry'. Due to the relatively small dimensions of the
whole volume, it is split into two separate parts: the main vessel, and the top-
cap. Both components includes by passive insulation and a corrugated membrane.
The thermal insulation is made by a sandwich of glass-reinforced polyurethane foam
(GRPF) between two layers of plywood; three layers of such sandwiches are superim-
posed providing uniform insulation of about 1 m thick. The innovative design of the
membrane is intended to match the cryostat geometry; the shrinkage is calculated
to absorb the thermal stress during the cool-down phase. Twenty chymneys with

different diameters cross the top-cap to allow the hosting of the feedthroughs that

!The design used in the WA105 DP demonstrator has been licensed by the French GTT engineering

company
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interface with the cryogenic system. A carbon-steel exoskeleton covered by 6 mm
stainless steel plates is installed out of the cryostat to provide mechanical support
and to sustain the over-pressure forces from the inner vessel.

A cryogenic and LAr purification systems are installed in the cryostat with the
main goals of throwing out the air during the LAr filling phase, ensuring a level of
electronegative impurities at the ppt level during detector operation, and guarantee-
ing the best operation environment inside the cryostat in terms of stable pressure
and temperature. After the detector closure and prior to the LAr filling, the gas
argon is injected to eject the air from the cryostat and cool it down. This operation
is done by the so-called “piston purge” method that, through several loops, it addi-
tionally ensures the purification of the argon environment. As shown in Fig. 3.3, in
the WA105 DP demonstrator, an open and a closed loops preceded the cooling-down
phase; the amount of oxygen, nitrogen, and moisture impurities present in the gas

sample are measured by three residual gas tracer analyzers (RGTA); the pink bands
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Figure 3.3.: Evolution of the impurities measured in the WA105-DP demonstrator in the different
purge and cooling down phases. The temperature measured in the main cryostat

volume is reported in blue on the right vertical axis. The plot is taken from [78].

correspond to the injection of pure gas argon in order to decrease the nitrogen con-
centration below 10 ppm level. The concentrations of the impurities measured at
the end of the open and closed loops are reported in Tab. 3.2.

Finally, in the cooling down phase, the argon gas at room temperature and liquid
argon at 87 K are injected from the corners of the detector through gas atomizing
nuzzles. After the cooling down, the detector is filled with LAr from the bottom

until the whole FC is immersed completely.
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Element | end of the open loop | end of the closed loop | precision
Oxygen 0.4 ppm 0.2 ppm + 100 ppb
Nitrogen 1.7 ppm 3.5 ppm + 20 ppb
Moisture 43 ppm 25 ppm + 20 ppb

Table 3.2.: Measurement of the impurities’ concentration obtained from the RGTA in WA105-DP

demonstrator at the end of the open and closed loops [78].

The Ar purity is a key requirement for the TPC operation; although there was
no external monitoring of the LAr purity during the detector running, the LAr was
continuously recirculated and purified in a dedicated pump tower that communi-
cates with the liquid and gas argon volumes. The cryogenic system and nitrogen
cooling down allowed to keep flat the liquid surface, to mantain uniform the lig-
uid and gas temperatures at Tjquiq = 87 K and Tgas = 101 K, and to monitor the
pressure stable at Peryostat = (999.5 £ 1.4) mbar. Two alternative analyses studied
a-posteriori the LAr purity and its stability in time; both of them demonstrated the
good performance of the cryogenic and purification systems, representing one of the
achievements in the WA105 DP demonstrator operation and fulfilling the minimum

requirements of a dual-phase TPC operation at the ton scale.

3.1.2 Field Cage

The field cage is constituted by twenty field shaping rings equally spaced on the
vertical axis with a 50 mm pitch. Each ring is made by 2 mm thick stainless steel
tube with 34 mm external diameter and 2 cm oval-shape openings that ensure the gas
flow during the purge process. The bottom-most field-shaping serves as the cathode
of the field cage; its shape is slightly different from the other rings with 4 mm
stainless steel diameter that surrounds a grid with a 20 mm pitch. The cathode
is electrically connected to the high voltage feedthrough and the top-most field-
shaping ring (named also first field shaper - FFS) is grounded outside the cryostat
via a resistor. All the field shaper rings are interconnected via HV resistors with a
resistance that forms a voltage divider chain ensuring a uniform electric field inside
the whole TPC volume and allowing the drift of the electrons toward the extraction
grid. The field uniformity is a critical requirement for the TPC operation, the
fulfillment of this requirement is completed by the oval-shape of the ring design. The

HYV set at the cathode is generated by a commercial power supply, it is delivered by
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the custom-made feedthrough and it is distributed at each field shaper ring through
the resistors. The nominal drift field required is 0.5 kV/cm (corresponding to -
56.5 kV applied at the cathode).

3.1.3 Charge Readout Planes

The innovative concept of a charge readout plane independent from the rest of the
detector structure has been introduced and tested for the first time in the WA105-DP
demonstrator. The CRP decoupling from the detector allows a pre-assembling of all
the components in a clean room and previous tests of its performance in a dedicated
setup before the installation in the TPC. In Fig. 3.4 (a), a schematic description of all
the CRP elements is given. The CRP is made of modular units grouped to cover the
3 m? surface. In Fig. 3.4 (b) and (c), pictures of the elements seen from the bottom
are shown; in particular, in (c¢) a closer view of the LEM-anode sandwich is visible.

The bottom-most element is the extraction grid, a single 3x1 m? element with a

a)

‘|>s1 stainless steel support sfructure | I

stainless steel support structure

level meters (x7)

| Tm? G10 frames (x3) |
50x50 cm? anodes (x12)
50x50 cm? LEMs (x12)
extraction grid

Figure 3.4.: Schematic view of CRP and main constituent components (a), bottom view of the
twelve 50x50 cm? LEM units (b), and zoom of the anode and LEM structures (c).

The images are taken from [78].

3.125 mm pitch made by 100 pm diameter wires in stainless steel; the precision of the
pitch is required to be 50 pm and it is verified with microscopical measurements after
the soldering of each wire. Twelve 50x50 cm? LEM-anode units are placed above the
extraction grid. They are almost in contact and surrounded by 2 mm inactive border.

The three layers are suspended from twelve G10 stainless steel frames that ensure
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the mechanical guide and rigidity both in warm and cold temperatures. Both LEM
and anode units are fabricated by the industry? in large quantities and accessible
costs. Before the installation, both components are controlled with quality tests.
While the anode is quite simple to be produced, the LEMs are more complicated
and their uniformity is a delicate and crucial requirement, so that they need to be
examined also with time-consuming procedures.

The LEMs are obtained from 1 mm thick cladded epoxy plates covering 50x50 cm?
area. The holes are drilled in a honeycomb pattern with 800 um pitch, each hole
has 500 um diameter, corresponding to about 180 holes per cm?. The inside of each
hole is made by 40 pum dielectric rim, while the LEM electrode is made in copper
and has a thickness of 60 pm. Finally, each LEM unit has a 2 mm border protection
to avoid high voltage discharge that is surrounded in turn by a 2 mm copper guard
ring. To ensure the optimal CRP performance, the LEMs thickness and uniformity
are required to be of the order of 30 pym.

The anode unit is made of four PCB layers having orthogonal strips with the
3.125 mm pitch, the two strips correspond to the x-y coordinates (respectively called
view 0 and view 1). The pitch defines the spatial resolution of the track reconstruc-
tion; the strip pattern, visible in the bottom-left corner of Fig. 3.4, is printed on the
bottom-most layer and it has been optimized to equally split the charge between the
two views into two unipolar signals, facilitating the track projection reconstruction.
The view 0 is made of 320 strips with 3 m length, while the view 1 of 960 strips with
1 m long. The readout strips are read in groups of 32 for a total of 1280 channels.
The anode pitch and the extraction grid pitch have the same size in such a way to
ensure the uniform extraction field and avoid charge shadowing caused by the grid
wires.

The CRP assembling is done on an optical table in a clean room that allows ver-
ifying the inter-distance between each component and their endurance in cryogenic
conditions. Finally, the CRP is hung from the top-cap by three cables connected
with dedicated feedthroughs for the high voltage applying and the remote control of
the panel for positioning and adjustment. The CRP alignment with the LAr-GAr
interface, the positioning in the detector, as well as the ym precision of the CRP
component planarity are summarised in Tab. 3.3; these are the critical parameters
affecting the high voltage setting to reach the nominal gain of the electron multipli-

cation in gas.

2The WA105 DP demonstrator LEM and anode units have been manufactured by ELTOS in Italy.
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component distance [mm)]

3 m anode strip to ground —
1 m anode strip to ground —
50x50 cm? LEM-top to anode plane 2
50x50 cm? LEM-top to LEM-bottom

50x50 cm? LEM-top to neighbour LEM-top 4.5
50x50 cm? LEM-top to extraction grid 10
3x1 m? cathode to ground 200

Table 3.3.: Dimensions and distances of the CRP components and its positioning inside the demon-

strator; the inter-stage distances and CRP alignment with LAr surface are reported.

3.1.4 Demonstrator operation

The WA105 DP demonstrator covered a key role in the scaling of the DP tech-
nology at the ton scale because, for the first time, the drifted electrons have been
extracted, amplified and collected over a 3 m? surface through the multiple assem-

bling of smaller units.

As explained in Sec. 2.4, one of the characteristic parameters for a DP TPC is
the effective gain, Geg, that describes the electron multiplication in the LEMs after
their extraction in the GAr phase. The G is affected by the amplification in the
LEM and by the overall transparency of the extraction grid, LEM, and anode to the
drifted electrons. In addition to that, the adjustment of the CRP over the liquid
surface plays a key role, because is strictly related to the extraction field that can
be applied through the distance, dj, between the LAr-GAr interface and the grid,
as given by Eq. (2.22). In the operation of the previous prototypes, a Geg ~20 has
been attained; in order to reach this value, for a nominal drift field of 0.5 kV/cm, a
combination of Eexir= 2 kV/cm, Eampi= 33 kV/cm and Eing= 5 kV/cm is required,;
the corresponding high voltage values applied to the extraction grid and the LEMs
(ordered from bottom to top on the left of Fig. 3.5) must be -6.8 kV, -4.3 kV and
-1 kV, respectively. In Fig. 3.5, the nominal values of the extraction, amplifica-
tion, and collection fields expected to be applied in the WA105 DP demonstrator,
with the corresponding voltages applied, are given on the left; moreover, the typical
distance between the CRP constituents as well as their pictures are shown on the
right. However, technical issues related to the extraction grid performance limited

the demonstrator operation. Three main reasons have been identified from further
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Figure 3.5.: Schematic drawing of the charge extraction and amplification in the GAr phase. The
nominal values expected to be reached in the WA105 DP demonstrator for each field
applied are reported on the left of the figure. On the right, pictures of the charge

readout components are shown. The figure has been readapted from Ref. [78].

investigations and visual inspections after the dismantling phase: a short circuit in
a defective high voltage contact on the extraction grid or due to weak soldering of
a group of wires, a small curvature in the CRP, and isolated discharges have been
detected dropping the performance of the corner LEMs?®. Because of the first issue,
the lowest voltage that could be applied to the extraction grid, without generating
any electrical discharge, was -5 kV; nevertheless, the demonstrator performance has
been maximized with the complete immersion of the extraction grid in the liquid,
di= (9.460 + 0.004) mm, re-adjusting all the other field settings, and introducing a
non-uniformity of the gain applied to the LEM units over the whole CRP area.
Despite the technical limitations to which the detector has been subjected, the
operation of the demonstrator allowed to collect cosmic data with a good S/N ratio
for the charge reconstruction in the anode plane and reaching the maximum Geg ~
3.5. In Ref. [78], a detailed description of the WA105 DP demonstrator operation
and performance is given. In the table 3.4, a comparison between the nominal and
the working settings are shown; the value given on the amplification field refers to
the typical LEM setting with the corner LEMs operated at a lower electric field than
the others. In the top of Fig. 3.6, an example of the charge imaging reconstruction of

a cosmic muon event collected in the conditions just described is shown. The event

3Tt is important to notice that, thanks to the LEM’s unit design, none of these discharges have

been propagated to the nearby LEMs.
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electric field applied voltage

nominal value

scanned range

kV /cm] kV/cm] kV]
Induction GND 5 1-5
Amplification -1 33 23 - 31
Extraction (in gas) -4.3 3 0.6 - 2.5
Extraction (in liquid) -8 2 Ll
Drift -56.5 0.5 0.18 - 0.7

Table 3.4.: Nominal and scanned values corresponding to the field applied the TPC components;

starting from the top, the values are referred to the cathode, extraction grid, LEMpo,

LEMop and anode [78].
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Figure 3.6.: Top: Reconstructed cosmic muon crossing the entire drift volume of the WA105 DP

demonstrator; the corresponding drift distance is computed assuming 1.60 mm/us as

the electron drift velocity. An off-time track crossing close to the anode is also visible.

Bottom: Waveforms of the reconstructed cosmic muon recorded by each channel;

the waveforms correspond to the region defined by the dashed lines in the top-plot.

The plots are taken from Ref. [78].
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contains two tracks, in the dotted rectangular the “through-going” muon can be rec-
ognized; the reconstruction of the event on the view 0 and the view I are respectively
given on the left and the right of the figure. In this reconstruction no noise filtering
is used; despite that, comparing the waveforms collected by each channel in both
views, Fig. 3.6-bottom, two important features arise: the amplitude of each wave-
form is clearly above the noise baseline, and the amplitude of the channels in both
views are comparable confirming the 50:50 sharing of the signal on both views. The
integral of the waveform corresponds to the energy locally deposited by the ionising
particle, AQp and AQ; respectively on view 0 and view 1. The z coordinate of the
event is retrieved matching the endpoint of the track on both views [106]; the 3-D
track reconstruction is necessary to know the track length, Asg and As; respectively
on view 0 and wview 1. From the total collected charge and the track length, it is
possible to measure the energy deposited per unit path.

In the demonstrator, the events have been triggered by two alternative systems: a
set of Cosmic Ray Tagger panels (the so-called CRT trigger), and a self-PMT trigger
(referred to as PMT trigger) based on the detection of the prompt scintillation light
signal. Both systems will be widely described in Sec. 3.3 and Sec. 3.4; before, the

description of the photon detections system is reported in the next section.

3.2 Photon detection system

The photon detection system installed in the WA105 DP demonstrator includes
an array of five cryogenic R5912-02Mod Hamamatsu photomultiplier tubes, posi-
tioned underneath the cathode and the ground-grid protecting them from possible
discharges in the FC. Each PMT unit has an 8-inch diameter borosilicate window and
a 14-dynode chain to compensate for the gain-loss expected at cryogenic tempera-
ture (CT); at room temperature (RT), the gain can reach 10°. Since the scintillation
light is produced in the VUV region and because the borosilicate window absorbs
the VUV photons, a wavelength shifter (WLS) material is needed to detect such
light. Based on the information provided by the manufacturer, the photo-cathode
quantum efficiency (QE)*, function of the photon wavelength, is maximum around
400 nm. For this reason, in the WA105 DP demonstrator a thin layer of 1,1,4,4-
Tetraphenyl-1,3-butadiene (TPB) is used to convert the VUV photon wavelength
into 420 nm.

One of the goals of the photon detection system is to test different PMT config-

4The quantum efficiency is defined as the percentage of incident photons converted into photo-

electrons on the PMT photo-cathode surface via the photo-electric process.
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urations in order to identify the optimum design to be installed in future detectors
(e.g. ProtoDUNE-DP and the DUNE FD module); for this reason, two different
PMT-base polarity configurations (respectively named positive and negative bases)
and WLS coatings have been installed. In particular, the TPB has been applied
using two different methods: a direct coating over the PMT photo-cathode, in three
PMTs, or coated a poly-methyl methacrylate (PMMA) plate installed above the
PMT surface, in the other two PMTs. The description of both the base and WLS
designs will be presented in the following sections; in Tab. 3.5, a summary of the

configurations is reported.

PMT n. base-polarity WLS
1 negative (NB) TPB direct
2 negative (NB) TPB on PMMA plate
3 positive (PB) TPB direct
4 positive (PB)  TPB on PMMA plate
5 negative (NB) TPB direct

Table 3.5.: Summary of the PMT-base polarity and WLS configurations installed in each PMT.

3.2.1 Wavelength shifter options

In both coating methods, a thin layer with ~0.2 mg/cm? density is homogeneously
evaporated either on the PMT photo-cathode surface or on the PMMA plate. The
TPB deposition is performed under vacuum in the CERN thin film laboratory, fol-
lowing the same procedure used for the installation of similar PMTs in previous
experiments [206]. In the top of Fig. 3.7, the two TPB options are visible.

Before the installation, a comparison between the PMT quantum efficiency (QE)
in the two WLS configurations has been performed at RT. A relative measurement
of the QE has been performed using a dedicated setup at CERN before and after the
TPB coating; in the case of the TPB coating on the PMMA-plate, also the interme-
diate measurement of the QE through the uncoated plate is reported. Using a light
source of wavelengths between 200 and 800 nm, a photo-diode and each PMT were
illuminated simultaneously. The QE is extrapolated as a relative measurement to
the absolute value reported by the photo-diode previously calibrated. In the bottom-
plots in Fig. 3.7, the relative QE measurements for the two WLS configurations are

reported. The QE measured without TPB, at 420 nm, is in agreement with the
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Figure 3.7.: Top: Pictures of the two WLS options: the direct TPB coating on the PMT photo-
cathode surface is reported on the left, and the TPB coating on the PMMA plate
is shown on the right. Bottom: Corresponding measurements of the relative quan-
tum efficiency performed at room temperature, for the two WLS configurations, as a

function of the incident wavelength light [223].

manufacturer specifications (~20%). When the TPB is applied, the enhancement
of the QE at low wavelengths is visible in both configurations; becoming the curve
almost flat for wavelength below 250 nm, the value at 128 nm is expected to be the
same observed at 200 nm. Comparing the two plots, however, the QE is higher when
the TPB is directly coated on the PMT surface. The main factors that have been
identified to explain this observation are related to the light absorption by the acrylic
plate of UV photons and possible reflections in the TPB-PMMA interface. Addi-
tionally, a geometrical acceptance reduction is expected due to the coverage ensured
in the two configurations, which is wider in the direct TPB deposition. Despite that,
the handling of the PMMA plate during the coating operation, the storage, and the

installation is much easier.

3.2.2 PMT High Voltage divider circuits

The main difference in the PMT base configurations is in the polarity of the
supplied bias voltage of the divider circuit. In Fig. 3.8, a summary of the two

configurations is given, the negative base (NB) is presented in the top of the figure
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and the positive-base (PB) in the bottom; in both figures, the scheme of the bias

Negative Base

Negative

H power supply

4 Front-end

\ I:: I

Positive Base

LAr
GND
/N Positive
power supply
HY \L+HV
YV +HV .
- Splitter
I
Front-end

*Decoupling capacitor & power supply filter

Figure 3.8.: Schematic description (left), dynodes diagram (middle), and two pictures (right)
of the negative base (NB) (top) and the positive-base (PB) (bottom) configurations
installed in the WA105 DP demonstrator.

voltage configuration and connection with the PMT are shown on the left, the voltage

divider resistors diagram in the middle, and two real pictures on the right.

In the NB, the negative bias voltage is carried by a cable to the photo-cathode
while the PMT-anode is grounded; an additional cable is needed for the readout
of the PMT signal. On the contrary, in the PB, the photo-cathode is grounded,
whereas the positive biasing is applied at the anode. In this configuration, only one
coaxial cable is needed having the double function to supply the HV and readout
the signal. The two signals are split through a decoupling circuit (DC), also referred
to as splitter in the text, that is installed outside the cryostat. The PB splitter
design is made of a capacitor with the function of decoupling the PMT signal from
the DC power supply through an RC low-pass filter to remove noise from it. Before
the photon detection system has been operated in the WA105 DP demonstrator, the
two base designs have been studied in a dedicated setup in the CIEMAT laboratory
to characterize their response. The description of the main findings of this study is
reported in Ref. [91]. Some advantages are expected in the PB design: the splitter
installation outside the cryostat that facilitates its replacing or modification, the
noise removal by the RC filter, minimization of the number of feedthroughs and

cables, and the photo-cathode grounding to reduce the dark current induced by
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spurious pulses from current leakage. However, the choices of the capacitor and the
cable connection with the feedthrough are delicate aspects to be evaluated in order
to avoid the signal distortion. As will be described in Sec. 3.9.3, the splitter design
used in the WA105 DP demonstrator introduces two deformations in the waveform
that limits their application in most of the physics studies that will be presented in

this thesis.

3.2.3 Light Data Acquisition

Independently from the base design, the light analog signal detected by the PMTs
is acquired by commercial electronics and digitized by the CAEN v1720 analog-
to-digital converter (ADC) board, with the maximum dynamic range of 2 V. The
waveform digitization is done in 12 bit sampled at 250 MHz frequency, such that each
waveform is collected with 4 ns sampling. Two digitization lengths were used: a short
one reaching the maximum time window length of 4 us and a longer one reaching
1 ms length; the first one was mostly used to characterize the primary scintillation
light, whereas the length of second is motivated by the necessity of detecting the
whole S2 signal given the electron drift velocity expected at the nominal drift field.
In the 4 ps time window, 0.5 us are set for the pre-trigger and 22.85 us are set for
the pre-trigger in the 1 ms window. Finally, the CAEN board is read out via an
optical link to a PC equipped with a CAEN A2818 PCI CARD.

3.2.4 PMT calibration

Different campaigns have been performed to measure the PMT gain at the LAr
temperature, using a random trigger from a pulse generator operated with 100 Hz
frequency. Different runs are collected applying an increasing voltage; for each volt-
age, the charge spectrum is obtained integrating every fluctuation from the baseline
that is found in the waveform. Due to the trigger used, the expected signal is dark
current at the level of the single photo-electron (SPE). An example of the charge
spectrum is reported on the left of Fig. 3.9. It consists of two Gaussian distributions
centered at zero and at the SPE; hence, the PMT gain is obtained from the distance
between the two peaks. Finally, the gain calibration curve is obtained considering
the dependence of the PMT gain with the voltage applied. The relation is described
by the power-law: G = A VZ, being A and B the fit parameters related to the PMT
design (number, material, and structure of the dynodes). On the right of Fig. 3.9,

the five calibration curves corresponding to the five PMTs are reported; in Tab. 3.6,



90 The WA105 demonstrator for a large scale dual-phase LAr-TPC

JLI L B B LRI NN N = T T T T T T T T T T T
g10F PMT4at1500v 3 ©
8 1wk [ @, =@eez000) x10° c10 Positive Base . * E
z E C‘pm:(3-94410-001)"105 S ® PMT 3 (Direct Coat) '_:::’ .- ‘,-‘{) ]
104{ B PMT 4 (Plate) ',:*x ,»:_.: .-
108 ._ Qg = (403 0.02) x 10 ‘*::,x x”:’»%:‘
o = (141% 0.02) x 10" , Lezid IO 50
102 10 *::" éo‘:," ’ Negative Base =
E F .* O PMT 1 (Direct Coat)
F . o O PMT 2 (Plate)
10 | Gain=(4.0 £0.2) x 10’ A PMT 5 (Direct Coat)
1 L 1 ! ! ! | 1 ! ! ! ! 1
0 20 40 60 80 100 1300 1400 1500 1600 1700 1800
Qle[x109 PMT Voltage[V]

Figure 3.9.: Left: Example of the integrated charge spectrum analyzed for one PMT and cor-
responding gain computation. Right: PMT gain measured for different operating
voltages for NB PMTs (empty dots) and the PB ones (full dots); the fitted power law
is superimposed in each set of data for every PMT [223].

the gain and the voltages applied to the PMTs during the WA105 DP demonstrator
operation are listed. Initially, the PMTs were operated at the gain of 107 and, suc-
cessively, decreased to the 10 to avoid the ADC saturation. Equalizing as much as
possible the PMT response is useful to uniform the light detection system response;
for this reason, during the demonstrator operation, the PMT voltage of the two PB

PMTs was lowered slightly more to improve the response uniformity.

PMT n. gain voltage [V] gain voltage [V]
1 0.93x 106 1200 1.06x107 1500
2 1.28x10° 1200 1.35%107 1500
3 2.06(1.26)x105 | 1150 (1100) | 0.93x107 1320
4 2.68(1.64)x105 | 1150 (1100) | 1.03x107 1300
5 1.55x%10° 1200 1.70x107 1400

Table 3.6.: PMT gain measurement corresponding to the photon detection operation in the WA105

DP demonstrator.

3.3 Cosmic Ray Taggers as an external trigger system

Four plastic scintillator movable panels of Cosmic Ray Taggers (CRT) are posi-
tioned outside the cryostat external walls, along the 3 m side, as an external trigger
system. This kind of trigger, which has already employed in other experiments [208],
provides the time and the 3-D reconstruction of the cosmic muons crossing the detec-

tor. In the WA105 DP demonstrator, each CRT panel covers a 1.8x1.9 m? surface,



3.3. COSMIC RAY TAGGERS AS AN EXTERNAL TRIGGER SYSTEM 91

corresponding to a 1.8x1.8 m? active area. Each panel is composed of 16 strips;
two panels per side allow to have a matrix with 112.5 mm? hit accuracy, providing
the 3-D coordinates of the triggered track. In the top of Fig. 3.10, a picture of one
of the two CRT panels installed in the WA105 DP demonstrator is shown; in the
bottom of the same figure, a picture of the strips in a CRT module is displayed. The
charge deposited in each strip is read through an optical wavelength shifter fiber by
two Silicon Photomultipliers (SiPMs); a dedicated Front-End Board, connected to
the CRT-DAQ computer via Ethernet connection, is used to amplify, process and
digitize the SiPM signal. The trigger signal sent both to the light and charge data
acquisition systems is defined over at least four-fold coincidence among the CRT

panels, above 500 ADC counts minimum threshold per strip.

The CRT trigger system covered a fundamental role in the analysis of the scintil-
lation light in the WA105 DP demonstrator. Thanks to it, the cosmic muon track
coordinates are always available, independently from its reconstruction in the anode
plane. Consequently, the initial characterization of the scintillation light features
allowed identifying the main
observables to define the logic
of the PMT self-trigger that
will be presented in Sec. 3.4.
Prior to that, in this sec-
tion, the topological variables
that can be extracted from
the CRT coordinates of the
track reconstruction will be
described.

In order to reproduce the 1125 i

track topology expected in By
the DUNE-FD module, the e

two CRT panels have been Figure 3.10.: Top: CRT panels positioned on the WA105-
initially installed in align- DP cryostat walls. Bottom: picture of the
CRT strips installed in each panel (taken

ment with the FC center (re-
from Ref. [208]).

ferred to as CRT-parallel ge-

ometry). However, this geometry was particularly sensitive to the triggering of

muon-bundles °. For this reason, in a second step, the CRT panels were shifted

5With the nomenclature muon-bundles it is referred to as a shower of cosmic-muons tracks reaching

the Earth’s surface generating a multiple-strip coincidence in the CRT panels.
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in the asymmetric CRT-shifted geometry. Unfortunately, in both cases, the CRT
trigger rate is very low (~0.3 Hz) because the cosmic muon flux following a sin26
law. A descriptive sketch of both CRT geometries is reported in Fig. 3.11; in the

sketch, the detector is shown from the front-view. A specific nomenclature, that

(front view) DOOR SIDE

- 1 2 4 5
WALL SIDE P i
NB NB PB P8 NB )(Y s
Y INZ S
P A
x w

Figure 3.11.: Descriptive sketch (not scaled) of the track reconstruction given by the CRT external

system trigger; the two CRT geometries are reported.

will be used in all the analyses, has been assigned to CRT elements and variables
in the two geometries. As pictured in the drawing, the position of the PMTs inside
the detector follows the ascending order such that the CRT panel closest PMT-1 is
called wall-side and the other is named door-side. In the CRT-shifted geometry, the

wall-side panel was raised by 15 cm and the door-side panel was lowered by 90 cm.

3.3.1 CRT reconstruction of the muon tracks

A cosmic muon crossing the LAr volume at the MIP’s energy is expected to pro-
duce a long, well-defined track. For this reason, a CRT muon-track is defined when
the triggered event fired only one hit per panel; all other events, in most of the
cases recognized as muon-bundles, as well as electrons and showers, are considered
as background events and rejected. The reconstruction of the track trajectory is
obtained from the position of the fired strips. A left-handed system of coordinates,
centered in the FC volume, is defined as in the sketch of Fig. 3.11: the 3 m long side
corresponds to the y-axis and the two panels lay in the x-z planes. The PMTs are
in x=0 and z=-698 mm of the x-y plane and their y-coordinates are the following:
(-1000, -500, 0, 500, 1000) mm.

In this section, all the CRT variables that can be retrieved from the CRT coordi-
nates defining the track topology will be presented. In order to study the CRT track
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reconstruction performance, two very long runs (30 days of data for CRT-parallel
geometry and 61 days for the CRT-shifted one) are analyzed. The CRT variable
definition has been implemented in a dedicated library that is included in the raw

data processing in such a way to be available for any kind of analysis.

ToF

With the position of the hits, the hit time is recorded as well. The time of flight
is defined as the time difference between the values reported in the two sides. In
Fig. 3.12, the ToF distributions observed in the two geometries are reported. Two
Gaussian distributions, centered around 422 ns and a ¢ of ~6 ns are obtained for

both geometries. In order to include the delays introduced by the cable length and
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Figure 3.12.: Typical time of flight distribution of muon-like events triggered by the CRT system
in the two CRT geometries (CRT-parallel on the left and CRT-shifted on the right).

the electronics, an offline correction is applied. An asymmetry in the population of
the two peaks is observed in the CRT-parallel geometry due to the geography of
the surroundings of the detector; the presence of the Jura mountains determines a
natural shielding to the cosmic muon flux. As expected, the population of one of the

two peaks is drastically suppressed in the CRT-shifted geometry.

Angular distributions

In Fig. 3.13, the (0-¢) phase space of the muon-like events is reported; the § and
the ¢ angles are defined in the y-z and y-x planes, respectively, as shown in Fig. 3.11,
their distributions are reported for both CRT geometries. The CRT-shifted geometry
introduces the asymmetry in the y-z plane; additionally, in both cases the negative
f-angle is shadowed by the presence of the Jura mountains that attenuate the muon

flux. The angular distribution in the y-x plane, instead, remains unchanged. In
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Figure 3.13.: Typical angular distributions observed with the CRT trigger system in the parallel
geometry, on the left, and in the shifted ones, on the right.

Tab. 3.7, the CRT acceptance in the two geometries is reported; it is maximum in

the CRT-shifted geometry reaching 0,4, ~ - 22°.

geometry acceptance (f-angle) | acceptance (¢-angle)
CRT-parallel [-11; 11)° [-11; 11)°
CRT-shifted [-22; 6]° [11; 11)°

Table 3.7.: Geometrical acceptance of the CRT system allowed by the two panel positions in the
yv-z (theta-angle) and x-y (phi-angle) planes; the typical (0 — ¢) space in the CRT-
parallel geometry is shown on the left, and in CRT-shifted geometry, on the right.

Track-PMT distance, closest point coordinates and electron drift distance

Besides the two angles, additional variables that relate the track to the PMT
position are defined: the minimum approach distance between the track and the
center of the PMT-surface, the coordinates of the closest point, and track length.
The closest point coordinates are used to select geometrical regions confining the
track position inside the detector. Connected to the closest point coordinates, the
drift length of the electrons is defined in turn. This distance is defined as the shortest

distance covered by the ionization electrons to reach the anode-plane.

Fiducial volume definitions and track length

The total LAr mass in the WA105 DP demonstrator corresponds to a volume of
18.01 m3; however, depending on the analyses performed, different fractions of this

volume are considered. The definitions that will be given here are assigned from the
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scintillation light production point of view, so a volume different to the enclosed one

by the field cage can be used. In particular, the following definitions are given:

e LAr active volume (AV): LAr volume where the scintillation light detectable
by the PMTs can be produced (including the volume within the FC plus the
volume between the cathode and the PMTs),

e Field cage (FC) volume: LAr volume filling the field cage,

e LAr fiducial volume: LAr volume within the field cage, underneath the CRP

surface.

A schematic representation of the three volumes is given in Fig. 3.14 and their di-

mensions are summarized in Tab. 3.8. From the technical implementation point of

nomenclature dimensions unit

LAr active volume (Ixwxh) | 3155x1155.75x1206 | mm?
field cage volume (Ixwxh) | 3155x1155.75x950 | mm3
fiducial volume (Ixwxh) 3000x1000x1000 | mm?

Table 3.8.: Dimensions corresponding to the sub-volumes dividing the LAr bulk in order to study

the scintillation light: LAr active volume, field cage volume, and fiducial volume.

view, the volume definition is based on the Ray-Box Intersection Algorithm [209] that
is implemented in the track-parameter library as a class of ROOT. The algorithm
ensures the proper intersection of the track in the volume defined as a box in the
reference system. When the track is partially contained in the volume, only the part
of the track inside the volume is considered for the reconstruction. Additionally, the
proper coordinates in the sides of the box are assigned to define the corresponding
track-length and a flag is assigned to each volume. All this information is stored
in the processed files and it can be used to simplify the track selection. The scin-
tillation light that can be detected by the PMTSs is the one produced in the LAr
AV. However, since the cathode and the grid are the main elements absorbing the
light, only the events produced above the them are considered in order to keep the
same proportionality between produced and detected light. Analogously, when the
electroluminescence light signal is studied, only the light produced in the FV has a
direct correlation with the amplified charge signal produced by the drifted electrons
and reconstructed in the anode plane; for this reason, only the light produced in the

FV is considered.
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3.3.2 CRT-PMT DAQ communication

The CRT trigger and the photon detection event builder are two independent
systems that assign a unique time-tag with ns precision to the triggered event; thanks
to that, an offline matching of the events based on the time information available in
both systems was possible. A schematic description of the CRT-PMT DAQ match
logic is described in Fig. 3.15. When the CRT panels verify the trigger condition,

the trigger signal is sent

to the PMT-DAQ sys- i

tem, that being contin- I‘g %
uously recording events (?@ YY) L
information, opens the

pre-trigger window, col-

CRT electronics

CRT DAQ | i

Socket connection ]

sjeubis JWd
sjeubis |Wd

lects the waveform, and HY crae

stores the time informa-

tion of the event. Simul- i

taneously, the event in- External NIM rigger from CRT

CAEN v1720

formation is published in {
the CRT-DAQ); however,
the CRT and the PMT
DAQ systems are con- Figure 3.15.: Schematic description of the CRT and PMT-DAQ

nected through a commo- communication.

n ethernet connection (Socket connection), slower than the trigger speed. Hence,
the off-line matching associates only events collected at the same time with ms
precision based on the recorded event trigger time, independently from the CRT
time published in the CRT-DAQ server. On the contrary, if more than one event are
published corresponding to the same trigger time, the matching is not found. Because
of the different time scales between the trigger time (Oms) and the event publishing
time (Os), the pulling of the server is systematically done with 1 s frequency and the
possibility to find a CRT event in correspondence with more than one event is not
negligible. Consequently, due to the communication logic between the CRT trigger
and the light systems (CRT-PMT match), a not negligible inefficiency is observed in
the number of unmatched events corresponding to ~56.4% of the initial number of

the events®.

5This number is obtained by analyzing all the runs collected with the CRT system in the
shifted-geometry; in total, 14 runs, with 44374 events out of 101818 triggered events.
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3.4 The PMT self-trigger as internal trigger system

The alternative trigger system implemented in the WA105 DP demonstrator is a
self-trigger based on the primary scintillation light signal detected by the five PMTs.
The PMT self-trigger logic, described on the left of Fig. 3.16, is based on the simple
requirement of having a five-fold coincidence within 80 ns” among the five S1 PMT
signals if exceed a fixed threshold. In order to be compatible with the network
limitations of the experimental hall, the PMT trigger threshold has been defined to
be lower than 3 Hz at the nominal drift field; as shown in the threshold scan reported
on the right of Fig. 3.16, the corresponding trigger threshold is at 3750 ADC counts,
that has been kept fixed during the trigger operation. By comparing with the typical

N
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Figure 3.16.: Left: PMT self-trigger configuration illustrated considering the waveforms detected
in one raw event. Right: Trigger rate shown as a function of the ADC threshold
set to the five PMTs.

trigger rate of the CRT system, one of the advantages of this trigger configuration
is given by the higher trigger rate. However, given its intrinsic logic, the PMT self-
trigger facilitates the inclusion of showers and muon-bundles in the initial sample of
triggered events. Since the CRT and the PMT triggers are used alternatively, only
if the track reconstruction in the anode plane is available, then muon-like events
can be selected among all the PMT triggered events. With a view of having a good
track reconstruction, stable runs collected with a sufficient amplified charge signal
are needed; however, as described in Sec. 3.1.4, very few runs satisfy these conditions.
For this reason, in the analyses of the light that will be presented in the rest of the
thesis, two quality cuts have been defined, independently from the availability of
the charge-track reconstruction, in order to clean as much as possible the muon-like

event sample. Their definition will be given in Sec. 3.7 and it is motivated by the

"The delay present in the to-time is due to the different length of the cables used for the negative
and positive PMTs.
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characteristic response of the PMTs in both trigger conditions that will be presented

hereafter.

3.5 Total events collected for the light analyses

The WA105 DP demonstrator performance has been studied exposing the detector
to cosmic muons; its operation took place in two phases: the commissioning phase,
when the basic response of the detector systems have been optimized, and the second
phase, when the demonstrator worked in more stable conditions. The detector com-
missioning started in March 2017, while more stable conditions have been reached
around June 2017. With the lowering of the PMT gain and the shifting of the CRT
panel (around July, 23""), an improvement in the stability of the detector operation
has been reached. The detector has been operated until November 2017, when the
cryostat emptying started. In Fig. 3.17, the total number of events, ~5x10°, col-
lected with both trigger systems are reported; the strength of the drift field applied
is represented by the color scale and the red line represents the cumulative number

of events acquired. For the basic features related to the characterization of the scin-
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Figure 3.17.: Summary of all the scintillation light data collected. Each point corresponds to a
single run given HV and trigger conditions of the detector. The colored scale reported
on the right corresponds the drift field strength applied in each run. The red line

represents the cumulative number of collected events [223].

tillation light given at the end of this chapter, all the runs triggered by the CRT
external trigger and collected in absence of the drift field have been used; thanks
to the CRT reconstruction of the muon tracks, relevant analyses can be retrieved
from them. Moreover, the same sample of events allowed the study of light prop-
agation, which will be presented in Chapter 5. Additionally, by including also the

data acquired without the reconstruction of the track from the charge system and
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triggered by the photon detection system, a detailed study on the light production
has been performed and explained in Chapter 4. Finally, the characterization of the
electroluminescence light signal that will be detailed in Chapter 6, is based on all
the data collected at the nominal drift field value of 0.5 kV/cm and with different

amplification field settings, in both trigger configurations.

3.6 Analysis framework

In the same PC where the PMT raw-data are stored, a first processing of the raw
data collected is done using the DAQ MIDAS framework [207], converting the raw
information in more manageable ROOT files, where the basic information related to
the PMT waveform digitization and the CRT panels are stored into two ROOT trees.
In particular, for each event triggered by the CRT system, the following information
is stored: the header of the event in the CRT DAQ system, the trigger identification
number and the number of events present in the CRT buffer system, the timestamp
of the trigger and the event time when published in the server, the signal in each
strip of each plane, the total charge of the event, the time of flight, the total number
of hits, and the CRT coordinates in each CRT side. Regarding the information on
the photon detection system stored for each event, they are: the header number, the
timestamp of the trigger and the publishing times in the CRT server, the number
of channels connected to the ADC, the digitization sampling, the waveform and the
corresponding length for each PMT. At this level, the offline matching has already
been done based on the timestamps recorded by the CRT and the photon detection
systems, and this information is stored in the ROOT files through a flag.

Accessing to the processed ROOT files, a specific analysis framework is conceived
to directly access raw information stored in the processed ROOT files to give a deep

characterization of the event. Dedicated libraries have been developed to:

e distinguish between multiple-hit events and the candidates for the recon-

structed muons, by looking at the number of strips fired in each event

e define the CRT reconstruction variables and the fiducial volumes defined in

Sec. 3.3.1 of the event

e analyze the PMT waveforms, reconstructing the observables associated with
the S1 and the S2 signals®

8The description of the algorithms for the S1 reconstruction will be presented in the rest of the

text, whereas the ones developed for the S2-signal will be given in Sec. 6.1.1.
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As a second step, an improved offline processing allowed combining the light and the
CRT information with the charge reconstruction of the event. This analysis tool has
been named Derived Physics Data (DPD). In contrast with the conception of the
analysis framework libraries, the DPD philosophy is to furnish a simplified analysis
tool that overcomes the raw reconstruction of the event and only the most relevant
observables are stored and being accessible to the analyzer. Concerning the light
and CRT information, most of the observables that have been stored in the DPDs
have been obtained from the algorithms developed for the libraries to reconstruct

the events in the analysis framework.

3.6.1 PMT waveforms

In this section, the description of the algorithm developed to identify the S1 is

given. From them, the following quantities can be retrieved:
e the waveform pedestal (mean value and noise RMS)
e the S1 peak (time, amplitude, and integrated charge)

In Fig. 3.18, the typical waveform generated by a crossing muon and detected by
the PMTs is shown on the left. On the right of the figure, the zoom around the
S1 peak is given. In this section, only the definitions related to the S1 signal will
be described; the description of the algorithm dedicated to identifying the S2-signal,
instead, will be presented in Sec. 6.1.1 where its correlation with the track topology

will be discussed.
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Figure 3.18.: Left: Typical raw PMT waveform generated by a crossing muon and detected by a
single PMT (NB PMT shown in the plot). Right: Zoom of the same event around

the S1-peak, showing the main observables characterizing the S1 signal.

Independently from the origin of the trigger signal, a pre-trigger interval is included
in the waveform by the ADC, allowing to determine the baseline or pedestal. The

pre-trigger length changes depending on the time acquisition window length (500 ns
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in the 4 pus window and 228500 ns in the 1 ms window). The S1 peak is expected to
arrive just after the pre-trigger interval. In order to have a unique definition that does
not depend on the time acquisition window and neither on the pre-trigger length,
the pedestal is calculated event-by-event considering the waveform fluctuations in

400 ns range before the expected S1-peak, as shown by the following equation:

t1

! > Light(t) dt, (3.1)

Ped mean = base
Ped

the integration range, base peq, changes depending on the time window acquisition
length and it is set as (0; 400) ns, in the 4 us time acquisition window, and (228000;
228400) ns in the 1 ms one. In correspondence with the Pedestal mean, also the RMS

is obtained from the usual relation, Ped gys = \/ Yhase pog (Xi — Xmean)?/(n — 1), be-
ing x; the waveform content at the bin-i and Xean the mean of the pedestal obtained
from Eq. (3.1). Similarly, knowing the pre-trigger length, the S1 peak is the minimum
of the waveform found within 500 ns range starting 100 ns before the expected time
of the S1 signal. When the S1-minimum is identified, the Sl-amplitude is defined
as the difference between the S1 minimum and the pedestal mean. The integrated
charge is considered for the total recorded waveform, in runs collected in the 4 us
time window, including the 500 ns pre-trigger, and in three different shorter ranges

as defined by the following equations:

Slcharge :ATReASiIs?tSnZZnV‘ C?;in [Tot. Charge — Pedpean X R}, (3.2a)
Ts1+Tmax

Tot. Charge = E Light(t) dt (3.2b)
Tg1—40 ns

being Tg; the time corresponding to the maximum amplitude and Ty ax = 40 ns,
90 ns and 1 ps if a different integration range from the maximum one is considered.

The meaning of all the other factors are the following;:
e AT = 4 ns sampling
e ADC conversion = 2/4096, being 1 ADC count = 2 V/4096 digits
e R = 50 €2, the impedance resistance

e q.- = - 1.602-107!? Coulomb, the electron charge with its sign

Gain, the PMT gain assigned considering the values given in Tab. 3.6

R the total integration range, either [-500; 3500] ns or [-40; Tax] ns
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3.7 Characterization of the PMT response
The PMT response has been studied considering two main features:
e the probability of saturating the ADC dynamic range

e the conservation of the linear PMT behavior as a function of the detected signal

intensity

The ADC dynamic range saturation can be mitigated by adjusting the PMT gain.
However, independently from it, the PMT base design slightly changes the shape
of the waveform; hence, if the PMT gain is equalized to have a homogeneous PMT
response, the probability of ADC saturation depends on the base design. In addition
to that, as observed in the studies performed in the CIEMAT laboratory [91], the
PMT anode shows a saturation when a big number of photons, detected in a short
time, are amplified by the dynode chain. The amplification in the last dynode is
affected differently in the NB and PB PMTs and the linearity is lost sooner in the
NB design. As will be presented hereafter, a similar effect is observed also in the
WA105 DP demonstrator for events crossing the detector very close to the PMT
surface. The goal of the two following analyses is the performance comparison of the

two base configurations.

3.7.1 ADC dynamic range saturation

For signals larger than 2V, ADC dynamic range saturation is observed. Indepen-
dently from the PMT gain, the PMT base design makes that the waveform tends to
be narrower and higher in the PB PMTs, instead it is slightly broader and shorter in
NB PMTs. Because of that, the probability of saturating the ADC dynamic range
in the case of PB PMTs is higher than in the NB PMTs. An example of these events
is reported on the right of Fig. 3.19. In order to reduce the ADC dynamic range
saturation probability, the PMTs that were initially operated at a gain of 107, have

been lowered at ~10°% during the stable operation of the demonstrator.

3.7.2 PMT linearity

Although the response of the PMT should be linear in a wide dynamic range,
a deviation of the linear response is expected for high-intensity pulses due to the
PMT anode saturation. In order to characterize this phenomenon and identifying a

common cut that discards events saturating the PMT response, the correlation of the
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Sl-amplitude with the integrated Sl-charge’ is considered. As shown in Fig. 3.19,
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Figure 3.19.: Dependence of the S1-amplitude with the integrated S1 charge over 80 ns, expressed
in P.E., for the NB, on the left, and PB, on the right, in the two gain regimes: at
107, in the top-plots and at 10°, in the bottom ones.

a saturation of the Sl-amplitude appears for signals with the Sl-amplitude higher
than ~300 (~75) PE at a gain of 105(107). The saturation is stronger at the higher
gain and more evident in NB than PB PMTs. In particular, as pointed out in a
more evident way in the bottom-right plot corresponding to a gain of 109, the loss of
PMT linearity in PB PMTs is not observed since in most of the cases it is hidden by
the saturation of the ADC dynamic range. The different behavior between the two
base configurations is similar to what investigated in the measurements performed
at the CIEMAT laboratory and reported in Ref. [91], both at room and cryogenic
temperature, considering the same PMT model with an analogous electronic base
design. In these studies, a laser head, with a pulse width of less than 500 ps FWHM
at 405 nm wavelength, is used. The observation in the laboratory points out that
the linearity between the number of photons expected and measured is lost at 200
PE for gain of 107 in CT; furthermore, the linearity is lost sooner in NB PMTs
than in PB PMTs. Moreover, from the comparison of the results obtained with a
40 ns pulse LED, the shorter the pulse, the earlier the linearity is lost. The PMT

response observed in the WA105 DP demonstrator data is in agreement with these

90nly for this analysis, since it has been performed during the detector commissioning-phase, the
charge integration range is of 80 ns instead of 90 ns as given in the previous definitions; despite

that, the conclusions do not depend on this kind of difference.
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measurements; hence, the definition of a common cut rejecting the events in the
non-linear region has been defined.

The cut definition needs to include the differences in the waveforms intro-
duced by the two distinct gain-regimes in which the PMTs have been op-
erated, and the dependence of the scintillation light with the drift field!".

In order to define the cut rejecting

" PMT1
PMT 2

events beyond the linear behavior ;% 18
fed —e PMT5

of the PMTs as general as possi-

ble (e.g. independently from their "
specific gain in the two regimes 10E-

87— .
and all the drift field strengths), 6 e
a conservative approach has been “2‘ e

2| - o
considered, based on the correla- L ietttenenes 0 8 .
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tion of the Sl-amplitude with the Maximum Range used in the Fit [ADC counts]

S1-charge profile, shown in the x-
axis in Fig. 3.19. A linear fit

Figure 3.20.: x? minimization developed to identify
is performed in an increasing S1-

a common cut rejecting all the events
amplitude range, starting from 0 saturating the PMT response. For this
and adding a 50 ADC counts step specific purpose, the Sl-amplitude is

. d in AD ts.
each time. For each of these fits, expressed in ADC counts

the x2/ndf is plotted as a function of the maximum of the S1-amplitude range used
in the corresponding fit. An example is given for the NB PMTs in Fig. 3.20. The
PMT response is considered linear up to values of Sl-amplitude for which y? <2, as
a consequence, all the events with the Sl-amplitude larger than 1400 ADC counts
are rejected. The values applied in the two gain regimes for the two base configura-

tions are listed in Tab. 3.9 and the average percentage of events found in the PMT

PMT base | gain | cut [ADC counts] | gain | cut [ADC counts]

NB 106 1400 107 3000
PB 106 3500(3000) 107 4000

Table 3.9.: Sl-amplitude cut values applied to reject events saturating the PMT response, dif-
ferentiating for the two base configurations and the two gain operation regimes; the
cut is expressed in ADC counts and it is valid for all the PMTs with the same base
design. The value given in parenthesis for the PB PMTs at 10° corresponds to the
value applied when the gain has been lowered (see Tab. 3.6).

10The effect of the drift field on the scintillation light signal will be widely described in Sec. 4.3.
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response saturation regime is reported in Tab. 3.10, separately for all the PMTs.

PMT n. 1 (NB) 2 (NB) 3 (PB) 4 (PB) 5 (NB)
CRT tr. [% ] 1.4 0.9 0.9 0.6 17
PMT tr. %] | 15 15 12 2 1
Table 3.10.: Typical rejection percentage, reported per PMT, corresponding to the number of

events saturating the PMT response in the two trigger configurations. Events trig-

gered by the CRT system are collected in the CRT-shifted geometry.

Even though the PMT response saturation is consistent with the PMT linear-
ity saturation observed in the laboratory measurements, attributed to the anode
saturation, it is not possible to exclude that the PMT fatigue-effect observed for
high-frequency pulses [91] is also competing in saturating the PMT response. As
shown in Fig. 3.21, considering the same sample of triggered events, average wave-
forms are built including events laying in different ranges with increasing amplitudes.

For most of them, the shape is the

same; however, for the higher am-
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for that is justified by the behav-

ior of the correlation between the Figure 3.21.: Averaged normalized waveforms for one

PMT in slices of S1 maximum am-
fast and the slow components of ) ] ] ]
plitude; each waveform is obtained in

the scintillation light signal, ex- ranges of 250 ADC.

pressed in terms of the integrated

S1l-charge in 80 ns after the S1 peak and the integration of the S1-charge between 1
and 4 us, respectively. The correlation is shown in Fig. 3.22; for both base configura-
tions, after a linear relation between the fast and the slow integrations, while the fast
component still increases, the slow part decreases up to a factor 2.5. Given the shape
of the correlation, the phenomenon has been named comet-effect. An interpretation
for that is given by considering the slow component as a train of large signals over
a relatively long period. The pulses forming the slow component, in fact, produce a
high average output current that limits the recovery of the discharging on the last

dynode of the capacitors after the first pulses, until the end of the pulse train, and



3.7. CHARACTERIZATION OF THE PMT RESPONSE

107

EZOOOO T T T T EZOOOG T T T
Q. Negative BassPMT ~® G= 0.9><1OZ [PMT 1] Q. PostiveBasePMT o G = 2 0x10° [PMT 3]
9 150001 Lt o G=12x10°[PMT 2] | @ 15000 G —|
c LEE c -
S £ o G=15x10° [PMT 5] S G=27x10°[PMT 4]
% 10000 . & 10000 .
3 3
3 3
6 5000— — 6 5000— —
— P — e
0N 0 e ) © L (%) 0 | | | L
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

S1 Charge over 1t0 4 ps[P.E] S1 Charge over 1to 4 ps[P.E]

Figure 3.22.: Typical correlation of the integrated S1-charge over 80 ns (y-axis) and in the [1; 4] us
range (x-axis), both expressed in P.E.; given the shape of the correlation the effect
has been named comet-effect. The effect is visible in both base configurations, NB
on the left and PB on the right; the result is related to the PMTs operation with

gain of ~10°.

determines the loss of the PMT collected charge.

In order to avoid the misinterpretation of the physical meaning of the results ob-
tained from the S1 signal, the rejection of the events laying in the comet-region,
having a distorted waveform, is critical. Due to the conservative definition found for
discarding events saturating the linear PMT response, the events in the comet-region
are always indirectly rejected by the cut applied on the rejection of the PMT response
saturation. For simplicity and because it is not possible to disentangle the two phe-
nomena, the nomenclature “comet-effect” is used to describe all the events saturating

the PMT response either due the anode saturation or the fatigue-effect.

Comments on quality cut selection in the PMT self-trigger

In order to study the LAr response to the cosmic muons crossing the demonstrator,
the development of an event selection aiming to include only muon-like events is
crucial. As will be described in Sec. 3.8, this is guaranteed by the CRT selection;
however, the proper muon-like event selection of the data sample triggered by the
PMT-self trigger is possible only by considering the event reconstruction in the
anode-plane. Consequently, in order to allow the analysis of the data collected
with the PMT-self trigger in absence of drift field, two quality cuts are applied to
exclude the aforementioned saturations (ADC dynamic range and PMT response).
In particular, the rejection of events in the comet-regime strongly suppresses the
possibility of including more energetic events other than muons (like muon-bundles

which is the topology expected to be facilitated by the PMT trigger if none track-
selection is applied). On the other hand, the requirement in the PMT self-trigger
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logic of accepting only events generating enough light to be detected by the five
PMTs is very helpful to exclude random coincidences or very local low energetic
events. The combination of these two requirements ensures to have events crossing
the detector diagonally enough to be considered as muon-like events but not too

much energetic as the case of the muon-bundles.

3.7.3 PMT Pedestal and RMS stability

The performance of the light detection system has been studied considering the
PMT response in all the runs collected and their stability in time during the detector
operation. In Sec. 3.7.1 and Sec. 3.7.2, the basic characterization of the differences
induced by the base configuration in the PMT response has been already presented.
In this section, the PMT stability is presented in terms of the pedestal mean and

PMT noise; as shown in Fig. 3.23. At the top of the figure, the pedestal variation
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Figure 3.23.: Monitoring of the PMT performance during the whole demonstrator operation period
reported for a PB PMT (empty dots in red) and a NB one (full dots in black).
Top: Pedestal variation measured in each run. Bottom: Pedestal Mean RMS

corresponding to each collected run.

is reported considering all the data collected during five months; the comparison
between one NB and one PB PMTs is obtained by comparing the black and red
points. In the bottom-plot, the pedestal RMS is shown for the same period and
the same PMTs. The results are consistent in the five PMTs; moreover, the data
included have been triggered by both trigger systems but no differences are observed
nor expected. In both base configurations, the pedestal noise is always around 1 ADC

count; whereas, the pedestal stability is slightly better in PB than NB PMTs.
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3.8 Muon-like event selection from the CRT external trigger

In order to study the scintillation light produced by the cosmic muons triggered by
the CRT system and the photon detection system performance, a subsample of events
must be extracted from the initial number of events triggered by the CRT external
system. As a first step, only events with matched PMT and CRT information are
included. Successively, a set of quality cuts fulfilling specific features selecting muon-
like events is presented. The list of cuts is based on the CRT reconstruction of the
track and on the PMT signal response.

First, among all of the events that fired the CRT strips only the ones that created
exclusively one hit per panel are considered as muons reconstructed by the CRTs.
Although a dedicated study has not been performed, due to the multiplicity of the
hits fired by these events, they have been interpreted mostly as bundles of muon-
tracks creating a coincidence in the two sides of the detector; an example comparing
the two topologies of events are reported in Fig. 3.24. Among all the matched
events, the percentage of events recognized as muons reconstructed by the CRT is
found to be only 20.3%; the remaining 79.7% of events are muon-bundles or showers
that fired more than one hit per panel. Successively, only the events crossing the
LAr AV are accepted. Besides, a combination of cuts is applied to exclude CRT
trigger inefficiencies corresponding to events triggered by the panels that not created
scintillation light detected by the PMTs or events whose time-of-flight (ToF) is far
away from the center of the distributions (ToF€[-40, 40]ns, as reported in Fig. 3.12);
all the other events are considered as random coincidences to be rejected. Finally, all
the events whose waveform is not reconstructed univocally are rejected, which means
the rejection of events that either saturated the ADC dynamic range or the PMT
response. In addition to them, also less energetic events, possibly corresponding to
PMT noise, are removed by requiring a minimum of the S1-amplitude. In particular,
the condition is S1amp. > 10 P.E.; it is obtained requiring that at least one PMT
collects light and considering the correlation of the minimum and the maximum
Sl-amplitudes of the PMTs detecting light in each event.

The complete list of cuts ensuring the optimized muon-like event selection is the

following:
1. CRT reconstruction (only one fired hit per panel)
2. rejection of events saturating the ADC dynamic range

3. tracks inside the Active Volume (AV)
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Figure 3.24.: Top: Muon-bundles event creating more hits per panel and rejected from the anal-

ysis. Bottom: Muon-like event selected by requiring the presence of only one hit

per CRT pair, in the two detector sides.

4. rejection of random or fake CRT coincidences (events triggered by the CRT
panel without generating visible light detected by the PMTs)

5. ToFe[-40, 40]ns
6. Sl-amplitude > 10 P.E.
7. non linear PMT response (comet-cut)

8. additional requirements on the track position inside the demonstrator as FC

volume or FV (facultative and dependent on the analyses specifications)

A way to evaluate the goodness of the track selection is to consider the fgy distri-
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bution, because of the sensitivity of this observable to the nature of the particle
producing the scintillation light, as explained in Sec. 2.2.2.4. The fqoy factor is cal-

culated using the following definition:

iy Light(t)
SiF Light(t)’
being tg = (Tg1 - 40) ns, t. = (Ts1 + 90) ns, tp = (Ts1 + 3500) ns and Tg; is the
time of the S1-peak. Given the low CRT trigger rate, with the goal to maximize the

foo = (3.3)

statistics, all the data triggered by the CRT external trigger in the shifted geometry,
in absence of the fields, are included; in total, 14 runs are used, corresponding to
13875 selected events, out of 44374 matched events. The correlation between the
fgo factor with the measured ToF is considered. As reported in Sec. 3.3.1, the ToF
distribution is expected to be symmetric and centered around |ToF|= 22 ns, although
for most of the events a positive ToF is observed because of the CRT geometry.
Following the order of the CRT selection cuts presented above, the evolution of 2-D
fgo -vs-ToF distribution at each additional cut applied is shown in Fig. 3.25; the cut
reported in the legend is the latest cut applied at each step. In the first plot on the
top-left, only the events matched in the two systems are included. In this case, the
fgo factor has a peak around 0.27 £ 0.17, with long tails ending with two peaks at
0 and ~0.5; in the ToF' distribution, instead, is not possible to distinguish the two
peaks because of the high number of events with a null ToF, corresponding to random
coincidences generated by showers or muon-bundles. The requirement of rejecting
all the events that fired more than one hit per CRT panel drastically suppresses the
excess around ToF = 0 ns; however, the fgg distribution still shows the peak around 0.
As shown in the bottom-left plots, only the requirement of rejecting events with the
Sl-amplitude lower than 10 P.E. is crucial to clean efficiently the foy distribution; the
percentage of the events constituting the low-energetic background events is of about
~4.% of the events in the expected ToF window [-40; 40] ns. Finally, it is interesting
to point out that, among all the events crossing the LAr AV, ~5.7% of the events
are still fake CRT trigger or random coincidence. A better explanation of the most
effective cuts for the fog distribution is given in Fig. 3.26; as before, the cut reported
in the legend correspond to the last cut applied in the selection. The foy factor
is shown as a function of the total integrated light, on the right, and the minimum
approach distance between the track and the PMT surface, on the left. Two essential
features are pointed out: the presence of an intrinsic background constituted by very
low-energetic events (dark blue points), and muons saturating the PMT response

(magenta points); both kinds of events are rejected from the final selection. The
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Figure 3.25.: Correlation of the fgo distribution with the ToF observed at each additional cut

applied in the CRT selection.

Starting from the top-left plot, the distribution

obtained by including all the events with matched information between CRT and

PMT system is reported; only one cut per plot is added moving toward the bottom-

right plot, where the distribution for the final muon-like selection is reported. In

the legend, only the last cut applied at each step is advised.

identification of low-energetic events as an intrinsic background is motivated by their

uncorrelation with the fgg factor - plot on the left - and their reconstructed position

inside the detector - plot on the right. The evidence supporting the hypothesis that

the events saturating the PMT response are muons crossing the detector too close
the PMTs is shown in the plots in Fig. 3.27. In such plots, the detected light (S1

signal integrated into 1 us) is shown as a function of the minimum approach distance;

in magenta, the events saturating the PMT response are included, whereas, in cyan,

only the muon-like events inside the FC volume are shown. As pointed out from
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Figure 3.26.: Correlation of the fgo distribution with the total integrated S1 light (left) and with
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Figure 3.27.: Distribution of the Sl-amplitude as a function of the minimum approach distance

shown at different levels of the muon-like event selection, obtained with the CRT sys-

tem, by considering: all the muon-like event with a minimum S1-amplitude>10 P.E.

(magenta) but including events saturating the PMT response, and rejecting the

seconds (cyan). Events saturating the PMT response are muon-like tracks crossing

close to the PMT surface.

the comparison of the two distributions, the events crossing the LAr AV less than

300 mm far away from the PMT surface (as a comparison, the cathode-PMT surface

distance is 200 mm; whereas, the maximum distance of events inside the FC is around

~1300 mm) are those lying in the comet-regime. This characteristic is more evident

in PMT-5 because of the CRT shifted track topology and because the gain is slightly

higher than in the other PMTs. The feature confirms the hardware origin of the
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comet-effect distorting the PMT waveforms because of the PMT linearity loss.

3.8.1 Topology of muon-like selected events

When the muon-like event selection is applied, the topology of the CRT tracks
is represented by the distributions of all the geometrical variables defined from the
CRT coordinates.

Due to the width of the CRT strips (~112.5 mm), the uncertainties affecting
the CRT reconstruction are evaluated a-posteriori and added at analysis level when
needed by each study. The definitions showed in Sec. 3.3.1 are based on the CRT
coordinates evaluated in the center of each strip (Tyan/door); in order to quantify the
impact of the strip precision, the definition of each variable is obtained considering
the CRT coordinates evaluated in the two extreme edges (Typ,/down = T+ 112.5 mm);
the typical impact implies a shift quantified as a 6.5% systematic uncertainty.

In Fig. 3.28, the angular distributions (in terms of the tanf and tang), the typical
track length in the three defined volumes (Lay in the AV, Lpc in the FC volume,
and Ly in the FV), and the minimum approach track-to-PMT distance for the five
PMTs, d; are shown. The tanf distribution reflects the typical shifted-selection of
the CRT panels with most of the tracks with a negative tanf ~ -0.2, corresponding
to a typical track inclination of ~ -119; the tan¢ distribution points out the expected
asymmetry induced by the Jura’s mountains mentioned in Sec. 3.3.1 that makes the
distribution not flat. From the comparison of the track length distributions arises
that the minimum length of the track to be completely inside the FC volume is
3150 mm. Finally, in Tab. 3.11, the mean minimum approach distances of the tracks
to each PMT are reported; given the geometry of the CRT panels, the distance
increases from PMT-1 to PMT-3, the shorter distance measured in PMT-5 than in
PMT-4 is caused by the rejection of events saturating the PMT response passing too
close to PMT-5.

(PMT-1) | (PMT-2) | (PMT-3) | (PMT-4) | (PMT-5)
dicomer [mm] | 924 £ 61 840 £ 55 779 £ 51 707 £ 46 651 + 42
d; 4y [mm] 930 + 61 843 £ 55 782 £ 51 710 + 46 712 + 46
d; o [mm] 865 £ 56 823 + 54 772 £ 50 726 + 47 744 + 48

Table 3.11.:

Mean of the minimum approach distance measured from every PMT including or

rejecting the events saturating the PMT response, in the active volume.
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Figure 3.28.: Distributions showing the track topology identified as a consequence of the CRT
selection, corresponding to muon-like events crossing the FC volume. Top: Angular
distributions in terms of the 6 (left) and ¢ (right) angles. Bottom: Distributions
of the track length in the three fiducial volumes defined in Sec. 3.3.1 (left) and
of the minimum approach distance between the muon-like event’s track and each

photo-cathode surface, of events inside the FC volume (right).

3.9 Performance of the photon detection system

Based on the muon-like event selection described in Sec. 3.8, the characteriza-
tion of the basic features of the primary scintillation light produced by the muons
crossing the demonstrator, in order to define basic guidelines for the MC simulation,
is presented. The main outcomes allowed identifying specific features regarding the
impact of the WLS and HV base designs; moreover, the comparison between the con-

figurations helped in identifying the preferred PMT unit design for bigger detectors
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(e.g. ProtoDUNE-DP and DUNE FD module).

3.9.1 Basic features of the prompt scintillation light signal

As a first step, the correlation of the primary scintillation light detected by pairs
of PMTs is considered in order to evaluate the overall photon detection performance
and have an indirect cross-check of the matching between CRT and PMT DAQ
systems. The study is obtained from the analysis of a single long run (~64 hours)
collected during the commissioning phase, at null drift field triggered by the CRT
system. For this specific analysis, in addition to the complete CRT selection, only
long tracks completely crossing the AV (Lay > 3150 mm) are included in order

to minimize effects induced by short localized tracks. The integrated S1 charge,
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Figure 3.29.: Correlation of the integrated S1 charge over 4 us collected by each PMT with respect
to each of the others PMTs, after applying the complete CRT cut sequence.

over 4 us, collected by a single PMT is reported in correlation with the integrated



3.9. PERFORMANCE OF THE PHOTON DETECTION SYSTEM 117

S1 charge detected in each of the other PMTs for the same event; in Fig. 3.29,
all the combinations of pairs are shown. Every PMT pair distribution shows a
strong correlation between the integrated S1 charge in the two PMTSs, confirming
the goodness of the event selection and of the matching between the CRT trigger
and light detection system. The slope of the distributions changes depending on
the considered pair due to the detection efficiency reduction induced by the WLS
configuration that will be commented in the next section.

Secondly, the detector response to the total scintillation light produced by the
muons crossing the demonstrator AV (independently from the individual direction
and length of the track) is studied in terms of the scintillation light spectrum. Several
factors affect the mean of the detected scintillation light by each PMT, and they can

be synthesized as follows:

e the total geometrical acceptance influenced by the position of the PMTs inside
the detector (the PMTs closer to the FC walls can be more sensitive to the

light absorption or reflection in the demonstrator components)
e the direction of the tracks due to the position of the CRT panels

e the presence of the PMMA plate that limits the individual geometrical accep-
tance of the corresponding PMTs

e secondary effects due to the pulse shape induced by the base configuration

designs

Because of that, the goal of the analyses that are going to be discussed in this section
intends to disentangling and evaluating the impact of the aforementioned factors;
for both of them, all the 14 runs collected in absence of drift field and triggered
by the CRT external system are used. First of all, the impact of the PMMA plate
will be studied; hence, the influence of the base design on the collected charge will
be discussed. The outcome of the first analysis has been validated by comparing
the behavior observed in the data with the one simulated in the Monte Carlo; the

discussion is presented in Chapter 5.

3.9.2 Reduction in the geometrical acceptance due to the
PMMA plate

In order to minimize the impact of the base configuration in the PMT waveform,

the evaluation of the geometrical acceptance reduction caused by the WLS design is
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estimated considering the S1 amplitude distribution for each PMT. The mean value
of the Sl-amplitude is obtained fitting the distribution by a Landau function and
considering the most probable value (MPV); as shown in the plots reported on the
right of Fig. 3.30, for PMT-1 and PMT-2. Consequently, the MPV is shown for each
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Figure 3.30.: Left: MPV of the Sl-amplitude distribution produced by muon-like events crossing
the demonstrator FC and triggered by the CRT system, expressed as a function of
the PMT numbering; the error reported in the y-axis for each PMT is given by the
o of the Landau-distribution.

Right: Example of S1-amplitude distribution of one PMT with direct TPB coating
(top) and TPB coated on the PMMA plate (bottom).

PMT on the left of Fig. 3.30; the error assigned to each point corresponds to the
o of the Landau-distribution. The characteristic dependence of the Sl-amplitude
MPYV with the PMT is determined by the track geometry selected by the CRT panel
position and the PMT distance from the FC walls. The PMT-3 has the highest
value of the S1 amplitude because of its central position inside the detector. The
Sl-amplitude measured in PMT-5 is higher than in PMT-1 because of the typical
CRT track diagonality. Finally, a clear decrease is observed in the MPV of the
Sl-amplitude in PMT-2 and PMT-4, due to the reduced geometrical acceptance in-
duced by the TPB coating on the PMMA plates. The red line in the left-plot gives
an estimation of the expected Sl-amplitude that the PMTs under the plate would
have detected if they had the same WLS configuration as the others, considering
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their position inside the detector. A lower limit of the detection efficiency reduc-
tion induced by the PMMA plate is evaluated by quantifying the variation of the
measured Sl-amplitude MPV in PMT-2 and PMT-4 from the expected one given
by the red line. In Tab. 3.12, the MPV of the S1 amplitude distribution and the

PMT n. 1 (NB) 2 (NB) 3 (PB) 4 (PB) 5 (NB)
WLS config. direct plate direct plate direct
S1ampl [P. E.] 68+17 46+11 98+23 53+13 99423
variation [% ] — -40 +18 -40 —

Table 3.12.: Most probable value of the measured for the Sl-amplitude distribution and corre-
sponding variation induced by the presence of the PMMA plate.

spread of each distribution are reported for the five PMTs; moreover, the variation
with respect to the expected S1-amplitude, in both NB and PB PMTs with the TPB
coating on the PMMA plate is given. Independently from the base configuration, a
reduction of at least ~40% is observed. It is important to remind that, as explained
in Sec. 3.2.1, the reduction induced by the PMMA plate can be enhanced due to the
light absorption and reflection inside the PMMA plate material itself; however, the

disentangling of the two contributions is not possible from this study.

3.9.3 Impact of the HV divider configuration on the col-

lected charge

An analogous behavior as the one described in the previous analysis is expected by
considering the integrated S1 charge. If the effect of the base configurations on the
waveform is negligible, the results should be independent of the integration range
considered for the S1-charge. However, as arises from the comparison between the
NB and PB waveforms shown in Fig. 3.31, two distortions (referred to as reflections,
in the rest of the text) are visible in the PB PMTs. The first reflection is caused by
the capacitance used in the divider circuit and the second is due to an impedance
mismatch in the cryostat feed-through; in particular, the capacitance in the two PB
is not the same (200 nF in PMT-3 and 300 nF in PMT-4) such that the shape of
the second reflection is different in the two PMTs.

The impact of the reflections in the integrated Sl-charge is then evaluated by
considering the variation of the MPV of the S1-charge distribution as a function of

the PMT numbering when different integration ranges are examined. In particular,
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Figure 3.31.: Average waveforms of the NB (in grey) and PB (in black) PMTs, in the two WLS

configurations. In both cases, the colored rectangles correspond to the integration
ranges: 40 ns (green), 90 ns (cyan), 1 us (magenta), and 4 us (dark blue).
Left: PMTs with TPB direct coating. Right: PMTs with the TPB coating on the
PMMA plate.

the distribution of the scintillation light is analyzed by integrating event-by-event the

PMT waveform in four different ranges corresponding to the colored rectangles shown

in Fig. 3.31. To normalize for the gain of each PMT, the integrated S1 charge is

PMT n. 1 (NB) 2 (NB) 3 (PB) 4 (PB) 5 (NB)
WLS config. direct plate direct plate direct
Sl [P. E.] 26544468 | 15824335 | 3085£557 | 1509+334 | 3183735
variation [% ] — -43 6 -51 —
S1y,s [P. E.] 15844342 941+£248 18934405 1036+205 18944351
variation [% ] — -43 10 -43 —
S1lgons [P. E.] 614+150 377106 809+£191 485£102 756175
variation [% ] — -42 18 -33 —
S140ns [P E.] 478+113 294481 738+143 375+£85 639+112
variation [% ] — -43 32 -37 —

Table 3.13.: Most probable value of the S1 integrated charge distribution obtained from a Landau

fit; the error reported in each PMT is given by the o of the Landau-distribution.
For the two PMTs with the TPB coating on the PMMA plate, the variation from
the expected value is reported; as a comparison, to take into account the difference
introduced by the base design in the PB PMTs, the variation observed in PMT-3 is

also reported.
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expressed in number of photon-electrons (P.E.), using Eq. (3.2a). Following the same
approach described in the previous section, the mean value of the scintillation light
and the corresponding error in each PMT is obtained fitting the distribution by a
Landau function and considering the MPV and the o of the distribution, as reported
on the right of Fig. 3.32, integrating the S1-charge over 4 us, for PMT-1 and PMT-2.

The correlation with the PMT position inside the detector is considered for the four
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Figure 3.32.: Left: MPV of the integrated S1 charge distribution produced by muon-like events
crossing the demonstrator FC triggered by the CRT system as a function of the PMT
numbering; the error reported in the y-axis for each PMT is given by the o of the
Landau-distribution.

Right: Example of Sl-charge distribution, integrating over the whole 4 us time
window, of one PMT with direct TPB coating (top) and TPB coated on the PMMA
plate (bottom).

integration ranges; on the left of Fig. 3.32, an example is reported by integrating the
S1-charge over 4 us; the full dots represent the MPV measured by the PMTs with the
TPB coating directly applied on the PMT surface, whereas the Sl-charge detected
by the PMTs with the TPB coated on the PMMA plate are represented by the
empty dots. Finally, the variation of the MPV of the S1-charge from the estimated
value is evaluated, in PMT-2, PMT-3, and PMT-4, by the red line reported in the
same plot. The same study is done for all the considered integration ranges; the
results are summarised in Tab. 3.13. Independently from the WLS configuration,

both PB PMTs show a dependence on the variation of the integrated Sl-charge
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from the expected light with the integration range; however, the dependence with
the integration range is slightly different in the two PB PMTs due to the difference
in the shape of the second reflection. The impact of the base configuration in the PB
PMTs introduces a bias in the charge calculation that is important to keep in mind,
especially in the comparison of the data with the simulations, as will be discussed in
Chapter 5

3.9.4 to time

Finally, the distribution of the t( time (the time position of the S1 signal) measured
by the five PMTs is considered; the spread of this distribution gives information on
the jitter time'! of the PMT and

on possible delays due to the ——1,-(633 £ 9 -PMT1L

propagation inside the demon- 600 e Ig§§§§§§ gg:m$§

strator. In Fig. 3.9.4, the dis- — igiégfgi g;:m?é

tributions of the five PMTs are A

shown, the shift in the mean of 400 E 1

the NB and PB distributions are r}h

due to the delay introduced by the 00

different cable length installed.

Each distribution can be fitted by \LgﬁL

a gaussian function to evaluate % 700 0

their mean and the RMS; the val- fo time [ns]

ues obtained for the five PMTs pigure 3.33.: Distributions of the to time at which

are reported in Tab. 3.14. In the the muon-like events produce the scin-

distribution of the five PMTs, the tillation light signal detected by the
PMTs.

RMS of the distribution is of ~8
ns; this value takes into account both the PMT jitter time, possible delay induced by

the light reflection on the FC walls and the digitization sampling of the acquisition

system.
PMT n. 1 (NB) 2 (NB) 3 (PB) 4 (PB) 5 (NB)
to time [ns] (633 +9) (633 £ 9) (697 £ 9) (697 + 8) (642 + 8)

Table 3.14.: Mean and RMS of the to time distributions observed for the five PMTs; the typical
RMS is of the order of 8 ns.

HErom the measurement reported by the manufacturer, the typical jitter time is of about ~3 ns.
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3.9.5 Validation of the photon detection system design for

future detectors

The comparison of the light detection system performance based on the differ-
ent options tested in the WA105 DP demonstrator leads reaching two important
conclusions in terms of the impact of the WLS and base configurations.

The first result is related to the WLS design. The presence of the PMMA plate
used as a support for the TPB coating facilitates the TPB deposition and its in-
stallation inside the detector. Despite that, a strong reduction in the geometrical
acceptance is observed and it determines ~40% suppression of the detected light
in comparison with the alternative WLS design. The main reason for that are the
geometrical acceptance of the PMMA plate and the light absorption or reflection in
the plate itself. On the contrary, in the case of the direct TPB coating, all the top
part of the PMT glass is covered by the TPB. This allows even the more diagonal
VUV photons to be converted into visible light, that are not detected otherwise. The
direct evaporation of the TPB is the preferred option for the ProtoDUNE-DP light
detection system design.

On the other hand, important inputs are obtained about the impact of the PMT
base design; although, several factors must be balanced to choose the best design.

Three features have been considered:

e the pedestal stability
e the linearity of the PMT response

e the costs of the base design and cabling

Both base configurations demonstrated to be very stable in terms of the baseline
noise for all the typologies of events detected; however, the PB PMTs demonstrated
to have better linearity than the NB PMTs. Even if the NB PMTs have a very
definite signal, the origin of the two reflections present in the PB PMTs has been
identified to be hardware in such a way that a good choice of of the decoupling
splitter design and feedthrough connectors can avoid the alterations of the signal
shape. Moreover, the number of cables would be halved in the case of the PB
PMTs, decreasing drastically the costs of the light detection system, especially in
big detectors. For all these reasons, the positive base configuration is favored in the

design of the ProtoDUNE-DP light detection system'?. Despite that, the presence of

12 Additional studies have been performed in order to provide a complete characterization of the

photon detection system for ProtoDUNE-DP and they are summarised in Ref. [91].
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two reflections in the PB signal limits their utilization in most of the physics studies
carried out in the WA105 DP demonstrator as will be discussed in the following

chapters.



"Ti insegneranno a non splendere.

E tu splendi, invece.”

P. P. Pasolini

CHAPTER 4 ,

THE SCINTILLATION LIGHT PRODUCTION IN THE
LIQUID PHASE

In this chapter, the complete characterization of the primary scintillation light
(S1) produced in the liquid phase of the WA105 DP demonstrator will be presented.
Preliminary results have been reported in Ref. [210] and Ref. [211]; however, in this
chapter, a consistent improvement in the analysis’s strategy and better interpretation

of the main findings are achieved.

In Sec. 4.1, the modelization of the primary scintillation time profile to retrieve
the specific decay times and the relative probability amplitudes will be described.
Dedicated studies to optimize the fit procedure (Sec. 4.1.1) and to assign the proper

systematic uncertainties (Sec. 4.1.2) will be discussed.

The characteristic scintillation light emission in LAr has been initially studied in
absence of drift field (Sec. 4.2). In these conditions, the monitoring of the 740y decay
time allowed to investigate the purification system performance in the demonstrator
(Sec. 4.2.1). Thanks to the good and stable LAr purity conditions, all the data
taken in the same drift field conditions can be analyzed together. The effect of the
drift field on the total scintillation light and on the scintillation time profile will
be explained in Sec. 4.3. From these analyses, pioneering results have been found
related to LAr micro-physics and their analysis will be addressed in the last section
Sec. 4.4; preliminary conclusions, possible interpretations, and the interest for future

measurements in the next DP LAr-TPC will be discussed.
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4.1 Study of the scintillation time profile

As explained in Sec. 2.2.2, the primary scintillation light is produced by the Ar3 de-
excitation from the singlet or the triplet states to the ground energy state. The
relative fraction of light produced by these two mechanisms as well as the charac-
teristic de-excitation decay times can be extracted by the study of the scintillation
time profile through the measurement of the parameters that define its shape. The
goal of the study presented in this section is dedicated to identifying a common ap-
proach to provide the scintillation time profile parameters for all the runs collected
during the data taking in the same drift field conditions, for both trigger and data
acquisition configurations. Among all the runs collected, only runs with more than
100 events are included; in addition to them, also few runs, with at least 10 events,
have been included after the individual check of the results. In total, more than 100
runs have been analyzed, ~45% of them have been collected in absence of the drift
field. Depending on the trigger conditions, the corresponding selections have been
applied. In runs triggered by the CRTs, only muon-like events are included; in the
case of the data triggered by the PMT self-trigger, only events saturating either the
ADC dynamic range or the PMT response are rejected. Based on the explanation
given in Sec. 3.7.2, the rejection of events that saturated the PMT response (in the
comet-regime) is crucial to avoid including events with a scintillation time profile
artificially distorted.

For each run, an average waveform is defined after subtracting the pedestal noise

0
5 ! 3 (PMT 1 - E,_=0KkV/cm) 90
g = 80
s L
10t e 70
= 60
10 i
40
- a ¢ 30
10_3 E_ " "::(.":)"r%h it ﬂ “ i 20
& ' ' | ‘.In.v"'l.
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Figure 4.1.: Example of all the waveforms collected by an NB PMT, in a single run with Egyis=
0 kV/cm and triggered by the external CRT system.
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and normalizing the waveform to the Sl-amplitude event-by-event. Due to the time
spread of the S1 peak shown in Fig. 3.9.4, each waveform is centered in 0. In Fig. 4.1,
an example of all the waveforms generated by muon-like events collected in the same
run (Eqrigg= 0 kV/cm - CRT trigger) by an NB PMT are shown.

Averaging the waveform every 4 ns, the scintillation time profile is obtained; the
error assigned in each bin is the standard deviation from the mean value. Examples
of the time profiles obtained for both the PB and the NB PMTs are shown in the
top of Fig. 4.2. In order to reproduce the average time profile collected by each
PMT and to retrieve the parameters characterizing the scintillation time profile, a
fit is performed based on the phenomenological modelization reported in Eq. (2.9a).
However, a third exponential is needed to accurately represent the data. The two-
exponential function is represented for comparison in the top-left plot of Fig. 4.2. In
the same figure, the bottom-plot shows the improvement in the agreement of the fit
function with the data when the intermediate component is included. Furthermore,
the detector response needs to be modelled as well; hence, the fit function is the
convolution of a Gaussian function with three exponential functions as described by

the following equations:

F(t) =P+ Gt —to,0) ® Y (Aj/7) x exp(—(t — to)/7;)  (4.1a)

j:f7i7s

F(t) =P+ > QATjj x exp(;_j2 - t;jto) x [1 —Erf<‘72_\/%€:7j_t‘)))} (4.1b)

j=f,i,s
The j-index is referred to the fast, the intermediate, and the slow components re-
spectively; tg and o are the Gaussian mean and width, corresponding to the PMT
transit time and the PMT transit time spread respectively. From the convolution
performed analytically given in Eq. (4.1b), the normalization constants, A;, can be
found; they correspond to the contribution of each one of the three component to the
total scintillation light; finally, P is the pedestal noise. Each of all the runs available
is adjusted with Eq. (4.1b) by performing a likelihood fit; only when this fit fails, a
x2-fit is done and a systematic error' is added in quadrature with the error provided
by the fit. Both fit procedures are based on the TMinuit package implemented in
ROOT [212]. In both cases, the pedestal is kept fixed at 0 in the fit procedure.
Because of having data collected in both time acquisition windows (4 us and 1 ms),
the fit is always performed up to 3.5 us after the Ty time; this fit range corresponds
to considering ~95% of the scintillation time profile. In the case of runs collected

with the amplification field, the S2 contamination in the S1 profile is excluded by re-

1See Sec. 4.1.2 for the description of this systematic uncertainty.
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Figure 4.2.: Top-left: Example of the average waveform for an NB PMT; in cyan, a two-
exponential function is shown as a comparison demonstrating the necessity of adding
a third component to reproduce the data. - Top-right: Example of the average
waveform for an PB PMT; the two reflections induced by the splitter capacitor are
visible around 100 ns and 350 ns. Bottom: NB average waveform (black points)
and corresponding fit function described by Eq. (4.1b) drawn in red; the fast, the
intermediate, and the slow contributions are shown in green, orange, and azure,

respectively.

jecting all the events whose S2-starting time is found before 10 us; in the case the S2
reconstruction is not available and the amplification field is lower than 20 kV/cm,
the scintillation time profile is fitted up to 2.5 us and a systematic error’ due to
shorter fit range is added in quadrature with the fit error. Finally, since the 4 ns
digitization sampling limits the fit sensitivity to the 7. and the o measurements,

the 75t parameter is kept fixed at 6 ns in accordance with the value measured in

2See Sec. 4.1.2 for the description of this systematic uncertainty.
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Ref. [145]. Both the validation of the fit procedure and the assignment of systematic
uncertainties will be motivated and described in Sec. 4.1.1 and Sec. 4.1.2, respec-
tively. In the bottom-plot of Fig. 4.2, an example of the fit function and the fast,
the intermediate, and the slow contributions are reported. As arises comparing the
two average waveforms in the top-right and the bottom of Fig. 4.2, the reflections
present in the PB PMTs do not allow to obtain a fit with reliable results for all the
parameters. The first reflection with the same shape in both PB PMTs tends to
bias the intermediate decay time measurement and the A; normalization constants
being they related to the integral underneath the corresponding regions. Whereas,
the value obtained for the 74y can be biased by the second reflection, although in a
different way, as the reflections have a different shape in the two PB PMTs. For all
of these reasons, the PB PMTs will not be included in the studies related to the time
profile; however, the trend of the 7o can still be considered for the monitoring of
the LAr purity, as will be presented in Sec. 4.2.1.

The robustness of the fit procedure, the impact of the 4 ns digitization sampling,
and the effect of fixing 7¢.q; have been evaluated through the development of a toy-

MC. The results obtained are presented in the next section.

4.1.1 Test of the fit procedure through a toy MC

The analyses presented in this section are motivated by the necessity of verifying
the ability of the fit to retrieve an unbiased measurement of the waveform parameters
and to provide a correct estimation of their uncertainties, given the digitization
sampling of the PMT waveform and the correlation between the parameters. The
accomplishment of all these requirements have been verified through the development
of a toy-MC that reproduces the scintillation light profile observed in the data for
given sets of the inputs of the parameters.

The fit function, given in Eq. (4.1b), needs nine strongly correlated parameters to
properly describe the scintillation time profile. The correlation matrix of the param-
eters, given in Fig. 4.1.1, is obtained from the data (long CRT run, ~50000 triggered
events, collected in absence of drift field and in the CRT-shifted geometry) by per-
forming a likelihood fit; for this specific case, Tt is left free to be fitted. The color
scale represents the intensity of the correlation. Because of the average waveform
construction, the pedestal parameter is kept fixed at zero and it is not included in the
matrix. As shown in the figure, most of the parameters are very correlated such that
a biased measurement of one of them can effect the measurement of the others. As

a consequence, the fit procedure becomes very delicate and difficult to be controlled
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when automatized over a big number of runs. The necessity of performing such a big
number of fits, one per
run and per PMT, re-
quires a stable procedure
that must not need in-
dividual preliminary tun- 0709 -0.572 1. -0410 [ED
ing of the parameters.
The 4 ns digitization
sampling can be a lim-
itation in the fit sen-
sitivity to some param-
eters as the very nar-

row PMT transit time

spread (~3 ns, as defined
by the manufacturer) and
Figure 4.3.: Correlation matrix of the parameters needed in

the very short fast decay o
Eq. (4.1b) to reproduce the scintillation time pro-

time.  Furthermore, the file. The color scale represents the intensity of the
bin error assigned to the correlation.

average waveform is dep-

endent on the run statistics (that goes from few hundreds to several tens of thou-
sands of events) because the lower it is, the lower the weight of the RMS in each bin
is.

For this purpose, a toy-MC has been developed in order to test the fit procedure
described in the previous section, using waveforms simulated with a known set of
parameters. Hence, each waveform is a PDF generated from Eq. (4.1b) with a seed
used as an input for each parameter, determining the waveform’s shape. Conse-
quently, it is fitted using the same function that wants to be generalized for the data
analysis. Both a likelihood and a y2-fit have been performed; in Sec. 4.1.1.1 will
be shown how only the likelihood fit ensures the retrieving of unbiased values. In
order to assign a reasonable value for the seeds, a preliminary evaluation of the fit
parameters has been obtained by a data-driven estimation. Two average waveforms
obtained in two very long runs, in the two trigger configurations, have been fitted
using Eq. (4.1b); independently from the trigger, the obtained parameters agree and
they are chosen as inputs for the toy-MC seeds. In Tab. 4.1, the input parameters
are listed. The error assigned to each bin is the statistical error (1/v/N, being N
the number of entries per bin) that varies depending on the number of generated

events in each waveform. As a first step, the 7ps parameter is kept fixed; in the
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next section, the effect of fixing this parameter will be described. Because of the
4 ns digitization sampling, the ty time is randomly assigned with a value thrown

in the (0, 4) ns range. The statistics of each waveform (number of generation) is

parameter | input
Pedestal 0 arb. units [fixed]

to randomly generated in (0, 4) ns
o 5 ns

Apost 3.3 arb. units

Ttast 6 ns [fixed]

At 3.3 arb. units

Tint 50 ns

Agow 24 arb. units

Tslow 1400 ns

Table 4.1.: Seeds for the inputs of the scintillation time profile parameters used in the toy-MC

waveform generation.

chosen to be high enough to simulate events with a well defined S1 scintillation time
profile; to be as general as possible, each waveform is generated in a time range that
includes the ending of the S1 signal, roughly 10 us. However, for comparison with
runs collected with low statistics, also less populated waveforms are simulated; the
result will be commented in Sec. 4.1.1.1. To be consistent with the fitting of the
data, the range fit is chosen to be up to 3.5 us; the effect of varying this interval
will be commented in Sec. 4.1.2. In Fig. 4.4, an example of the waveform generated
by the toy-MC, using the inputs given in Tab. 4.1, is shown; in red, the fit function
is reported and, in the legend, the measurement of each parameter retrieved by the
likelihood-fit are given.

Two important features can be studied through the toy-MC after fitting the gen-

erated waveforms:

e the presence of possible bias introduced in the measurement of the parameters

obtained from the fit

e the goodness of the error assigned to each parameter given the initial error

assigned in each bin due to the statistics of the waveforms

To do so, the fit is done over a big number of waveforms (number of iterations), so

that, at each iteration, the fit results are stored. Calling pcs, the input used for the
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Figure 4.4.: Example of the toy-MC waveform generated from parameters’ seeds reported in
Tab. 4.1 and fitted through Eq. (4.1b) function - red line. The parameters retrieved

by the fit function are shown in the legend.

parameters, fimeqs the parameters retrieved by the fit, and o pmeqs the error assigned
to each parameter by the fit, a pull-distribution for each parameter is defined as
follows:

pull distribution := Hmeas — Hexp (4.2)

O—Mmeas

Given its tautological definition, the pull-distribution is expected to be a Gaussian
function centered in zero and with a ¢ = 1. Any kind of shift from zero in the
Gaussian mean is a hint of bias introduced by the fit procedure; whereas, ¢ > 1
(o0 < 1) corresponds to an underestimation (overestimation) of the assigned error in
the fit procedure. Furthermore, the statistics on which is built each pull-distribution
must be high enough to reach realistic conclusions of the fit procedure. In this study,
the pull distribution, obtained from the analysis of waveforms as the one reported
in Fig. 4.4, with the seeds and conditions given in Tab. 4.1, and by performing 5000
iterations are shown in Fig. 4.5. Comparing all these distributions, some common

features are observed:

e the mean of most of the distributions is centered around zero within less than

20; however, a clear bias is reported in the o-parameter

e the o of the pull-distribution is always slightly smaller than 1, corresponding
to a conservative assignment of the error; this feature is more evident in the

pull-distribution of the Ago, parameters.
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Figure 4.5.: Pull distributions of all the parameters extracted from the fit of the scintillation time
profile, using Eq. (4.1b). Each pull-distribution is filled with the results obtained from

5000 iterations (number of fitted waveforms).

The precision in the centering of the pull-distribution around zero is mostly deter-
mined by the number of iteration performed®. The absence of bias in the mean of
the pull distribution validates the choice of the inputs used in the toy-MC driven by
the data and proves the capability of the fit of retrieving them. The positive shift
observed in the mean of the ¢ parameter corresponds to an overestimated measure-
ment of the parameter in comparison with its input. This effect is induced by the
4 ns digitization sampling; as will be explained in the next section. The tendency to
a conservative assignment of the error is characteristic of the likelihood-fit and not

of the x?-fit. As will be explained in Sec. 4.1.1.1, both procedures have been tested;

3Preliminary studies have been performed varying the number of iterations, from 2000 up to 10000;
however, in order to perform the complete analysis, 5000 iterations has been accepted as a good

compromise between CPU consuming and reliability of the results.
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however, a bias is observed when the statistics is not high enough. Despite in the
case of the x2-fit the error doesn’t seem to be overestimated, the likelihood method

is preferred because of the goodness ensured in retrieving results.

4.1.1.1 Optimization of the fit procedure

The different statistics present in each run analyzed in the data is simulated in the
toy-MC by generating a different number of entries in the waveform histogram. FEach
waveform is generated using the seed inputs reported in Tab. 4.1, except Tglow input
that, only for this analysis, is 1500 ns*. Each waveform is fitted using Eq. (4.1b),
with 7r. fixed at 6 ns; in one case, by minimizing the x? and, in the other, by
maximizing the likelihood function. Depending on the histogram statistics, the fit
results obtained with both methods are compared. The parameters retrieved by the
two fit approaches are reported in a 2-D plot, having on the x(y)-axis the parameter
recovered by the x?(likelihood)-fit. Three different numbers of entries are generated:
5x103, 250x103, and 300x10* (roughly corresponding to few tens, few hundreds,
thousands of events respectively). The results are shown in Fig. 4.6; for simplicity,
only those related to Tgow, Tint, and Agow are reported, being negligible the variation
observed in the other parameters. In the top-plots, the comparison for the waveforms
generated with the lowest statistic is reported; the statistic increases going from the
top to the bottom plots. The two decay times and the slow normalization constant
manifest a bias when the y?-fit is performed that disappears only at high statistics
(bottom-plots). The likelihood fit results, instead, are unbiased even for very low
statistics. Because of that, the likelihood-fit is the baseline method chosen to get
the time profile parameters; however, the x? fit is performed when the likelihood fit
fails and the bias that can be introduced is taken into account with a systematic

uncertainty, as will be described in Sec. 4.1.2.

4.1.1.2 Impact of the 4 ns digitization sampling

As shown in Fig. 4.5, the mean of the pull-distribution of the o-parameter displays
an evident bias, being it centered around 2.82.

As described in Eq. (4.1Db), the o-parameter is referred to PMT transit time spread
whose estimation given by the manufacturer is around 3 ns, lower than the 4 ns
sensitivity determined by the digitization sampling. Because of that, the shift in the

mean of the pull-distribution is suspected to be introduced by the sampling itself.

4This different choice does not affect the analysis results.
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Figure 4.6.: Comparison between the measurement of 7y (left), Agow (middle), and
Tslow (right) retrieved from the fit performed by maximizing the likelihood function
(on the y-axis of each plot) or minimizing the x* (on the x-axis of each plot), simu-
lating different statistics conditions: 5x10% (top), 250x10° (middle), and 300x10*
(bottom) number of generated waveforms. The black star indicates the true value

for the corresponding parameter.

To verify this hypothesis two analyses have been performed through the toy-MC:
the first one studies the dependence of the bias with the sigma input value and the
second one tries to verify the effect of the sampling by decreasing its simulated value.

Being the o-parameter very correlated with the fast decay time, the first analysis
studies the variation of the pull-distribution mean and RMS as a function of the
input used for these two parameters. Different from the inputs given in Tab. 4.1, the

input values used for the o and the 74,4 are the following:

e 0g=3,4,506,7, 8ns
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Figure 4.7.: Optimization-grids of the o-parameter obtained using the values given in the x and

y axes as seeds for the corresponding parameters. The color-scale in both plots is
determined by the mean (left) and the RMS (right) of the pull-distribution of the

o-parameter.

® Trst = 9,6,7,8,9,10 ns

For each combination of them,
the pull-distribution of the o-
parameter is determined; the
mean and the o of the distribu-
tion are drawn in 2-D plots hav-
ing on the x and y axes the values
given as inputs for 7g,g¢ and o re-
spectively. A grid is created with
the input values on the axis and
the color scale of the plots deter-
mined by the value of the mean
or the o of the pull-distribution;
the way to refer to this plot
will be optimization-grids. The
ones regarding the o-parameter

are shown in Fig. 4.7. The bias
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Figure 4.8.: Pull distribution of the o-parameter ob-

tained simulating a waveform with 1 ns
(light blue) and 4 ns (in black) digitiza-

tion sampling.

in the mean decreases when ¢ inputs are larger than 6 ns; however, correspondingly,

the error becomes underestimated. On the contrary, there is not a strong depen-

dence on Tyt input values. This finding is important since it is suggesting that the
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fit can retrieve an unbiased value for the two parameters only if it is not limited
by the sensitivity imposed by the digitization sampling. In order to verify this hy-
pothesis, the pull-distribution of the o-parameter obtained by generating a toy-MC
waveform with 1 ns sampling is considered. In Fig 4.12, the two pull-distributions
are compared; in light blue, the one obtained with 1 ns sampling and, in black, the
one obtained with 4 ns sampling are shown. Only the mean of the former is centered

around 0, confirming the hardware origin of the bias.

In summary

The 4 ns sampling introduces an evident limitation on the calculation of the PMT
transit time spread that is expected to be around 3 ns from the measurement of the
Hamamatsu manufacturer. The mean of the corresponding pull-distribution distri-
bution shows a bias that disappears if the waveform digitization sampling is lowered

down to 1 ns.

4.1.1.3 Impact of keeping 7y, fixed

In the analysis presented in this section, the effect of keeping 7.t fixed at 6 ns in
the fit procedure is evaluated. As shown by the correlation matrix, in addition to the
correlation with o, Ty, is correlated with 7;,¢. For this reason, the optimization-grid
is built considering the inputs for 7yt and the values at which 7,4 is fixed using a

univocal input for it, as follows:
® Thastseed = 0 1S
e Tret 1S fixed at: 5,6, 7, 8,9, 10 ns
® Tingseed = 45, ..., 85 ns, with 5 ns step

The idea is then to evaluate the impact on 7y of fixing 7yt at distinct values than
the generated one during the fitting procedure. The results are shown through the
optimization-grids reported in the top of Fig. 4.9; on the left, the color scale is
determined by the mean pull-distribution for 7,4 and, on the right, by the o of the
same pull-distribution. For all the combinations, independently of the 7, seed, the
pull-distribution mean suffers a bias depending on the value chosen for fixing Tfag¢;
only when it is fixed at the input value, the mean of the pull-distribution is centered
at 0. Nevertheless, the o of the pull-distribution decreases proportionally to the

biasing induced by fixing 7¢,¢ at the wrong value. These behaviors, in particular,
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Figure 4.9.: Optimization-grids of the Tint -parameter obtained using as Tint seeds the values given
in the y-axis; whereas, Trast is fixed at the values given on the x-axis. The true value
of Tiast used in the waveform generation is 6 ns (top) and 10 ns (bottom). The
color-scale in all the plots is determined by the mean (left) and the RMS (right) of

the pull-distribution of the 7y -parameter.

the decrease of the o of the pull-distribution, show how the 7,y and the error assigned
by the fit procedure compensate for the wrong assignment to the 7,4 parameter.
By comparing with the typical relative error attributed to 7, (Tab. 4.5) in the
data analysis, a typical 12% uncertainty is assigned by the fit procedure, able to
take into account the possibility that the true value of 74,4 can be different than
the chosen one. In the data, the attempt of keeping 7. free in the fit has been
done; in this case, the measurement of 7,5 is moved around 11 ns and 7y, around
75 ns. Considering these results, a new toy-MC is generated with 10 ns seed for

Trast; the optimization-grids using this second configuration are shown in the bottom
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plots of Fig. 4.9. The results obtained are analogous to previous results with 6 ns
seed. Given the measurements of 7g,s reported in the literature and the impact of
the digitization sampling on the parameters pointed out in the previous section, the

decision of fixing 7t.s¢ has been preferred.

In summary

Given the correlation between Tp.st and 7y, the impact on the latter of fixing
Trast 18 considered. Two different inputs have been used for 7, (6 ns and 10 ns)
and, in both cases, it is assigned to a set of values different from the true one. Unless
Trast 1S fixed to the input value, 7y tends to compensate for the wrong assignment
of the fixed 7g;. However, the error assigned to 7yt in fit procedure always takes
into account for possible biases. Due to the impact of the 4 ns digitization sampling
on the o parameter showed in the previous section and due to the measurements
reported in the literature for 7g., a conservative approach has been preferred; in
order to avoid misinterpretations of the result, in the fit procedure, 74, is fixed at

6 ns based on the measurement reported in Ref. [145].

4.1.2 Study of the systematics

In this section, the systematic uncertainties that are induced by the fit procedure
and how they are evaluated to be included in the error assignment will be explained.

The main sources of systematic uncertainties are two:

e the possible bias introduced by the y?-fit performed when the likelihood-fit

fails
e the range over the fit is performed

Their impact is evaluated from the data and it is cross-checked through the results

obtained from the toy-MC simulations.

Fit procedure

As explained in the fit procedure described in Sec. 4.1.1.1, the bias induced by
performing a x2-fit becomes stronger for runs with low statistics. Knowing that
the best parameter measurement is obtained through a likelihood-fit, the systematic
uncertainties assigned due to the discrepancy of the parameter estimated through a

x2-fit when the other approach failed is estimated directly from the data. Considering
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all the runs collected in absence of drift field, for each parameter, the values obtained
by performing a likelihood or a x2-fit are compared; the evaluation of the systematic

uncertainty comes from the following formula:

Hmeas,x2 — Mmeas,likel.
Ap[%) = X : 4.3
[ ] Hmeas,likel. ( )

when g is the general way to refer to each parameter measurement given by the
fit. In Tab. 4.2, the discrepancies calculated using Eq. (4.3), differentiating the
results for the five PMTs, are reported. For comparison, the results obtained for
the PB PMTs are shown but considering only the parameters that are not affected
by the reflections are reported. In the last column, the systematic uncertainty to
be assigned is given; among all the variations observe per PMT, the choice of a
conservative value is preferred. In the last row of the table, among all the runs

analyzed, the percentage of runs fitted through the y? procedure is provided. In

PMT-1 | PMT-2 | PMT-3 | PMT-4 | PMT-5 | syst.
unc.

At [% ] -17.84 -11.37 -15.88 -5.58 -10.74 18
Ao [% ] +9.35 +6.71 +6.95 +3.79 +4.44 9
Aoy (%] | +6.34 +3.37 — — +3.63 6
AApg (0] | -6.74 -6.62 — — -7.98 8
ATing [% ] +12.12 +10.16 — — +7.80 12
AAgiow [%0] | -3.62 -0.68 — — -3.26 3
ATgow (%] | -0.66 -0.03 +0.54 -0.51 -1.09 1
affected 35 53 75 33 30 —
runs [% |

Table 4.2.: Discrepancies observed in the parameter calculation induced by performing a x? fit
when the likelihood fit fails. In the last column, the conservative systematic uncertainty

assigned to each parameter is given.

contrast with what is predicted by the toy-MC, a discrepancy between the two
approaches is observed in all the parameters. For this reason, each time a y2-fit
is performed instead of the likelihood procedure, in each parameter, the conservative
systematic uncertainty that is reported in the last column of Tab. 4.2 is summed in

quadrature to the error assigned by the fit.
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Fit range

As described in the previous section, the fit procedure aims to be as generic as pos-
sible to fit all the runs available despite the differences in their data-taking conditions
or individual statistics. In particular, in the presence of the amplification field, both
the primary and the secondary scintillation light signals are detected, and, depending
on the track-topology they can be very close in time. For this reason, it is essential
to prevent S2 contamination in the S1 time profile to avoid the misinterpretation of
the results. As will be detailed in Chapter 6, the S2 reconstruction algorithm allows
me to identify the starting time of the S2 signal. Thanks to that, in runs acquired in
the 1 ms time window, the requirement of accepting only events with the S2 starting
time after 10 us is added. Despite that, in the 4 ps time window runs, the S2 signal
is not available; for this reason, the S2 contamination is excluded performing the fit
in a shorter range, up to 2.5 us only for runs with the amplification field lower than
20 kV /em®.

fit range 9.5 us fit range 3.5 us fit range 2.5 us
Atg Mean = 0.02, Mean = 0.01, Mean = 0.02,
o =0.92 o =0.92 o =091
Ao Mean = 2.80, Mean = 2.82, Mean = 2.79,
o =0.92 o =0.92 o =091
AAggt Mean = 0.03, Mean = 0.03, Mean = 0.03,
o =0.82 o=0.84 o =0.83
AA;n Mean = 0.03, Mean = 0.02, Mean = 0.02,
o =0.93 o =0.95 o =0.93
ATint Mean = 0.02, Mean = 0.01, Mean = 0.01,
o =0.87 o =0.89 o = 0.86
AAgow Mean = 0.11, Mean = 0.11, Mean = 0.10,
o =0.58 o =0.68 o =0.77
ATglow Mean = 0.02, Mean = -0.01, Mean = 0.01,
o =0.98 o =1.04 o =097

Table 4.3.: Mean and sigma of the pull-distribution obtained performing a likelihood-fit, consid-
ering three fit ranges: 9.5 us, 3.5 ps, and 2.5 ps.

5 All the runs collected with higher amplification field than 20 kV /cm are excluded from the analyses
because the decreasing of the range is not sufficient in avoiding the S2 contamination in the S1

signal.
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Ideally, as will be demonstrated through the toy-MC, decreasing the fit range
should not affect the parameter measurement. Using the same seed given in Tab. 4.1,
the likelihood-fit is performed considering three different ranges: up to 9.5 us, up
to 3.5 us, and up to 2.5 us. The results are shown in Tab. 4.3, comparing any
possible variation registered in the pull-distribution mean and o. As expected, no
variations are observed, meaning that the fit range does not affect the parameter
measurements.

However, if the same study is performed in the data, a relevant discrepancy is
observed in the two extracted decay times. Using the runs collected in the 1 ms time
window and in the absence of all the electric fields, the same sample of runs is fitted
up to 3.5 us or 2.5 us. The discrepancy observed in the results obtained fitting in the
shortest range compared to the fit done up to 3.5 us are evaluated by the following

formula:

Aﬂrange [%] _ Mmeas,2.5us — Mmeas,3.5us (44)

Hmeas,3.5us
The comparison between the two results, in the NB PMTs and differentiating be-
tween the runs fitted by the two minimization procedures (likelihood and the x?), is

reported in Tab. 4.4. In the last row of the same table, the percentage of runs that

PMT-1 PMT-2 PMT-5
X2 L 2 L x> L syst.
unc.
Ate [%] | O 448 |0 3.96 | -4.06 | -4.38 |5
Atgow [% ]| -241 | -3.61 | -368 |-291 |-287 |-350 |4
affected 24 23 23 —
runs [% ]

Table 4.4.: Discrepancies observed in the parameter calculation induced by performing the fit up
to 2.5 us instead of up to 3.5 pus; only the reported parameters are affected. In the last

column, the conservative systematic uncertainty assigned to each parameter is given.

have been fitted in the shorter range is quantified. For each of them, a systematic
uncertainty is added in quadrature with the error attributed by the fit procedure to
the two decay times. In the last column of the table, the conservative value assigned

is reported.
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Hints of a fourth component in the NB PMTs

The unexpected observation of the parameter measurement dependence with the
fit range in the NB PMTs finds an explanation if the whole S1 time profile shape, up
to 25 us, is considered. An example, studying a CRT-trigger run collected in absence
of drift field, is reported on the left of Fig. 4.10 (in the figure, the result from PMT-2
is shown but the behavior is the same in the other three NB PMTs). In grey, the fit

10*- t,  -2.519+0.935 10°- [ -1.936 + 0.594
w o) 6.292 + 0.970 W o 7.123 £ 0.474
= 2
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Figure 4.10.: Scintillation time profile showed up to 25 us for an NB PMT (left) and up to 12 us for
an PB PMT (right). For the NB PMT a fourth exponential is needed to reproduce
correctly the data in the whole range; the four-exponential function is drawn in red.
The three-exponential function (grey-line) after ~5 us is no longer able to reproduce
the data. Otherwise, in the PB PMT the three-exponential function is still valide to

reproduce the time profile.

function obtained using the three-exponential model given by Eq. (4.1b) is reported;
after ~5 us, the function deviates from the data, showing that it is no longer suitable
for reproducing them. On the other hand, in red, a four-exponential function is used
in the fit; this alternative modelization adds a fourth exponential in Eq. (4.1b) to
model the data after ~5 ps. Only in this way, they are correctly reproduced in
the whole range. In the legend of the same figure, the parameters extracted by
using a four-exponential model are reported; if compared with the results, given in
Tab. 4.7, that will be explained in next section, all the parameters in common to
the two models agree within the errors. Although with a big error, the fourth decay
time is found to be around 6340 ns. The result found in this run is in agreement
with the value reported in Ref. [144], 74 = (6658 £+ 1160), that attributes the
fourth decay time to the delayed re-emission of the scintillation light by the TPB
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molecules. Nevertheless, different from the NB PMTs, in the PB PMTs both the
three and four-exponential models reproduce adequately the data; an example is
shown on the right of Fig. 4.10 for PMT-3, but the same result is found in PMT-4.
However, the waveform shape reports a train of peaks, possibly corresponding to
the discharges induced by the splitter decoupling; hence, even if not observed, it is
not possible to exclude the presence of the fourth component in these PMTs. Due
to the difference between the two configurations and the lack of runs with sufficient
statistics to carry out a robust analysis, it is not possible to study the nature of the

fourth component in the WA105 DP demonstrator.

In summary

Two main sources of systematic uncertainties have been identified and taken into
account in the generalization of the fit procedure. The first corresponds to the
bias introduced by performing a x2-fit minimization when the likelihood fit fails;
whereas, the second is induced by the decreasing of the fit range to avoid the S2
contamination in runs collected with the short acquisition window. In addition to
the error attributed to each parameter by the fit procedure (a likelihood-fit up to
3.5 us), the relative systematic uncertainty is added in quadrature when one of
the previous options is verified. For comparison with the systematic uncertainties
evaluation, the typical relative error assigned to each parameter, by the standard-fit

procedure, is reported in Tab. 4.5.

PMT-1 | PMT-2 | PMT-3 | PMT-4 | PMT-5
Ato/to [% ] 31 29 24 37 36
Ao/o [% ] 13 10 10 15 14
AAfast [Agast [%0] | 13 11 — - 16
Al /A (%] 10 9 — — 11
ATing /Ting [% ] 15 13 - _ 17
AAgiow [Agiow [70]] 1 1 — _ 9
ATgow [Tstow [0 ] | 3 2 2 4 4

Table 4.5.: Relative error assigned by the fit procedure to each parameter; the evaluation is based

on the likelihood-fit performed in the data, collected in absence of the drift field.

The studies performed through the toy-MC demonstrated the robustness of the fit

procedure if the waveform is generated as a sum of three exponential contributions
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convoluted with a Gaussian function; in this case, the decreasing of the fit range
does not introduce any miscalculation in the parameter retrieved by the fit. Nev-
ertheless, in the data, this operation exhibits a discrepancy in the extracted value
of the intermediate and the slow decay times. This effect is present only in the
NB-PMTs whose waveforms need a fourth component to be adequately reproduced
in a longer range than 3.5 us. To deeper investigate this effect, very long runs would
be needed to exclude any statistical fluctuations and be sure that the origin of the
fourth component observed has a physical meaning, such as the delayed TPB re-
emission mentioned in Ref. [148] and [144]. Unfortunately, only very few runs taken
with no S2 signal and with a long acquisition window are available; hence, in the

WA105 DP demonstrator, it is not possible to develop a dedicated analysis for that.

4.2 Characterization of the scintillation time profile in ab-

sence of drift field

In this section, the characterization of the scintillation time profile obtained ana-
lyzing all the runs collected in the absence of the drift field, spanning over the whole
period of data taking, following the fit procedure, and the error assignment described
in the previous section, is presented. Runs collected in both trigger configurations
are included and the usual muon-like event selection to data triggered by the CRT
system is applied; events saturating either the ADC dynamic range or PMT response

are always removed.

4.2.1 Monitoring of the LAr purity through the 7., decay

time

As explained in Sec. 2.3.2, the presence of Og, N9, and moisture even at the ppm
level, is one of the main cause of the scintillation light quenching and the slow decay
time is the most sensitive parameter to the impurity concentration. In the WA105
DP demonstrator, as reported in Fig. 3.3, at the end of the cooling down phase,
the quantity of Os, Na, and moistures were measured to be at 0.1 ppm, 50 ppb,
and 7 ppm respectively. Nevertheless, when the detector has been operated in stable
conditions, information from the RGTA was no longer available but a continued LAr
recirculation and purification was expected to ensure an improved and maintained
LAr purity at the best levels. For this reason, a way to control the LAr purity is

through the monitoring of the 74w, Which is the main goal of the analysis described
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in this section. In Fig. 4.11, the results obtained along the data taking from two
over five PMTs are presented; as an example, the result form an NB (in the top)
and PB (in the bottom) PMTs are compared. Both positive and negative base
PMTs confirm the stability of the 740w during the whole data taking, without any

evident variation in the LAr purity for more than four months. For each PMT, the
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Figure 4.11.: Monitoring of the LAr purity through the 740w decay time measurement. Results
obtained by an NB PMT (top) and an PB PMT (bottom) are shown as examples;
all the other PMTs report a consistent behavior. The monitoring of 7Tgiow showed
good stability for the whole period of the demonstrator operation. In the NB PMT
plot, the red line is the combination of the results obtained from the three NB PMTs,

corresponding to the average measurement of the Tgow-

average value of the slow decay time is obtained performing a linear fit of all the
points reported in their corresponding plot; the results are summarised in Tab. 4.6.
The error assigned to each PMT measurement takes into account both the error
assigned by the fit procedure in each point and the dispersion among all the runs
that are added in quadrature. For the NB PMTs, the measurement of the 744, has
been cross-checked by performing a global simultaneous fit of all the runs collected
in absence of the drift field. Around 50 runs are fitted per PMT; for this reason,
the statistics is expected to be very high and the fit is done by performing the y?
minimization, based on the MINUIT package [213]. The modelization function is the
same as the one used in the single fit, given by Eq. (4.1b); in particular, the Gaussian
o and the three decay times are considered as common parameters; whereas, all the

others are considered as local parameters that may vary run by run. To be consistent
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with the single fit procedure, both the pedestal and 74,4 are kept fixed at 0 ns and
6 ns, respectively. The results are in good agreement with the previous method and

they are reported in the last row of Tab. 4.6. Moreover, in the plot related to the

PMT n. 1 (NB) 2 (NB) 3 (PB) 4 (PB) 5 (NB)
Tatow [0S] 1415411 | 1421417 | 1403421 | 1445414 | 1442413
Talow.globar [n8] | 142145 1422+4 — 1440+5

Table 4.6.: Measurement of the 740w Obtained performing a linear fit of the single 710w measure-
ments of all the runs collected during the detector operation in absence of drift field or

performing, per each PMT, a simultaneous fit of all the runs.

NB PMTs in Fig. 4.11, the displayed red line is the combination of the results of the
three NB PMTs, corresponding to the average measurement of the 7y, that will
be commented in the next section. For comparison, also the monitoring obtained
using the PB PMTs is reported. The good operation of the recirculation system has
been confirmed by the stable measurement of 7, monitored from the moment the

detector filling was completed until the starting of the detector emptying.

Highlights

The control of the concentration of impurities in LAr is a crucial requirement for
the optimization of the TPC operation; the slow decay time is the most sensitive
scintillation time profile parameter to that and its decreasing would be the signal of
the quenching processes induced by the impurities. The monitoring of 74w showed
good stability of the LAr purity for the whole period of the demonstrator operation.
Thanks to that, it is possible to study the scintillation light production mechanisms
by a robust analysis of the scintillation time profile features, based on all the data
collected in the same field conditions, excluding any kind of effect induced by the

impurity instabilities.

4.2.2 Measurement of the slow and the intermediate decay

times

Once the stability of the LAr purity is demonstrated, the characterization of the
scintillation time profile parameters is possible; the results are based on the data
collected in absence of the drift field. In Tab. 4.7, the calculation of the parame-
ters found for the NB PMTs are reported. The values given in the table are the
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fit parameter | PMT1 PMT2 PMT5 average + error
to [ns] -2.51£0.15 -2.34+0.14 -2.65+0.14 -2.49£0.25

o [ns] 6.51£0.26 6.61+0.27 6.661+0.28 6.59+0.47

Tfast [0S] 6 [fixed] 6 [fixed] 6 [fixed] —

Tint (0] 4942 51+1 49+2 49.7£3.0

Tolow [DS] 1415411 1421417 1442413 1426424

Agasr [au] 3.924+0.13 3.97+0.13 3.9010.08 3.931+0.20

At [a] 4.0140.25 3.75+0.18 4.1640.12 3.97+0.33

Agiow [au] 27.78+1.00 26.52+0.92 28.34+0.07 27.56+1.36

Table 4.7.: Summary of all the fit parameters obtained by analyzing all the data collected in
absence of drift field.

weighted average from all the runs included and fitted separately using the proce-
dure described in Sec. 4.1. The error assigned to each parameter includes statistics
and systematics uncertainties propagated to the weighted average and the dispersion
among all runs. The measurements of the parameters obtained in each run do not
show any correlation with the trigger conditions nor with the different WLS coating;
for this reason, the values reported in the table do not take into account such sepa-
rations. The three NB PMTs give a consistent measurement of all the parameters.
In this section, the discussion is focused on the measurement of 7, and 7gow. AS
already mentioned in section Sec. 2.2.2.3, 7yt is a very controversial parameter and
a new measurement can provide additional information about its origin. Since the
goal of this study is to get a value comparable to other experiments, the PB PMTs
are not considered. Combining the individual results obtained from the NB PMTs,
the intermediate decay time is found to be 7y = (49.7 £ 3.0) ns; the result is in

agreement with the value reported in Ref. [148] that observed a 7y, = (49 + 1) ns.

The slow decay time is found to be Tgow = (1426 + 24) ns; in agreement with
the value reported in Ref. [147] - Tyow = (1463 £ Bgar = 50syst) ns - but it is
slightly lower than other values reported in the literature, in particular in Ref. [145]
- Tolow = (1590 4 100) ns - and [144] - Tgow = (1503 & 41) ns. The measurement of
the Tgow is consistent with the impurity concentrations registered by the RGTA at
the end of the filling phase (O2 ~0.1 ppm, N2 ~50 ppb, and HoO ~7 ppm.) and the
electron lifetime measurement performed in alternative charge analyses (7e~4 ms
[78]). Under the hypothesis that the slow decay time is of the order on 1590 ns, as

reported in Ref. [145] and considering the dependence of the slow decay time with
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the electronegative impurities concentration reported in Ref. [152] and Ref. [143],
the impurity concentrations measured in the WA105 DP demonstrator are of the

same order of the ones needed to obtain the observed reduction.

Highlights

The main findings of the analysis described in this section allowed me to char-
acterize the decay times of the scintillation time profile measured in the absence of
the drift field. The measurement of the intermediate decay time has been achieved
finding 7in, = (49.7 = 3.0) ns. Additionally, the slow decay time has been measured
at (1426 + 24) ns.

4.2.3 Relative probability amplitudes and the fy, factor

In Sec. 2.2.2.4, it is explained how the probability of de-excitation from the singlet
or triplet state is related to the nature of the interacting particle. This feature
is particularly interesting in scintillation light detectors for particle identification.
However, most of the results reported in the literature are based on the interaction
of electrons or more massive particles and the few results are obtained from the
scintillation light produced by cosmic muons.

In this section, the measurement of the relative amplitudes and the foy factor
for cosmic muons, based on the data triggered by the CRT system is presented; a
comparison with the data collected with the PMT self-trigger will be discussed. The
relative contribution of each of the three components to the total scintillation light
can be measured in terms of the relative amplitudes defined as follows:

Aj
Zj:f,i,s Aj ’

being A; the j-th normalization constant found with Eq. (4.1b). In absence of drift

(4.5)

field, considering the values reported in Tab. 4.7, Eq. (4.5) gives their relative contri-
butions to the total scintillation light that is found to be 11%, 11%, and 78% for the
fast, the intermediate, and the slow components, respectively. The slow component
represents the largest contribution to the total scintillation light. For the purpose of
studying the scintillation light production, the ratio (Afast + Aint)/Aslow iS consid-
ered; this definition allows to include also the relative contribution of the intermediate
component. Under the hypothesis of being the intermediate component independent

from the Arj de-excitation, its contribution could be included either in the numera-
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tor or in the denominator. Two additional motivations are identified in supporting

the choice of the ratio defined above:
e the necessity of having a comparison with the results reported in the literature
e the possibility of a comparison with a complementary method

In most of the references ([141], [145], [142]), it is not well documented how
the intermediate contribution is treated when mentioned and not always the
Afast /Aslow ratio is given with errors. Since in Ref. [143] the ratio (Afast +
Aint )/Agow is considered, the same definition proposed in there is used to com-
pare with the same observable. As will be detailed hereafter, this definition can
be cross-checked with the foy factor, which is independent of the fit procedure and
its modelization. Including the results from all the data collected in the absence
of the electric drift field, reported in Tab. 4.7, the (Afast + Aint)/Asiow ratio mea-
sured by the NB PMTs is found; the results for the NB PMTs is given in Tab. 4.8.

From the comparison of the results obtained in the two trigger conditions emerges

(Afastt+Aint)/Asiow PMT 1 PMT 2 PMT 5
CRT trigger 0.269£0.011 | 0.275+0.010 | 0.28540.007
PMT trigger 0.287£0.004 | 0.292+0.004 | 0.28340.005
average =+ std 0.286+0.010 | 0.2904+0.017 | 0.28440.004

Table 4.8.: Measurement of the (Afast + Aint)/Asiow reported for each of the three NB PMTs, in

absence of drift field, separating the results depending on the trigger configurations.

that, in the PMT trigger, all the PMTs give consistent results within the errors;
whereas, in the CRT trigger, a correlation with the PMT position inside the de-
tector seems to arise. Although the reason for that is not straightforward, a cor-
relation with the track topology has been pointed out (see also Sec. 4.2.3), possi-
bly due to the small concentration of impurities present in the detector. Averag-
ing the results from the three PMTs and in the two trigger conditions, the ratio
(Afast + Aint)/Agiow has been measured to be 0.287 £ 0.020, in agreement with the
Atpast /Asiow measurement reported for the electrons in Ref. [141] (Afast /Aslow =
0.5 £ 0.2) and [145] (Afast /Aslow = 0.3). However, even if no errors are reported
in the (Afast + Aint)/Aslow ratio measurement for cosmic muons in Ref. [143], the
mean value obtained in the WA105 DP demonstrator is lower than the one reported

in the other study ((Afast + Aint)/Asiow = 0.35). An explanation for that could be
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in the method used to obtain the average waveform which is different from the ap-
proach considered in this thesis. In Ref. [143], the low value measured for Tyow,
despite the high purity of the experiment, is explained by the deconvolution of the
PMT response before performing the fit. A similar effect can affect the slow relative
amplitude, which is found to be 74% of the total [143], and, consequently, it could
increase the measurement of the ratio reported.

As a cross-check, the fgy factor has been measured event-by-event in the two trigger
conditions for all the data collected without the drift field. The foy factor is obtained
from Eq. (3.3). On the left-side of Fig. 4.12, the fgy factor is shown in a 2-D plot,
as a function of the total scintillation light®; data collected with the CRT trigger
are always shown on the top-left plots and the data collected with the PMT self-
trigger are shown on the bottom-left plots. The fog projection, in the two trigger
configurations, is given in the plot on the right of the same figure. The results
obtained with each NB PMT are summarized in Tab. 4.9; combining all of them,
the fgg factor measured in absence of the drift field is found to be 0.277 + 0.016,
compatible with the value of the (Agst + Aint)/Aglow ratio.

foo PMT 1 PMT 2 PMT 5
CRT trigger || 0.266+0.013 | 0.2694+0.014 | 0.272£0.011
PMT trigger || 0.276+0.013 | 0.2774+0.012 | 0.271£0.011
average =+ std || 0.2744+0.007 | 0.280+0.012 | 0.273+0.007

Table 4.9.: Measurement of the fog factor for each of the three NB PMTs, in absence of drift field,

separating the results depending on the trigger configurations.

The fgg distributions taken in the two trigger configurations are both very clean.
The CRT trigger is the only system between the two able to guarantee the selection
of the muons based on the track reconstruction in absence of the drift field. In
PMT trigger data, the muon selection cannot be applied in this drift field condition
because of the absence of the event reconstruction in the anode-plane; consequently,
the presence of electrons and/or electro-magnetic showers cannot be excluded a-
priori. Nevertheless, by looking at the fgg comparison, the same behavior as in the
(Afast + Aint)/Aglow ratio arises; in particular, the fgy distribution for PMT-5 agrees
with that of the muon-like candidates selected for the CRT triggered data for the
same PMT. The sharpness of the fgy distribution and the agreement observed in

PMT-5 is particularly important in the case of the PMT trigger, being the rejection

5Tn these plots, the total scintillation light is integrated in the whole 4 us range.
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Figure 4.12.: Left: Correlation of the foy factor with total scintillation light measured in the three
NB PMTs. In the top-part of each plot, the muon-like events are triggered by the
external CRT system, in the bottom-part plot by the PMT-trigger. For the latter,
only events saturated the PMT response or the ADC dynamic range are rejected.
Right: Projection of the foo factor distribution in the two trigger configurations; no

evident differences arise from their comparison.

of the more energetic events (mostly muon-bundles, electromagnetic and/or hadronic
showers) the only requirement.

Furthermore, the fgg average value found in the WA105 DP demonstrator is in
agreement with the values reported in the literature: 0.3 for the muons Ref. [144], and
(0.282, 0.391) for the electrons Ref. [147]. This outcome confirms how challenging
the discrimination between muons and electron recoils is when only based on the

scintillation light profile.
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Highlights

The relative probability of de-excitation from the singlet or triplet state has been
measured for muons at the MIP. Two complementary observables have been con-
sidered for this purpose: the (Af.st + Aint)/Aslow ratio, 0.287 + 0.020, measured
through the normalization constants of the scintillation time profile fit, and the
foo factor, 0.277 + 0.016, that can be computed event-by-event. The measurement
of both methods at the null drift field gives consistent results. An overall agreement
is observed between the two trigger configurations if the average among the three NB
PMTs is considered. This last finding leads to a general property of the scintillation
light and a specific conclusion on the event selection applied in the PMT self-trigger
mode. Firstly, the scintillation light produced by O(MeV) electrons, and/or electro-
magnetic showers, and cosmic muons at MIP have common features that cannot be
distinguished by considering the profile shape; and the event selection used in the
data triggered by the PMT self trigger is good enough to exclude any contamination

of more energetic events, avoiding the bias of the scintillation light profile.

Dependence of the fy, factor on the distance from the detection point

As demonstrated in the previous section, both the (Agast + Aint)/Aslow ratio and
the fgy factor distributions showed a dependence on the PMT position inside the
detector for the data triggered by the CRT external system in the CRT-shifted ge-
ometry. In particular, both observables decrease when measured in PMT-1 that
detects the light produced by the farthest muons crossing the detector. A priori,
a different impact of the propagation on the fast and slow components of the scin-
tillation light signals is not expected. Consequently, a possible interpretation for
this behavior can be related to the effect induced by the attachment of the small
concentration of electronegative impurities in the demonstrator.

A simple test of this hypothesis is reported in Fig. 4.13. For the muon-like events,
the fgy factor is shown as a function of the ToF (top-plots) and the tanf (bottom-
plots); the comparison is reported for the outermost PMTs, PMT-1 on the left and
PMT-5 on the right. For instance, in the case of PMT-1, the closest tracks must have
a negative ToF and a positive tanf; these events are the ones with a higher fgy factor
than the others that cross the detector farther. In PMT-5, the behavior of the fgq is
the opposite, reinforcing this hypothesis for the dependence of the fgg factor, and
(Afast + Aint)/Aslow ratio, with the distance from the PMT.
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Figure 4.13.:

tan®

tan®

Correlation of the fgo distribution obtained for the muon-like selected events with

the ToF (top) and with the tanf (bottom); the results are shown for PMT-1 (left)

and PMT-5 (right).

4.3 Effect of the drift field on the scintillation light

The presence of the drift field suppresses the recombination between ion-e™

pairs

with the main consequence of lowering the amount of primary scintillation light pro-

duced through the recombination processes, as it is explained in Sec. 2.2.2. However,

it is not well understood whether the contribution from singlet and triplet decay is

the same for direct excitation and recombination processes. In addition, since the

recombination depends on the particle type and the track structure, the effect of the

drift field on scintillation light produced by cosmic muons at MIP could be different

to the electrons used in most of the studies reported in the literature. In this section,



4.3. EFFECT OF THE DRIFT FIELD ON THE SCINTILLATION LIGHT 155

the results on the suppression of the light yield at the nominal drift field strength,
0.5 kV/cm are reported. In the second part of the section, a new analysis dedicated

to the effect of the drift field on the scintillation time profile is presented.

4.3.1 The light recombination factor

The description of the scintillation light yield decreasing as a function of the drift
field strength and the complementary increase of the collected charge at the anode
is well described by the empirical Birks’ law (Sec. 2.2.1.1 and Sec. 2.2.2.1). The
goal of the analysis presented in this section is to validate such a description also
in the case of the scintillation light produced by the cosmic muons. All the data
triggered by the CRT external trigger in shifted geometry, at null and the nominal
drift field are used; the reason why the PMT self-trigger data, collected during a
dedicated drift-field scan, cannot be included will be motivated at the end of this
section. Since the goal is to study the effect of the drift field, in addition to the
typical CRT muon selection listed in Sec. 3.8, a further cut is needed to ensure the
selection only of muons crossing the LAr AV where the drift field is uniform. The
CRT reconstruction gives the 3-D coordinate of the closest point of the muon track to
the PMT; among all the muons crossing the LAr AV, only the ones with the closest

point inside the FC volume are accepted. In this way, any possible contamination of
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Figure 4.14.: Left: S1 charge spectrum of muon-like tracks obtained integrating the PMT wave-
form in 4 ps in absence and at the nominal drift field strength. Right: S1 charge
integrated in 4 pus as a function of the minimum approach distance, in absence
(empty dots) and at the nominal (full dots) drift field strength (top). Ratio of the

S1,drift /S1,0 measured in 20 mm bins (bottom).
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the light produced by the tracks crossing the LAr AV outside the FC, where the drift
field is not uniform, is excluded. Moreover, since in the runs collected at the nominal
drift field strength the extraction and the amplification field were switched on, only
events where the S2 starts 4 us after the S1-peak have been considered to exclude
S2 contaminations in the S1 integration. Only the data collected at the nominal and

null drift field strengths will be considered in this study.

The observable that needs to be considered is the Sj 4ift/S1,0 ratio to evaluate
the fraction of scintillation light lost due to the recombination process; Sy grifi(0)
is the S1 light produced at the nominal (null) drift field, integrated in 4 ps. On
the left of Fig. 4.14, the distributions of the scintillation light in the two drift field
conditions are compared; a shift to lower values of the mean of the scintillation

light distribution caused by the presence of the drift field is clearly seen. However,
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Figure 4.15.: Measurement of the S1 aritt/S1,0 ratio, at 0.5 kV/cm, produced by the cosmic muons
traversing the WA105 DP demonstrator LAr volume (red point) in comparison with
the Si,dritt/S1,0 ratio produced by O(MeV) electrons reported as a function of the
drift field strength in Ref. [125] (grey points) and in Ref. [136] (light blue points).

to disentangle the effect of the drift field from the light attenuation, the amount
of light collected by each PMT must be considered as a function of the minimum
approach distance. The correlation of the S1 light, integrated over 4 us time window,

with the minimum approach distance is shown in the top-right plot of Fig. 4.14 at the
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nominal drift field value, by the empty dots, and in the absence of drift field, by the
full dots. Every 20 mm, the S; gyift/S1,0 ratio is computed and its correlation with
the minimum approach distance is displayed in the bottom-right plot of the same
figure. As expected, the ratio is constant and does not depend on the track-PMT
distance; the five PMTs give consistent results. Performing a linear fit of the values
obtained by the five PMTs, the Sj gyift/S1,0 ratio at the nominal drift field strength
of 0.5 kV/em' is 0.577 £ 0.022; as reported in Fig. 4.15. In the same figure, the
S1.drift/S1,0 ratio at the nominal drift field of 0.5 kV/cm is compared with previous
results reported in the literature (Ref. [125], [136]) showing a good agreement with
them. In particular, it is possible to confirm that almost 40% of the total scintillation
light detected without the drift field comes from the recombination process. It is
worth noticing that both mentioned studies used electrons; in particular, for the
comparison with Ref. [136], where the Sy qift/S1,0 ratio has been studied as a function
of the particle energy, the points reported in the plot are the ones measured at the
maximum energy (corresponding to electrons at 300 keVee). In the WA105 DP
demonstrator, instead, the result reported is obtained from the scintillation light
produced by crossing muons. The agreement between studies on the scintillation
light produced by O(MeV) electrons and muons at MIP is confirming that the two
particles behave similarly in the excitation of the LAr excimers.

Ideally, the whole scintillation light should be considered and the waveform in-

tegration should be performed up to the end of the S1 signal. However, the runs

average value (all PMTs) S1,90 ns Si,1 ps S14 ps
S1,drife/S1,0 0.680+0.030 | 0.6174+0.019 | 0.577%0.022
% of suppressed light 32 38 42

Table 4.10.: Measurement of the Si arirt/S1,0 ratio measured integrating the S1 light in 90 ns,
1 ws, and in 4 us; the suppression of the scintillation light produced through the

recombination process at 0.5 kV/cm is reported.

included in the analysis are collected in both 4 pus and 1 ms time windows; for this
reason, to avoid any artificial bias introduced by considering different integration

ranges, the S1 light is always obtained integrating the waveform in the same range;

"The drift field is computed as the differential potential between the cathode and the first field
shaper (FFS). In all the data collected during the stable operation of the detector, the cathode
voltage fluctuations are of the order of per mille level; however, in this and the following analyses,
a 3.5% uncertainty is considered in order to include variations induced by the FFS-cathode

distance due to the field cage ring diameter.
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tained for the Sp ayif;/S1,0 ratio are not the same. The highest ratio is measured
integrating S1 light up to 90 ns, corresponding to considering mostly the fast S1
light. Consequently, the smallest decrease of light yield is obtained in an integrating
window of 90 ns, corresponding to consider mostly the fast component, meaning that
the slow component looks to be more affected by the suppression of the excimers

formed in the recombination process.

Highlights

The suppression of the recombination process contributing to the total scintillation
light, produced by crossing muons, due to the presence of the drift field has been
studied. The Si arit/S1,0 ratio measured at the nominal drift field value, averaging
the results obtained by the five PMTs, is found at 0.577 + 0.022, corresponding to
almost 40% less light than the one produced by the muons in absence of the drift
field. In addition to this finding, a dependence of the Sy ayi/S1,0 with the S1-light
integration range is observed, suggesting that the drift field affects differently the

fast and the slow contribution to the scintillation time profile.
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Limitations introduced by the PMT self-trigger logic in the study of the

light recombination factor

During the detector commissioning, a dedicated drift field scan has been performed
to explore the effect of the drift field in the range (0.00; 0.56) kV/cm. The events have
been collected using the PMT self-trigger in the 4 us acquisition window, without
the event reconstruction through the charge information. Although they would have
been a precious set of data to study the LAr recombination, the trigger logic does
not select the same sample of events in all the runs of the drift scan affecting the
final interpretation of the result. Because of the short time acquisition window,
hence of the absence of the reconstruction of the S2 signal, it is not possible to
consider the correlation of the scintillation light with the distance of the track from
the PMT. Despite that, as a first approximation, the PMT quality cut selection is
applied and the Sy qyifr/S1,0 ratio is obtained from fitting the S1 distribution with
a Landau-function and by considering the MPV value. The five PMTs always give
a consistent calculation of the Si grifr/S1,0 ratio among them. The comparison of
the Sy drift/S1,0 obtained from this set of data with the ones from the CRT trigger
analysis is shown by the empty red dots in the right-plot in Fig. 4.17, and the

discrepancy between the two analyses is evident. The main reason for that is the
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Figure 4.17.: Left: Measurement of the S; arift/S1,0 ratio in the data of the drift field scan using
the PMT self-trigger. Right: Measurement of the PMT self-trigger rate as a function
of the drift field strength for the same set of data.

fixed threshold applied in the PMT self-trigger logic. As shown in the left-plot
of Fig. 4.17, this feature is visible also in the PMT trigger event rate that is not
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constant when reported as a function of the drift field strength, for the same set
of data. As known, the stronger the drift field, the lower is the scintillation light.
If the threshold remains fixed, the same event (in terms of topology and energy)
that may be triggered at the null field would not be accepted at a higher field, as
its amplitude is lowered by the drift field, and this track would not overcome the
acquisition threshold. With similar reasoning, an event that would saturate the
PMT response at no field, as it falls in the comet-regime, could be included in the
event sample selected at a higher field since less amount of light is produced. This
interpretation is reinforced by the trend dependence with the drift field of both the
trigger rate and of the Sy grif;/S1,0 that changes their slope at around 0.1 kV/cm.

4.3.2 The impact of the drift field on the scintillation time

profile

In contrast with what was reported on the effect of the drift field on the total
scintillation light in LAr, few searches are describing its effect on the scintillation
time profile parameters; only a comprehensive study related to that is reported in
Ref. [125]. The scintillation light produced by a source of O(MeV) electrons under
the application of a drift field whose strength reaches ~6 kV /cm is considered; for this
value of the drift field, the recombination is expected to be completely suppressed by
the drift field, hence the scintillation light observed is due to the direct de-excitation
of the excimer formed by sellf-trapping. Two interesting hints of the behavior on
the Afast /Aslow and the 7oy 8 are reported. In particular, the comparison with the
results obtained at the maximum drift field applied, allowed to measure the relative
population of the singlet and triplet states, and the 740y only produced by the direct

dimer excitation:

A A
795t Rec] = 0.5 + 0.2 795t [Fxc] = 0.36 & 0.06

Aslow slow
Tsiow|Rec] = 940 Tsiow | Exc] = 860 £ 30
Based on these findings, a decrease of both the Af.gt /Aglow and the 740y is expected
when the scintillation light is produced only by the direct excitation of the Ar-
excimers. Since the study has never been confirmed, the analysis presented in this
section is dedicated to investigating these results in more detail.
In Fig. 4.18, the scintillation time profile obtained at intermediate values of the
drift field (0 kV/cm, 0.04 kV/cm, 0.17 kV/cm, 0.52 kV/cm) are shown; an example

8Despite it is not clearly mentioned in the text, the values reported for the Tuow, ~1 ps, suggests

a low control of the impurities.
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Figure 4.18.: Scintillation time profile observed in an NB (right) and an PB (left) PMTs measured
for the increasing strength of the drift field.

of an NB and PB profiles are compared on the left and on the right of the figure,
respectively. In both cases, it is clear that the drift field changes the time profile
shape. In the next sections, the effect of the drift field in the range (0, 0.56) kV /cm
on the time profile is quantified. Spanning in the whole data taking period, data
with the two trigger configurations are analyzed separately. The results from runs
taken in the same drift field conditions are represented in the following plots as a
single point corresponding to the weighted average of the data in the same drift field
conditions. This approach is justified by the necessity of assigning the proper weight
to the short runs with low statistics; the usual CRT and PMT selection are applied.
Besides, data collected in the dedicated drift field scan, with a total duration of two

hours, are used as a reference.

4.3.3 \Variation of the relative amplitudes and enhancement

of the (Agust + Aint)/Agow ratio

As a first step of the analysis, the behavior of the (Agast + Aint)/Aslow ratio under
the increasing drift field strength is considered. The results for the three NB PMTs
are reported in the left-side plots in Fig. 4.19. The three NB PMTs observe an
opposite trend from what reported in Ref. [125]; the result is robust with all the data
analyzed and it does not show any evident connection with the trigger conditions.
The interpretation of the result is helped by the right-side plots shown in the same
figure. Here the dependence with the drift field of the fast, intermediate, and slow
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Figure 4.19.: Left: Dependence of the (Afast + Aint)/Asiow ratio on the drift field; the result is
shown for the three NB PMTs and in the two trigger configurations. Right: Single
relative amplitudes as a function of the drift field; in contrast with the intermediate
component (in orange shades) that remains stable, the fast (in blue shades) and the
slow (in green shades) varies such that the (Afast + Aint)/Asiow ratio increases as a
function of the drift field strength.

relative amplitudes is presented. It is important to emphasize the stability of the
intermediate relative amplitude in contrast with the variation observed in the fast

and slow amplitudes.

At the nominal drift field value of 0.5 kV /cm and averaging on the three NB PMTs,
the (Afast + Aint)/Asiow Tratio is found to be 0.383 £ 0.019. The ratio is ~34% higher
than the value found without the drift field. In Tab. 4.11, the values of the ratio
measured by each NB PMT, and the corresponding variations compared to the value

measured at the null drift field are reported. Similarly to what reported in absence
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of drift field, in both results, a discrepancy in the comparison between the results
obtained from the data triggered by the CRT system and the PMT self-trigger is

observed.
These results suggest that the fraction of singlet over triplet states created through

recombination are lower than through direct excitation. This outcome is also studied
by considering the depen-

dence with the drift field —®— Weighted Average (CRT Trigger) | (o 1A )A
Lo 05H —®— Weighted Average (PMT Trigger) § f?am sow
of the fgg factor, that is in- ' Drift Scan (PMT Trigger) o 1!

dependent of the waveform

. . 0. ‘
fit. The goal is to verify 4 )\ L &7
¢
that the increase in the ra- . 16 * ﬁ *
_ _ o,3fé l.e hs 11
tio has a physical mean- (FMT 1)
ing and it is not a pos- ool - - - - - .l
sible artifact of the cor- ' ' ' " Drift Field [kV/cm]
relations between the fit
—— Weighted Average (CRT Trigger) +

parameters.  The result 05l —— Weighted Averege (PUT Trigoe) :Af:ﬂmo’:'"‘)mw
is reported in Fig. 4.20; . Drift Scan (PMIT Trigger) .

. 4.20;
in Tab. 4.11, the values 04 $ \# T)
of the fgg factor measured ¢ ? ‘ *
at the nominal drift field oal 84 ® ’ ¢ # '
are reported for the three i'r (PMT 2)
NB PMTs. Each point 0244 o1 o5 03 0z : o6

05 .
. . ift Field [K
in the graph is the mean rift etd iv/om]

of the fgy distribution fit- Waghet A CRT 19990 | <
ted by a Gaussian-function o5 — & \WeohtedAverage (PT Trigger) | )
Drift Scan (PMT Trigger)

and obtained including all
the data collected with the 04 ™ I,‘_\
same drift field conditions; | ¢ " + " L
the error assigned to each 0-3*# T $ ? I

o : PMT 5
point is the RMS of the dis- ( )

. . . 0.2 I I ! I I |

. 0 01 02 03 0.4 05 06

tribution. The data trig Drift o /)

gered by the two systems
Figure 4.20.: Comparison of the fgo factor (red points) and

the (Afast + Aint)/Asiow ratio (in grey) depen-
foo factor increases as a dences with the drift field strength measured in
function of the drift field a- the NB PMTs.

are kept separated. The

s well. Even if both the fgy factor and the (Ag.s + Aint)/Aslow ratio show the same

trend, the increase of the two observables follows a different rise which is stronger
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for the (Afast + Aint)/Aglow ratio.

This behavior is expected from the fgy definition itself since the total amount of
light is considered in the denominator and not only the slow contribution. However,
the increase observed in the fgy factor proves that the result obtained considering the
(Afast + Aint)/Agiow ratio is related with the LAr physics, implying different singlet
and triplet fraction states are created through recombination. A trend similar to the
increase observed in the fgg factor, that has never been explicitly studied in LAr, has
been observed in LXe, as described in Ref. [214].

(A fast-FAint) / Aston PMT 1 PMT 2 PMT 5
CRT trigger 0.349£0.011 | 0.377£0.014 | 0.380+0.010
PMT trigger 0.383£0.008 | 0.400+0.008 | 0.374+0.007
average + std 0.375£0.014 | 0.396+0.012 | 0.377+0.005

increase w.r.t. (£ =0) ~31% ~37% ~33%
foo PMT 1 PMT 2 PMT 5
CRT trigger 0.313+0.013 | 0.32840.014 | 0.32140.011
PMT trigger 0.319£0.015 | 0.3244+0.014 | 0.3124+0.017
average =+ std 0.321+£0.012 | 0.3294+0.011 | 0.31940.010
increase w.r.t. (£ =0) ~17% ~18% ~17%

Table 4.11.: (Afast + Aint)/Asiow ratio and fog factor measured in the three NB PMTs and both
trigger configuration at the nominal drift field of 0.5 kV/cm; the results are obtained
combining all the data collected in the (0.46; 0.54) kV/cm range.

Highlights

A complete study explicitly considering the effect of the drift field on the excimer
formation in LAr has never been presented in the literature. Nonetheless, hints on the
drift field impact on the dynamic of the recombination process have been mentioned
in Ref. [125] concerning the effect on the slow decay time and the ratio Ag.st /Agiow-
The analyses presented here aimed to improve this understanding. Three important

results have been pointed out:

e both the fast and the slow relative amplitudes are affected by the presence of
the drift field

e the increase of (Agast + Aint)/Aslow ratio as a function of the drift field strength;

this behavior is in contrast with what reported in Ref. [125]
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e the intermediate relative amplitude remains unchanged also under the

strongest applied drift field

As described in Sec. 2.2.2, the relative probability amplitude of populating the
singlet or the triplet states have been observed to change as a function of the particle
nature. Instead, for the same particle, the effect of the drift field should be related
only to the recombination process as it is suppressed by the drift field. Despite
that, the probability to go in the singlet or the triplet state should be independent
of the mechanism process itself leading to the scintillation light formation (direct
excimer formation or recombination). What is observed and reported by the previous
analyses shows that the presence of the drift field affects as well as the probability of
the Ar excimer to go in one of the excited states. If compared with the effect of the
drift field on the total scintillation light, the two results confirm a consistent behavior:
the total scintillation light decreases and this is reflected in the decreasing of the slow
relative contribution to the total scintillation light. An additional confirmation of
such behavior is given by the increase of the fgg factor at high drift field. A similar
trend is observed in LXe and it is attributed to the effect of the drift field on the
dynamics taking place in the two regimes, the recombination processes predominant
in absence of drift field and the direct Ar excitation prevailing under the presence of
a stronger drift field.

The last important observation regards the behavior of the intermediate relative
amplitude. In contrast with the other two component contributions, the intermediate
relative amplitude remains stable with the drift field. This is indirectly suggesting

that the origin of this component is not related to the Ar de-excitation process.

4.3.4 An unexpected decrease of the 7, decay time

Under the hypothesis that the excimer formation through recombination processes
is fast enough in comparison with the characteristic de-excitation time, 74w, the
excimer needs to de-excite from the triplet to the ground state. The decay time is not
supposed to change if the drift field is applied, neither if the relative population of the
singlet and the triplet states does. Nevertheless, the dependence of the 740w With the
drift field is not constant and, in particular, its value becomes smaller for stronger
values of the drift field, as reported in Fig. 4.21; on the left side of the figure,
an example of the measurements obtained from an NB PMTs is shown and, as a
comparison, the measurement obtained from a PB PMT is reported on the right side

of the same figure, confirming the same trend. The five PMTs show the same trend,
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independently from the base or the trigger configurations. Averaging the results
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Figure 4.21.: Triplet lifetime 70w as a function of the drift field measured by an NB PMT on the
left. Even though the absolute measurement of slow decay time obtained by PB
PMTs could be biased, the decreasing trend is confirmed; an example is reported on
the right. The results from all the other PMTs confirm the same behavior.

from the three NB PMTs, at the nominal value of the drift field (0.5 kV/cm), a
Tolow = (1276 £ 44) ns is found. The value is ~10% lower than the slow decay time
measurement performed in the total absence of the electric fields. The 744 measured
for each NB PMT at the nominal drift field and the variation with respect to the

value found at zero field are given in Tab. 4.12. In contrast with what reported on the

PMT 1 | PMT 2 | PMT 5 | mean +std

Tslow @t &5 kv /em 1267£21 | 1263+21 | 1299433 1276+44
decrease w.r.t. (£=0) || ~11% ~11% ~10% ~10%

Table 4.12.: Measurement of the slow decay time at the nominal drift field strength of 0.5 kV /cm.
The values reported are obtained from the NB PMTs combining the results found in
the drift field range of (0.46; 0.54) kV/cm. The decrease reported for each PMT is

calculated from the corresponding value observed at the null field.

relative populations of the singlet and triplet states, this result is in agreement with
the hint reported in Ref. [125]. The main reason identified so far able to decrease
the 7qow is the presence of impurities. However, if a drop of the LAr purity could be
considered as an explanation for the results reported in Ref. [125], given the small
Tslow Teported, this effect is excluded in the interpretation of this analysis. Two

evidence support this conclusion:

e the result is confirmed by the drift scan data, collected in a very short time
(~2 hours)
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e 1o variations in the LAr purity have been observed in the monitoring of the

Telow Over the complete data collection period

The data collected in the dedicated drift scan are reported in grey in the figure.
At the nominal drift field value, a strong agreement on the 74, measurement with
the other runs is observed in the five PMTs. As the dedicated drift scan has been
performed in controlled purity conditions in less than two hours, the effect of the

impurities is excluded from the interpretation of these results.

Highlights

Basing the scintillation time profile description on the mechanisms known so far
and with the hypothesis that the excimer formation is always very fast in comparison
with the de-excitation time, no variation of the decay time with the electric field is
foreseen. Despite this, a hint of the 74,y decreasing under a very strong drift field
has been pointed out in Ref. [125]. On the other hand, the effect of the drift field on
the scintillation light has been studied in L.Xe and the dependence of the effective
decay time with the field strength has been observed and reported in Ref. [214].
It is important to notice that the decay times in LXe” are much smaller than the
ones in LAr, especially in the case of the slow decay time; because of that, it is not
possible to make a direct analogy between the two observations. An interpretation
of the result observed in this analysis considering the dynamic of the recombination
processes in LAr has been explored in Sec. 4.4.

Given the novelty of the result and the motivation to find an explanation for it,

the approach used to conclude this analysis is the following:

e a dedicated study to exclude artifacts in the fit caused by the correlations

among the parameters has been performed

e consider and test different hypotheses, to the extent of the available data taken
with WA105 DP demonstrator

In particular, the hypothesis of a variation of the relative population of singlet and
triplet states but a constant value of the decay times as a function of the drift field
is tested by doing a global fit to the scan runs with a common value for the decay
times, whereas the normalization constants can vary with the field. Both items will

be presented in the following sections; however, before describing them, a summary

9The LXe de-excitation is much faster than LAr ones, the 7e.st has been measured ~2 ns and

Tslow ~22 ns [125].
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of the behavior of the remaining parameters, in particular the 7t dependence with

the drift field, will be presented hereafter.

4.3.5 Stability of the 7;,; decay time

In contrast with what has been reported about the 7y, the intermediate decay

time does not show any de-
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the hypothesis of the origin of the intermediate component being independent from



4.3. EFFECT OF THE DRIFT FIELD ON THE SCINTILLATION LIGHT 169

the excimer formation and de-excitation. As described in Sec. 2.2.2.3, one of the
most accepted descriptions of the intermediate origin is interpreted as due to the de-
layed re-emission of the photons absorbed by the wavelength shifter material. If this
hypothesis was true, two delayed contribution would be foreseen: Tiy and Tfoureh
(Ref. [148] and [144]). Nevertheless, from the conclusion of the analyses presented so
far, only a solid measurement of the intermediate decay time was possible; whereas, a
likewise detailed analysis of the fourth component was not achievable. The limitation
on exploring its presence is determined by the acquisition window and the conditions
of the data collected. The preliminary measurement of the fourth component per-
formed in absence of the drift field led to its observation around ~6 us. To guarantee
its correct understanding also at higher values of the drift field, data collected in the
absence of amplification field must be used. Moreover, high statistics is necessary
to avoid its misinterpretation with pedestal fluctuations; but, unfortunately, no runs

are available collected in these conditions.

The effect on the other parameters

In analogy with what has been reported in the absence of the drift field (Tab. 4.7),
the fit parameters measured for the NB PMTs, at the nominal drift field are reported
in Tab. 4.13. The values given in each column of the table for each PMT are the
weighted average of the results obtained from all the runs collected in the drift field
range of (0.46, 0.54) kV/cm. The error assigned to each parameter is obtained by
summing in quadrature the statistical error and the dispersion among all the runs.
In the last column, the average of the three NB PMTs is showed. In addition to what
commented on the decay times and the relative amplitudes, it is relevant to notice
that both the to and the ¢ do not depend on the drift field strength. Similarly,
the absolute values of the fast and intermediate normalization constants remain
constant within the errors also at the nominal drift field; whereas, the absolute
value of the slow normalization constant decreases. The contribution of the fast,
the intermediate, and the slow relative amplitudes to the total scintillation light
produced at 0.5 kV/cm are 15%, 13%, and 72%, respectively.

4.3.6 Multi-fit approach and interpretation of the results

Before looking for a physical explanation of this phenomenon, in this section a
different analysis aiming to exclude a hidden effect introduced by the correlation

between the parameters of the fit is presented. The alternative approach consists
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fit parameter | PMT1 PMT2 PMTS5 average + error
to [ns] -2.30£0.25 -2.21+0.26 -2.4240.26 -2.31£0.44

o [ns] 6.38+0.36 6.37£0.36 6.56+0.44 6.44+0.67

Tfast [0S] 6 [fixed] 6 [fixed] 6 [fixed] —

Tint (0] 50+3 5242 5042 50.7£4.1

Tolow [DS] 1267421 1263421 1299433 1276444

Agasr [au] 3.9540.18 3.96+0.14 4.00£0.17 3.971+0.28

At [a] 3.4040.29 3.1240.15 3.4140.31 3.31+£0.45

Asiow [a.u] 19.40£1.77 17.74£2.14 19.7441.25 18.96+3.05

Table 4.13.: Measurement of all the fit parameters obtained by analysing all the data collected
at the nominal value of the drift field 0.5 kV/cm. The error of each parameter is
obtained including the statistical error and the dispersion among all the runs. In
the last column, the average of the three NB PMTs is considered; in the error, the

standard deviation among the three PMTs results is considered.

in performing a simultaneous multiple fit (global-fit ) to all the average waveforms
corresponding to each value of the applied drift field. The scintillation time profile
is still modeled by Eq. (4.1b) but separating the parameters that are expected to
depend on the drift field from the ones that do not. The hypothesis behind the global-
fit approach is that the drift field could affect only the de-excitation probabilities
from the singlet or the triplet energy states but not the corresponding decay times.
Consequently, in the simultaneous fit, the o of the Gaussian and the decay times
are supposed to be common parameters that cannot vary under different drift field
strengths; whereas, all the others are considered local parameters. The main goal
of the analysis is to disclose a possible artifact induced by the strong correlations
between each normalization constant and the corresponding decay time. Hence,
if this is the case and the global-fit converges finding a common value for 7y, the
dependence of Agy, with the drift field strength should be modified in turn. Finally,
since the purpose of the analysis is only to study the effect of the correlations, all
the parameters, except the pedestal, are left free in the procedure; the fit procedure
uses a x? minimization obtained with the MINUIT package [213]. For that, only the
runs collected in the drift scan are included.

In Fig. 4.23, for PMT-1, the fifteen average waveforms (for drift field values in the
0-0.56 kV/cm range) are shown by the black points. The two fit approaches, the
global fit in light blue and the single fit in red, are reported for comparison. Given

the RMS error assigned in each waveform bin, both methods converge; however,
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the relative position of the two fit curves is inverted if compared at null or at the
highest drift field, determining the change in the slop calculated by the single-fit.
This outcome is better described by the top-plots in Fig. 4.24, giving the comparison
of the decay times obtained as common parameters in the global-fit procedure (light
blue) and in the average value of the single calculations, performed run-by-run (red
lines). In the case of the 7, and 7ing, the two results are consistent; despite the
values of the 74,y Obtained in the single-fit vary with the field, its average is in
agreement with the value retrieved by the global-fit. Moreover, despite the global fit
is able to find a common value for 7qoy, the values found with the two approaches, for
the normalization constants and the relative amplitudes remain exactly the same, as
shown in the middle and bottom-plots of Fig. 4.24, excluding the possibility that the
Tslow variation with the fit is artificial. Finally, it is interesting to notice the values
the two fit procedures retrieve for 7e.5¢ and 7, after releasing the 74,q; parameter.
As expected from the toy-MC studies, both decay times are shifted at higher values.
Performing a linear fit of the values obtained by the single fits, the fast decay time
is found at (10.9 £+ 0.6) ns and the intermediate decay time is found at (75.9 £
3.9) ns; the results obtained by the global-fit are in agreement with the others:
Trast,global=(11.0 £ 0.3) ns and Tint global=(74.6 £ 2.6) ns. All the values of the decay
times and normalization constants are summarised in Tab. 4.14; for the single fit
results, the mean values are given. The same study has been performed also fixing
Trast @t 6 ns and the conclusions are consistent with the ones described above, the
main difference is observed in the value found for 7y, that, in both approaches,
is lowered at ~55 ns (average on the single-fits) and ~61 ns (global-fit ), still in

agreement within the errors.

parameter || single fit global fit
Thast 11.0 £ 0.3 [ns] 10.9 + 0.6 [ns]
Tint 74.6 £ 2.6 [ns] 75.9 £ 3.9 [ns]
Tulow 1315.99 + 8.22 1318.83 =+ 7.80 [ns]
Afast 4.88 £+ 0.06 [arb. units] | 4.97 & 0.04 [arb. units]
Aint 2.83 £ 0.05 [arb. units] | 2.86 £ 0.03 [arb. units]
Agiow 20.38 + 0.06 [arb. units] | 20.27 £ 0.05 [arb. units]

Table 4.14.:

Evaluation of the average value of each scintillation time parameter retrieved by

global-fit approach or by performing individual fits.




172 The scintillation light production in the liquid phase

z z z
5 L —— function from global fit 5 L —— function from global fit 5 —— function from global fit
g £ °F g
< — = function from single fit < — = function from single fit < — = function from single fit
[ (Drift = 0.00 kv/cm) [ (Drift = 0.04 kv/cm) (Drift = 0.09 kv/cm)
10 107 107
102 1072 107
L | | | L | | 1 L | | L
0 1000 3000 0 1000 2000 3000 0 1000 2000 3000
Timesince T, [ns] Timesince T, [ns] Timesince T, [ns]
z z r
5 i function from global fit 5 A function from global fit 5 function from global fit
s 1F s 1F ]
< r — = function from single fit < r — = function from single fit < — = function from single fit
[ (Drift = 0.13 kV/cm) [ (Drift = 0.17 kV/cm) [ (Drift = 0.22 kv/cm)
0 0 0
1072 102 102
L | | | L | | | L | | |
0 1000 3000 0 1000 2000 3000 0 1000 2000 3000
Timesince T, [ng] Timesince T, [ng] Timesince T, [ng]
z T T
5 —— function from global fit 5 —— function from global fit 5 —— function from global fit
s 1F s 1F s 1F
< rC — - function from single fit < — - function from single fit < C — - function from single fit
L (Drift = 0.26 kV/cm) L (Drift = 0.30 kV/cm) L (Drift = 0.35 kV/cm)
107 10 10
102 102 102
L | | | L | | | L | | |
0 1000 3000 0 1000 2000 3000 0 1000 2000 3000
Timesince T, [ns] Timesince T, [ns] Timesince T, [ns]
z z z
5 L —— function from global fit 5 L —— function from global fit 5 —— function from global fit
g F g °F g
< C — = function from single fit < r — = function from single fit < rC — = function from single fit
[ (Drift = 0.39 kV/cm) [ (Drift = 0.43 kV/cm) [ (Drift = 0.48 kV/cm)
0 0 107
1072 1072 107
L | | | L | I | L | | I
0 1000 3000 0 1000 2000 3000 0 1000 2000 3000
Timesince T, [ng] Timesince T, [ns] Timesince T, [ns]
z r
5 function from global fit 5 function from global fit
s 1F s 1F
< r — = function from single fit < r — = function from single fit
L (Drift = 0.52 kV/cm) L (Drift = 0.56 kV/cm)
107 10
102 102
L | | | L | | |

E
E

3000 2000 3000
Timesince T, [ns] Time since T, [ns]

Figure 4.23.: Comparison of the two fit approaches, the global-fit (light blue lines) and the single
fit (red lines) reported in the fifteen average waveforms collected under the presence
of the increasing the drift field in the 0-0.56 kV/cm range.
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Figure 4.24.: Comparison of the results obtained for the scintillation time parameters retrieved by
the two fit approaches. The results obtained by the global-fit approach are reported
by the light blue lines and points; the results obtained by the single fits are reported

by the red lines and points. The decay times are reported in the top-plots and

the normalization constants in the middle-plots. In the bottom-plots the relative

amplitudes obtained with the two approaches are compared.

Highlights

The scintillation time profile described by Eq. (4.1b) is based on a modelization
with strongly correlated parameters. The complexity in finding a physical explana-
tion of the 7y, decrease as a function of the drift field motivated the development
of an alternative analysis aiming to exclude artifacts introduced by the modelization
itself; in particular, due to the strong correlation between the slow normalization

constant and decay time. The simultaneous fit of the drift field scan runs is based
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on the hypothesis that considering 7¢ow as a global parameter independent from the
drift field would remove, in turn, the dependence of Ag., considered as a local pa-
rameter, with it. The fact that this interdependence is not removed by the global-fit

approach confirms the physics origin of the phenomenon.

4.4 Discussion of the results and possible interpreta-

tions

The presence of the drift field has the role of suppressing the recombination pro-
cesses and their contribution to the total scintillation light production. For this
reason, the study of its effect on the scintillation time profile opens the possibility to
investigate how the dynamic of the recombination processes is affected. Two unusual
behaviors have been observed compared with what was reported in the literature,
related to the impact of the drift field on the probability of populating the singlet or
the triplet state and the de-excitation time from these energy levels. Based on the
results reported on both the total scintillation light yield (the Sy qrifr/S1,0 ratio) and
the (Afast + Aint)/Agiow ratio, it appears that the probability of exciting the Ar} to
the singlet or the triplet states is not equally affected; in particular, the probability
of populating the latter energy level is preferred by the recombination processes more
than by the direct excimer formation. Given the complexity of the excimer formation
and the connection of the electron dynamics with the presence of even small amount
of impurities and/or the Ar-ions present in the active volume, it is complicated to
identify a conclusive explanation for the results observed. However, the second find-
ing reporting the decrease of the slow decay time in all the runs analyzed where
no variation of the LAr purity has been observed reinforces the hypothesis that the
outcomes reported are due to the drift field influence on the recombination dynamic,

possibly through the formation mechanisms.

The main difference between the direct excimer formation and its formation by
the recombination process is in the characteristic times of the mechanisms leading
to Arj -e”. Following the description given in [125], based on the Onsager’s model,
the recombination dynamic is expressed in terms of the evolution of the electron
density, n_, in the Onsager’s cylinder, and of the electron escaping probability, 1,
from the Coulomb attraction within the cylinder: n_(t) = (1 — n)ng, being ng, the
initial number of ion-e~ pairs. Consequently, the more general way to express the

dependence of the scintillation light with the time (scintillation time profile) is the
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following;:
e—t/’?’

L(t) = /0 F(x)e¥/dx (4.6)

T

where the function f(x) has a different expression depending on the rapidity on which
the ion-e™ pairs recombine and two extreme cases are considered. Only under the
hypothesis that the time needed for the ion-e~ to recombine is negligible, compared
to the excimer formation mechanism, the de-excitation from the excited state can
be approximated by the usual expression: L(t) ~ exp(—t/7)/7. On the opposite,
the other possibility is an infinite (very slow) recombination time, Tg, compared to
the excimer formation. In this second case, still under the hypothesis of n = 0, the

scintillation time profile is sensitive to Tr and their relation is the following:

1

L(t) o TP (4.7)

consequently, the shape of the scintillation time profile is also function of Tg. In
Ref. [125], the variation of the scintillation time profile with both direct and recom-
bination contributions to the scintillation light production (in absence of drift field)
and considering only the direct excimer formation to it (in presence of a strong drift

field) is reported for LAr and LXe in Fig. 4.25. Although neither the modelization
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Figure 4.25.: Scintillation time profile measured, without (triangles) and with (full-dots) an
applied electric field; the difference curve between the two represents the recombi-
nation contribution (x); the results referred to LAr are shown on the left and the

ones referred to LXe on the right. The plots are taken from Ref. [125].

used for fitting the scintillation time profile nor the treatment of the intermediate
component is explained, in LXe an evident variation of the scintillation light profile
is observed. The behavior in the LAr is not so evident, instead. The interpretation
is assigned to the measurement of the Tr reported for LAr, Tg = (0.8 £ 0.2) ns,

considered too fast to have a significant influence on the scintillation time profile. It
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is important to remind that the value reported for TR is the only measurement found
in the literature, and the 74, reported in this study, in both drift field conditions,
is in a range considered affected by the presence of photo-sensitive contaminants.
In the analyses presented in the previous sections, instead, a relation with this
kind of interpretation is motivated by the comparison of the scintillation time pro-
file in Fig. 4.18, the decrease of the T4y in Fig. 4.21, and by the variation of the
relative amplitudes reported in Fig. 4.19. Finally, it is important to highlight the
opposite behavior mentioned for the ratios Agyst /Aslow, in Ref. [125], and the trend
reported for the (Agast + Aint)/Aslow ratio, in the analysis presented. In this analysis,
the intermediate component is explicitly considered and found to be independent of
the drift field, and the trend reported for the (Agast + Aint)/Agiow ratio can be ex-
plained only if the Ag,st /Agow ratio in the recombination process is lower than the
Afast /Aglow ratio caused by the only contribution due to the direct excimer excita-
tion. Both the dependence of the Sy grifc/S1,0 ratio on the integrated light (Tab. 4.10)
and the dependence of the fgy factor on the drift field (Fig. 4.3.3) reinforce this hy-
pothesis. However, the data analyzed in the WA105 DP demonstrator reaches the
maximum drift field of ~0.5 kV/cm, where 40% of scintillation light comes from re-
combination process (see Fig. 4.15); hence, dedicated measurements to verify this in-
terpretation of the results, but reaching higher drift field able to completely suppress
the recombination contribution to the total scintillation light, are very encouraged.
This finding, in fact, can be even more interesting in LAr-TPCs experiments (e.g.
DM experiments) using the pulse shape discrimination for particle identification,

since this approach is motivated by the Ag.st /Aglow ratio behavior.



"Fais apparaitre ce qui sans toi ne serait peut-étre jamais vu.”

R. Bresson

CHAPTER B

THE SCINTILLATION LIGHT PROPAGATION IN THE
LIQUID PHASE

In big detectors, a key role is covered by the impact of the Rayleigh scattering
length that attenuates the light. However, the Rayleigh scattering length measure-
ment is complicated by the competition of several factors contributing to the scintil-
lation light attenuation, as the presence of optically active impurities or absorbent
elements. In this chapter, a first estimation of the VUV light attenuation length
observed in the WA105 DP demonstrator will be given (Sec. 5.1). Hence, with the
purpose of disentangling the effect of the Rayleigh scattering from the other con-
tributions attenuating the light (VUV light absorption and reflection in the TPC

components), a detailed Monte Carlo (MC) simulation has been developed.

In Sec. 5.2, the general description of the simulation will be given separating the
three fundamental steps on which the simulation is based: the approach used to prop-
agate the light inside the demonstrator (Sec. 5.2.3), the event generation (Sec. 5.2.2),
and the simulation of the physics processes leading to the scintillation light signal
detected by the PMTs (Sec. 5.2.4). The validation of the MC will be illustrated
(Sec. 5.3) both from the geometrical point of view (Sec. 5.3.1) and considering the
collected light by each PMT (Sec. 5.3.2). Finally, in Sec. 5.4, the study dedicated
to evaluate the impact of both the Rayleigh scattering length and the reflectivity of
the detector elements (Sec. 5.4.1) will be discussed.

A brief discussion on the extrapolation to bigger detectors will be given in Sec. 5.5.

177
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5.1 Study of the attenuation length in the WA105 DP

demonstrator

As described in Sec. 2.2.3, the attenuation length is the result of competing factors
as the presence of optically active impurities, absorption of the light in the detector
material, and Rayleigh scattering. The goal of the analysis presented in this section
is the evaluation of the attenuation length for the VUV scintillation light produced
by the muons crossing the LAr volume of the WA105 DP demonstrator; whereas, in
Sec. 5.4, the discussion will be focused on the Rayleigh scattering length by compar-
ing the WA105 DP demonstrator data with the MC simulations. For the analyses
presented in this chapter, all the data detected with the CRT external trigger in
shifted geometry and in absence of drift field are included. The CRT trigger selec-
tion described in Sec. 3.8 is applied; in addition to these cuts, only the muons crossing
the field cage (FC) volume are accepted, rejecting all the tracks whose closest point
is in the LAr AV between the FC cathode and PMT surface. The reason for that is
related to the absorption of the photons by the cathode and ground-grid surfaces. As
will be clarified in Sec. 5.2.3.1, even if transparent, both surfaces drastically dampen
the probability of a VUV photons to be detected.

In order to estimate the attenuation length, the dependence of the primary scin-
tillation light on the minimum approach distance from the muon track to the PMT
surface is considered; the amount of attenuated light during the propagation is mani-
fested as an exponential decay as a function of the distance from the charged particle
track to the PMT. In Fig. 5.1, the 2-D plot of the S1 light as a function of the min-

imum approach distance is presented for three of the five PMTs. In these plots, the
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Figure 5.1.: 2-D distributions of the S1 light, integrated over 4 us, as a function of the minimum
approach distance. The typical muon-like event selection for track triggered by the

CRT panels is applied; only muons inside the FC volume are accepted.

detected S1 light is obtained integrating the recorded PMT waveform over the whole
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4 ps time window. It is relevant to notice that the collected light (y-axis) is shifted
at lower values for the PMTs with the TPB coated on the PMMA plate, as explained
in the Sec. 3.9.2; but, at a given track-PMT distance, the amount of detected light
is the same if the WLS configuration is similar. However, the position of the most
populated region, in each plot, changes depending on the PMT number; the reason
for that is in the CRT panel position and the diagonal topology of the selected tracks
in such geometry.

Defining z as the minimum approach distance, the estimation of the attenuation
length can be performed fitting the scintillation light detected by each PMT as a
function of x. The S1 mean

charge is calculated from a

Gaussian-fit of the S1 charge pro- 16-

jection distribution, every track- 14- 1= (2462+688) PE

PMT distance bin of 20 mm; the

mean and the sigma retrieved by 12

the fit represent respectively the 10 [\

S1 mean and the corresponding &

error. An example of the Gaus- 6

sian fit is shown in Fig. 5.2. The 4

simplest way to model the corre- 2-

lation between the S1 integrated 0= TE000 10600 15600

light and the minimum approach Sl Light/20 mm

distance can be described by the

following equation: Figure 5.2.: Example of S1 light distribution ob-
tained in one 20 mm bin. In red, the

L(z) = Aexp(—2/Aaw)  (5.1) Gaussian fit to retrieve the S1 mean light

at each bin is shown; the Gaussian o is

where A 44 is the attenuation len- assigned as the error.

gth. In Fig. 5.3, examples of the mean S1 light, blue points, as a function of the
minimum approach distance are shown for PMT-1 and PMT-2; the fit is done sep-
arately for every PMT. The red lines in Fig. 5.3 correspond to the fitted function
obtained using Eq. (5.1), for the extracted value of Aat; shown in the legends. The
results for the five PMTs are represented by the blue points on the left of Fig. 5.4;
averaging the results from the five PMTs, the attenuation length is estimated to be
(551 4+ 27) mm. Given the dependence on the track topology of the scintillation
light pointed out in the previous chapter, the dependence of the attenuation length

with the integration range has been considered. Since the impact has been found to
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Figure 5.3.: Mean of the S1 light (blue points) as a function of the minimum approach distance

modelled by Eq. (5.1) (red line).

be more evident in the slow contribution to the total scintillation light; the measure-

ment of the attenuation length has been performed considering different ranges for

the S1-charge integration. For the five PMTs, the results are reported on the left
of Fig. 5.4. The results obtained from the fit of the distribution with the S1 light
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Figure 5.4.: Left: Measurement of the attenuation length measured by the five PMTs in the four

integration time ranges: 40 ns in green, 90 ns in cyan, 1 us in magenta, and 4 us in

blue. Right: The average on the five PMTs is reported as a function of the integrated

charge range.

integration range in 40 ns are shown in green, the ones from 90 ns in cyan, from

1 ps in magenta, and the results obtained considering the S1 light integration in
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the whole 4 us acquisition windows are drawn in dark-blue. Independently from the
integration range, the five PMTs give consistent results. The average value for Aaq
at each integration range is obtained by performing a linear fit of the five points;
the results are summarized in Tab. 5.1. The attenuation length as a function of the
integrated S1 light is shown in the right-plot reported in Fig. 5.4. The trend shows
a slight increase of the mean value of the attenuation length for shorter integration

ranges, however, always covered by the error bars. In particular, the average value of

PMT n. 1 (NB) 2 (NB) 3 (PB) 4 (PB) 5 (NB)
direct plate direct plate direct
AAtt,S1 4ps 60779 610£93 545452 525454 538456
[mm]
AAt,S1 1ps 641+£113 607+£97 558462 530+66 552464
fru]
AAtt,S1 90ns 631+114 585+94 578477 532466 580483
[mm]
AAtt,S1 40ns 629+117 572493 590495 524469 595492
[mm]

Table 5.1.: Attenuation length measured by the five PMTs in the four integration time ranges.

the VUV attenuation length when the integrated light is in 40 ns, Ay is found (570
+ 46) mm. The error reported is the sum in quadrature of the error from the fit,
the dispersion among the PMTs, and the systematic uncertainty taking into account
the precision of the minimum approach distance allowed by the width of the CRT
strips, which is of the order of 3%.

Comparing the effect of the Oy concentration to the light transmittance described
in Ref. [152], given the measurement of the electronegative impurity concentrations in
the WA105 DP demonstrator at the end of the filling (0.1 ppm and 7 ppm, for Oy and
H5O respectively) and the measurement of the 740y (1.426 ps), a large attenuation
of the light caused by the impurities concentration is not expected. Despite that,
in the WA105 DP demonstrator, the TPB is present only on the PMTs; because of
that, the short reported attenuation length suggests the possibility that absorptions
introduced by the material of the internal field cage elements can be responsible
for the value found in this analysis. In particular, the measured attenuation length
in each PMT is much smaller than the most recent measurements of the Rayleigh

scattering length (~99.9 cm) [166] and does not show an evident correlation with
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the PMT position inside the detector. For these reasons, the strong light absorption
is interpreted as taking place in the cathode and/or in the ground-grid. The impact
of their contributions to the attenuation length, as well as of the other detector
components, will be investigated from the data-MC comparison that will be discussed

in the following sections.

5.2 Light MC simulation for the WA105 DP demonstrator

With the objective of further studying the effects influencing the scintillation light
propagation and collection, a detailed Monte Carlo (MC) simulation has been devel-
oped to be compared with the results obtained from the data analysis. The event
generation is driven by data, mimicking the CRT-shifted geometry. Due to the large
number of photons produced by each interacting particle, an innovative approach is
used to propagate the light inside the detector. The method has been developed to
make the MC simulation faster, and performing the simulation of the light propaga-
tion inside the whole detector volume only once and storing the key parameters in
dedicated 3-D light-maps, accessible for each generated event.

The main steps leading to the MC simulation will be presented in this section:
the simulation of the detector geometry, the event generation, the simulation of the
light propagation inside the detector, and the simulation of the physics mechanism

allowing to simulate the scintillation light signal detected by each PMT.

5.2.1 Detector geometry

In order to properly take into account the light propagation inside the detector,
a detailed simulation of the detector geometry has been implemented in GEANT 4
[215]; it includes the CRP, the field cage, the cathode plane, the ground grid as well
as the five PMTs with their photocathode design and characteristic WLS config-
urations. The reflectivity of both the VUV and visible light on the FC structure
may not be negligible; however, it strongly depends on their manufacturing. In the
MC simulation developed for the WA105 DP demonstrator, the default values set
for the reflectivity of stainless steel and copper surfaces are 0% and 50% for VUV
and visible light, respectively; in Sec. 5.4.1, the impact of these values on the light
propagation will be discussed. The PMT geometry is well reproduced including
the two configurations used for the TPB coating, with the PMMA plates above
PMT-2 and PMT-4; for the VUV photons, a 100% TPB efficiency is assumed. The

converted visible photons are consequently emitted isotropically with the wavelength
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peaked at 435 nm. The PMT acceptance takes into account the position of the inci-

dent angle with respect to the
normal vector to the PMT sur-
face, expressed by the ¢-angle
[217] in Fig. 5.5, and the #-angle
of the photon related to the pho-
tocathode [218], expressed by the
f-angle in the same figure. Con-
sequently, the function describing
the PMT response is the follow-
ing: f(0) x g(¢); its dependence
with the photon incident angle is

represented in Fig. 5.5.

5.2.2 Event generation

Acceptance
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Figure 5.5.: Characteristic dependence of the PMT

acceptance with the incident angles of
the VUV photons [223].

The muon-like event generation in the MC reproduces the CRT-shifted geometry
studied in the data. In the MC, only the LAr AV, as defined in Sec. 3.3.1, is

simulated; hence, neither the CRT panels nor the optical inactive regions in the

detector are simulated. The muon-like events are considered as muons at the MIP
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Figure 5.6.: CRT-maps corresponding to the upper panel (wall-side, on the left) and the lower
panel (door-side, on the right) obtained from ~61 hours of data taking in CRT-shifted

geometry.

energy; hence, 4 GeV /c muons are generated in GEANT 4, following the CRT-shifted
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geometry. The generation of the cosmic muons is directly done in the LAr AV with a
data-driven topology. In particular, the typical (0, ¢) space phase shown on the right
of Fig. 3.13 is reproduced in the MC by generating events with the same coordinates
as the ones observed in the data. From the data recorded in a long CRT-shifted
run (~61 days) collected to monitor the CRT system operation, the two CRT-maps
corresponding to the upper panel (wall-side) and the lower panel (door-side)! are
obtained, as shown in Fig. 5.6 on the left and the right, respectively. In the data,
the distribution along ¢ (represented by xi, and Xoyt in the figure) is fairly uniform;
whereas, along 0 (zi, and zeyt) the distribution is asymmetric. In the MC, the muon-
like events are simulated entering the detector from the upper to the lower panel;
consequently, a map of Zyan-zdoor 18 constructed, as reported in Fig. 5.7; the random
throw on this map assigns the two CRT z-coordinates. The x-coordinates, instead,

are generated from uniform distributions.

For each interacting muon entering the LAr AV, a large number of photons is
produced, ~10° photons/cm, and propagates in the LAr bulk. If the whole tracking
of each photon would be simu-

lated, a huge amount of CPU

0

o

Z door [cm]

consumption and time would be
needed to evaluate how many of
them would be detected by the
PMTs. Hence, in alternative to
that, the simulation of all the
possible trajectories is done only

. . . |
once. After the tracking is sim- 20 40 60 80 100 120

Z wall [cm]

ulated, the key parameters re-
Figure 5.7.: Interpolation of the characteristic asym-

lated to the light propagation
£ th duct; to the det metry present in the z-coordinate of
FOth The proQuction to the detecs events triggered by the CRT external
tion point are stored in dedicated system; in the plot, the z-coordinates are

light-maps. Finally, this informa- from the data [216].

tion is accessed for each produced photon, at the level of the physics simulation, in
order to retrieve the probability whether it will be detected or not by the PMTs. A
summary of the light-maps production will be given in the next section; a detailed

description of this approach is available in Ref. [219].

!The white strip shown in the right-plot represents a dead strip present in the panel.
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5.2.3 Light maps: a faster way to propagate the light

The light-maps production is a faster way to store the principal parameters de-
scribing the photon propagation in big LAr volumes. Their generation is based on

five steps:

e the LAr volume is divided into 3-D wvozels

a high number of photons (10® VUV) is isotropically generated in each vowxel

each photon is tracked across the detector

the arrival time distribution and the detection probability of each VUV photon
is obtained for each PMT

each time distribution is fitted and the parameters are stored in a file called

light-map

Consequently, the light propagation is expressed in terms of the probability to detect
the VUV photons generated in each voxel by each PMT, including the possibilities
that the photons can suffer a Rayleigh scattering and/or being absorbed (or reflected)
touching the detector’s surfaces.

For the wvozelization of the WA105 DP demonstrator, the LAr volume considered
corresponds to the LAr AV defined in Tab. 3.1 divided, in total, into 1920 vozels. Due
to the absorption of the cathode

3,155m; 24 Voxels

surface, this volume is divided R |
into two sub-volumes with a dif- }}

. 1 hgtral A—:[ ove
ferent number of voxels and sizes, 8 Voxel il Cathod

as shown in Fig. 5.8. In par-

ticular, 1536 wvozels are needed
above the cathode and 384 be-
low; the size of each wozel is
131.5 x 144.4 x 125 mm?® above
the cathode and 131.5 x 144.4 x the LAr volume is split in two sub-

92 mm? below it. The probability volumes above and below it [216].

184cmL I I I EEEEEEEEEE %j Cathode
2 Voxel | | | [T

Figure 5.8.: MC voxelization of the WA105 DP
demonstrator LAr AV; due to the VUV

light absorption in the cathode surface,

of each photon to be detected is

called wvisibility, wo, and it is expressed by the following equation [219]:

N, pmT
wp = —LEMT (5.2)
N,
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being N, the number of photons initially generated in each vozel and N, pyr the
ones reaching the PMT. Each photon reaches the PMT with a different arrival time,
strictly dependent on the distance between the production and the detection point,
implicitly influenced by the Rayleigh scattering length; as a consequence, the proper
parametrization to describe the earliest arrival time distribution is not straightfor-
ward. Dedicated studies have been performed considering the light propagation in
bigger detectors (e.g. ProtoDUNE-DP) and a Landau function gave satisfactory re-
sults to reproduce most PMT-vozel pair arrival time distributions [219]. However,
in smaller detectors as the WA105 DP demonstrator, this parametrization is not op-
timized for short PMT-vozel distances, as the arrival time distribution gets quickly
suppressed. Hence, an exponentially-modified Landau function has been used; the

complete function used to fit the arrival time distribution is the following:

f(t) = A - Landau(t, MPV, o) - ei(t%w. (5.3)
In this expression, A is the normalization constant, ty is the earliest photon arrival
time, MPV and o are the Landau-function parameters, and 7 represents the expo-
nential slope of the function. Examples of the time distributions for two PMT-voxel

pairs distant 587.1 mm and 1641.8 mm, respectively, are reported in Fig. 5.9.

Distance PMT-Voxel 587.1 mm Distance PMT-Voxd 1641.8 mm
g g Rayleigh length = 20cm
=1 5 =
% 10 %104 —— Rayleigh length = 55cm
5 0 5 | ———— Rayleigh length = 163cm
210 z
10°HK Fit on histograms with:
108 | A [Landau(t,mpv,o0) Eb‘m“) "
10%f
102
10 104+

]0 L L . | | (I 10 D
100 . 200 300 . 400 100 . 200 300 ., 400 _ 500
Photon arrival time [ngfo Photon arrival time [nsf

Figure 5.9.: Exponentially-modified Landau function used to fit the PMT-Voxel pair arrival time
distributions; for comparison, the arrival time distribution is shown for three different
values of the Rayleigh scattering length. Two examples of a PMT-vozel pair distant
587.1 mm (left) and 1641.8 mm (right) are shown [223].

Once the whole tracking of the VUV photons is done and the key information

is extracted, five parameters are stored in the light-maps: the wvisibility, wg, the
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MPV and the o of the fitted Landau function, the earliest photon arrival time,
tg, and the exponential slope, 7. Assuming a smooth variation of all parameters
in nearby wozels, a 3-D interpolation of all the stored parameters is done to avoid
discontinuities between nearby vozels when using the light-maps at the level of the
physics simulation.

Given the precise simulation of the TPC components, the detection probability of
each VUV photon is evaluated tracking it inside the LAr volume and stored in the
light-maps. Each light-map is generated assuming input values for the reflectivity
of the TPC elements and for the Rayleigh scattering lengths; the former, with the
default values given in Sec. 5.2.1, and the latter as will be commented in the next

section.

5.2.3.1 Optical parameters influencing the propagation

The two optical parameters introduced to consider the attenuation of the light are
due to the absorption and the Rayleigh scattering lengths; the measurement of the
latter is controverted, hence different values have been simulated to estimate it from
the comparison of the MC simulation with the light data collected in the WA105 DP
demonstrator.

Given the measurements reported on the absorption length [221] as a function of
the concentration of the optical active impurities (N2 and Os), its value is set to
infinite in the MC simulation. On the other hand, three different light-maps have
been generated with a Rayilegh scattering length, Ara.y, of the VUV photons at
20 cm, 55 cm [161], and 163 cm [164]. The first unrealistic value has been used with
the only intention to test the MC simulation itself. In Fig. 5.10, a description of how

Figure 5.10.: Description of the light propagation inside the WA105 DP demonstrator when the
simulated Rayleigh scattering length is of 20 cm (left) or 163 cm (right) [223].

the light propagation would look like inside the WA105 DP demonstrator when the
Rayleigh scattering length is of 20 cm or 163 cm is visible on the left and the right,

respectively. In the same figure, also the simulation of the detector components are
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visible. In all the cases, the
Rayleigh scattering length for
the visible photons is set
equal to 350 cm [156]. For the
light-map with AR,y = 55 cm,
the absorption of the cathode

surface on the photon visibil-

ity is represented in Fig. 5.10

for PMT-3; in particular, b,
r 3; in particular, by Figure 5.11.: Photon visibility in the y-z plane (at x =

ShOWing the ViSibﬂity of the 0) for PMT-3. The loss of visibility due to
same PMT seen from the y-z photon absorption by the cathode is visible
plane. at z = -500 mm [223].

5.2.4 Physics simulation

As a final step of the simulation, the physics processes leading to the scintillation
light production are introduced. First, the generated cosmic muon interacts with
the LAr volume and the amount of energy lost per track length is computed by
GEANT 4. Secondly, the number of ionization electrons and photons produced as
well as the fraction of photons produced by excitation or recombination are estimated
following the NEST predictions [220]. According to Ref. [137], the initial number of
photons produced is 5.13x10* photons/MeV; in absence of drift field, 1/3 of them
are considered to be produced by direct excimer excitation and 2/3 by recombina-
tion. Hence, for every photon produced, the number of them reaching each PMT is
obtained from the wvisibility stored in the light-maps. The arrival time of each col-
lected photon is obtained by adding the track timing, the photon emission delay due
to the isospin de-excitation state, and the propagation delay; the latter is obtained
by random throw on the reconstructed time distribution from the interpolated pa-
rameters stored in the light-maps. Therefore, the scintillation time profiles of each
detected photon is simulated by including only the contributions from singlet and
triplet states; the intermediate component is not simulated. For simplicity, neither
the differences in the polarity of the PMT bases nor the PMT response saturation
observed in the data are taken into account in the simulation. The PMT Q.E. is
included at this stage of the simulation, as multiplicative factors to the photon de-
tection probability, assigning 20% as a default value. The presence of impurities can

be simulated at this level by introducing an exponential factor, exp(-Apatn/Aabs), to
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the visibility; in this expression, A,q is the path length of the photons which can
be derived from the computed photon travel time. However, in the results that will

be presented, this contribution is not included.

5.3 Validation of the MC simulation

An analog selection of muon-like events carried out on the data sample is repro-
duced in the MC simulation based on the selection reported in Sec. 3.8. However,
in contrast with it, the cuts related to the PMT response are not applied in the
simulation because of the assumed ideal PMT response. In the MC simulation, the
analysis of a sample of 5000 muons of 4 GeV /c following the CRT-shifted geometry
described in Sec. 5.2.2 is provided. In the data, all the runs triggered by the CRT

system in the same geometry and in absence of drift field are included.

5.3.1 Geometrical track reconstruction

As a first step, the event generation simulated in the MC has been validated
from the geometrical point of view. The topology of the selected events in the MC is
compared with the ones obtained from the data and the same distributions described
in Sec. 3.8.1 are overlapped in Fig. 5.12. In all of them, the MC simulation, using
ARay = 95 cm, is reported in cyan; the data are reported in the other three colors:
in red, if the complete CRT selection is applied with the requirement of considering
only the tracks with the closest point from the PMT surface inside the FC, in grey if
the tracks are inside the AV, and in blue if the events laying in the comet-region are
included. All the distributions are shown as a PDF. This differentiation in the data
is needed to have a proper comparison with the MC where none of the waveform
saturations are simulated. In the top-plots, the minimum approach track-to-PMT
distance for each PMT is reported. From the data-MC comparison, a relative good
agreement is visible in all the PMTs, except for PMT-5. The discrepancy is due
to the rejection of events saturating the PMT response in the data, not simulated
in the MC. As described in Fig. 3.27, these kinds of tracks cross the LAr AV close
to the PMTs; consequently, their rejection tends to shift the mean of the minimum
approach distance distribution to higher distances. In the bottom plots, the angular
distributions (tanf, in the left-plot, and tan¢, in the middle-plot), and the track
length computed in the AV (in the right-plot) are shown. The absence of the peak
in the positive region of the tanf-distribution is due to the generation of the events

only wall-to-door. The symmetry present in tan¢g-distribution in the MC that is
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Figure 5.12.: Geometrical Monte Carlo validation of the CRT reconstructed variables, based on the comparison of a simulation using a Rayleigh scattering
length of 55 cm with the data collected in absence of drift field.
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not visible in the data is also due to the event generation that does not take into
account the asymmetry in the x-coordinate due to the Jura mountains mentioned in
Sec. 5.2.2. Despite these differences in the angular distributions, the typical track
length for muons crossing the LAr AV is in a very good agreement, confirming the

correctness of the even generation.

5.3.2 Collected S1 light

As a second step, the collected S1 light distributions, integrated in the whole 4 us
range, are compared on the right of Fig. 5.13. The red distributions are obtained
from the data (corresponding to the distribution of the scintillation light produced
by muon-like events, whose track crosses the FC volume, and excluding the events
saturating both the PMT response and the ADC dynamic range) and in cyan the
muon-like events inside the FC, obtained from the MC simulation with Ar,y=55 cm;
each distribution is shown as a PDF. Following the same approach described in
Sec. 3.9.1, the S1 light distribution is fitted with a Landau-function; in the two most
left-plots, the MPV and the o parameters are compared in the top and bottom plots,
respectively. As already introduced in the data analysis, given the CRT geometry,
the detected light in PMT-1 is smaller than in PMT-5 and this trend is confirmed
in the MC. The central PMT-3 is the one collecting the maximum light in the data
as in the MC simulation; however, the agreement in the MPV between data and
MC observed in this PMT gets worse for the PMTs closer to the FC walls and
the same WLS design. This result confirms the hypothesis of a partial reflection of
the VUV light inside the FC, instead of their total absorption as simulated in the
MC. In addition to that, the data-MC comparison confirms the light suppression
induced by the PMMA plate discussed in Sec. 3.9.1. Both in the MC simulation
and in the data, the two PMTs with the TPB coating on the PMMA plate show a
suppression of the total amount of detected light. Being the PMMA plate simulated
in the same way, the suppression in both NB and PB PMTs should be symmetric;
however, a discrepancy is observed comparing PMT-2 and PMT-4, confirming that a
different bias is introduced in the waveform integration by the presence of the signal
reflections due to the different reflection shape in the PB-PMTs. This interpretation
is reinforced by the behavior arising from the data-MC comparison when considering
the two PMTs having a positive HV design (PMT-3 and in PMT-4).

Overall, quite good agreement arises from the data-MC comparison, validating the
scintillation light production simulation implemented the demonstrator. The same

analysis has been performed also integrating the light up to 1 us after the S1-peak
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and consistent results have been obtained.

The data-MC comparison related to the o of the Landau distribution shows the
general trend of narrower distributions in the data than in the MC; especially for
the PMTs whose corresponding track minimum approach distance becomes shorter.
This trend could be due to the rejection of events saturating the PMT response,
applied only in the data. Nevertheless, based only on this study, it is not possible to
quantify the influence of the contributions in the discrepancies due to the simulated
value related to the VUV light reflectivity and for the Rayleigh scattering length

(ARay = 55 cm). A dedicated discussion of their impact is given in the next session.

5.4 Study of the Rayleigh scattering length parameter

The goal of the analysis presented in this section is to evaluate the Rayleigh
scattering length parameter in order to optimize the data-MC comparison discussed
so far?. As a first approximation, the default values for the VUV reflectivity (0% )
given in Sec. 5.2.1 are used. Similarly to the discussion introduced in Sec. 5.1, the
correlation of the collected S1 light as a function of the minimum approach distance
is considered. The approach proposed in this study compares the aforementioned
distribution obtained in the data (as for the previous study, only tracks crossing
the FC volumes are included and the events saturating the PMT response and the
ADC dynamic range are rejected) with the one obtained in the MC simulation using
three simulated Rayleigh scattering length: Aray = 20 cm, 55 cm, and 163 cm. The
comparison is reported in Fig. 5.14 for the five PMTs. In all of them, the data are
shown in red, whereas the MC simulations are shown in orange (Aray = 20 cm, in
blue (ARay = 55 cm ), and in green (ARay = 163 cm). In the top plots, the correlation
between the S1 scintillation light, integrated over 4 us, and the minimum approach
distance is shown; as for the study reported in Sec. 5.1, the profile of the S1 charge
in each 20 mm bin is considered. In the bottom plots, the ratio of the data over each
of the three MC simulations is reported. From the comparison between the data and
MC simulations, a transition point around d; ~600 mm is observed in all the PMTs,
corresponding to a change in the slope of the distribution. In addition to that, two

further outcomes arise from the comparison between data and the MC simulations:

e the agreement at shorter distances (d; < 600 mm) is better than for longer

distances than the transition point, for the three Ar,y simulations

2Preliminary studies on the evaluation of the Rayleigh scattering length in the WA105 DP demon-
strator have been already discussed in Ref. [219], [211], and [210]; in this section, a considerable

improvement in the MC simulations and in the event selection, both in data and MC, are applied.
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Figure 5.14.: Top: Correlation of the S1 scintillation light, integrated over 4 us, with the minimum approach distance; the data are shown in red, whereas
the MC simulations are shown for Aray = 20 cm (orange), Aray = 55 cm (blue), and Aray = 163 cm (green). Each point is computed from a
Gaussian fit of the distribution as described in Sec. 5.1; the error bars represent the 1o spread obtained in each fit. Bottom: Ratio of the data

over each of the three MC simulations; the colors are consistent with the curves in the top-plots.
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e by considering the data/MC ratio, at higher distances than 600 mm, the agree-
ment with Aray = 20 cm is clearly discarded; whereas, it is not possible to find

a preference between the MC simulation of Agay = 55 cm or 163 cm.

The equally good agreement of the data with both Ar,y, simulations of 55 cm and
163 cm is interpreted as an effect induced by the dimensions of the detector that do
not allow to have a precise measurement of the Rayleigh scattering length if higher
than 55 cm. For this reason, a comparison with the recent measurement of the
Rayleigh scattering length at 99.9 cm [166] has not been included in this study.

By looking at the behavior of the distributions after the transition point in the
data/MC ratio, it comes that more light is detected in the data than in the MC sim-
ulations; this finding suggests that the effect is induced by the VUV light reflection
in the FC walls. The disentangling of these competing factors (the unknown value
of ARay and the VUV reflectivity in the detector elements) is not trivial, but a first

study has been performed and discussed in the next sub-section.

5.4.1 Impact of the detector material reflectivity

In order to have a preliminary evaluation of the impact of the reflectivity of the
TPC components on the collected light, two further simulations have been produced
by changing the input values used for the VUV absorption from 100% to 50%:; a first
simulation includes such decreasing only in the FC elements, whereas, a second one
introduces it also in the cathode and the ground-grid surfaces. For all the simulations,
the light-maps are produced with Ara.y = 55 cm. The results are reported in the top
plots of Fig. 5.15, for PMT-2 and PMT-5, showing the S1 charge as a function of the
track to PMT distance. In red the usual distribution obtained from the data and in
blue the same distribution obtained with Agay = 55 cm and VUV reflectivities at zero
for all the demonstrator components are reported as a reference; in addition to them,
in orange, the simulation with the increased reflectivity only in the FC elements and,
in green, the ones with the increased reflectivity in all the elements are shown. From
the comparison between the orange and the blue curves, the change in the correlation
slope appears, reinforcing the hypothesis that the increased light observed in the data
after the transition point (d; >600 mm) is due to the light reflection in the FC walls.
However, when the reflectivity is added in the cathode and the ground-grid, a global
increase of the amount of light is observed, independently from the distance of the
tracks from the PMT surface.

In the bottom plots of the same figure, the ratio of the integrated Sl-charge at
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Figure 5.15.: Top: Correlation of the S1 scintillation light, integrated over 4 us, with the minimum
approach distance when 50% VUV photon reflectivity is set for different elements of
the detector [223]. Bottom: Corresponding relative increase of the amount of the
collected S1-charge reported for PMT-2 and PMT-5 [223].

the varied VUV reflectivities with the case of full absorption is reported. In both
cases, the ratio increases as a function of the track-to-PMT distance. From the
comparison between the orange and the blue curves at long track-to-PMT distances,
~40% of the light increase is due to the FC walls. However, the impact of the VUV
reflectivity is function of the distance of the track from the PMT, meaning that this
contribution could be handled in a better way in a bigger detector. For instance,
applying a stronger fiducial cut in the event selection to consider only tracks crossing
the central volume of the detector, better sensitivity to both the VUV reflectivity
and the Rayleigh scattering length parameters could allow a better separation of the

two contributions and a consequent measurement of the Rayleigh scattering length.

Although the analysis discussed here is only qualitative, it confirms the importance
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of tuning the reflectivity as well as the Rayleigh scattering length to obtain a precise
simulation. Due to the unavailability of a direct measurement of the VUV light
absorption in the WA105 DP demonstrator, it is not possible to quantify the impact
of these parameters on this detector. Finally, it is important to remind that the
contributions induced by other effects, as the concentration of impurities, could play

a not negligible role but they have not been taken into account in these studies.

5.5 Comments and prospects

The understanding of the scintillation light propagation in LAr still suffers from an
incomplete description because of the inconsistencies reported in the literature about
the measurement of the Rayleigh scattering length, found in a relatively wide range
of values, Aray €(52; 163) cm. Its impact, especially in big detectors, is critical since
it quenches the scintillation light yield. For all these reasons, having an estimation
of ARay in the WA105 DP demonstrator is crucial to extrapolate its impact in bigger
detectors as ProtoDUNE-DP and the DUNE FD module. In addition to that, further
attenuation of the scintillation light can be induced by the presence of impurities or,
in the detectors with a geometry similar to the WA105 DP demonstrator, by its
reflection on the detector components.

In order to disentangle these contributions in the WA105 DP demonstrator, the
light propagation has been studied in different steps:

1. developing a MC simulation dedicated to confirming the overall detector effi-

ciency observed in the data

2. evaluating the impact of the Rayleigh scattering length from the comparison

of different MC simulations with the data
3. investigating the impact of the demonstrator components reflectivity

With these purposes, dedicated simulations have been developed in order to ex-
tract as much information as possible from their comparison with the data. The
Rayleigh scattering length, as well as the reflectivity of the light on the demon-
strator components, have been introduced as parameters; for all the values used,
different simulations have been produced. As a default simulation, Agray = 55 cm
and 0% (50% ) VUV (visible) light reflectivity of stainless steel and copper surfaces
have been considered. From the data comparison with this simulation, an over-
all good agreement is observed in the scintillation light spectra for the five PMTs,

confirming the effects induced by the WLS configurations (Fig. 5.13). Successively,
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the correlation of the collected scintillation light with the minimum approach dis-
tance between the cosmic muon track and the PMT surface has been considered.
For this study, two different MC simulations, considering two values of the Rayleigh
scattering length (Aray = 55 cm and 163 cm), have been compared with the data
in order to measure the Rayleigh scattering length in the demonstrator. However,
given its limited dimensions, the data were equally in agreement with both simula-
tions (Fig. 5.14). For this reason, it was not possible to obtain a direct estimation
of the Rayleigh scattering length but equally important features regarding the other
optical parameters have been pointed out, related to the geometry and dimensions of
the demonstrator, as well as the position of the photon detection system, making the
scintillation light yield particularly sensitive to the VUV absorption and reflection in
the detector components. This interpretation of the results has been reinforced by
the comparison of the data with two alternative simulations including an increased
reflectivity for the detector components (Fig. 5.15). As a consequence, two impor-
tant effects must be considered in order to pursue this kind of studies in big detectors

with a similar geometry:

e the absorption of the VUV light in the cathode and the ground grid (shadowing
the PMT efficiency)

e the VUV reflectivity induced by the FC elements

The first point has been remarked, on one side, by the measurement of the attenua-
tion length in the data (Fig. 5.3 and Tab. 5.4) and, on the other, by the study of the
visibility in the MC simulation (Fig. 5.10). The second point, instead, has been high-
lighted by the change in the slope of the mentioned correlation for tracks crossing the
demonstrator more than ~600 mm far away from the PMT surface (Fig. 5.14). This
behavior, initially observed in the data, has been confirmed by the MC simulation
considering a different value for the reflectivity in the FC components (Fig. 5.15).
The conclusions achieved from the data-MC comparison carried out in the demon-
strator was mainly qualitative; however, improvement in the simulation would be
possible considering information present in the literature on the VUV absorption
on these materials or performing a direct measurement of the VUV reflectivity on
the detector components. Regarding the WA105 DP demonstrator, the analysis
cannot be improved because of the small sensitivity to the impact of the Rayleigh
scattering length. Nevertheless, the same analysis technique, implemented in bigger
detectors, is expected to be much more sensitive on the Rayleigh scattering length

and, consequently, on its estimation.



"Non basta guardare,
occorre guardare con occhi che vedono,

che credono in quello che vedono.”

G. Galilei

CHAPTER O ,

THE ELECTRO-LUMINESCENCE LIGHT PRODUCED IN
THE GAS PHASE

In the last chapter of this thesis, the study of the electroluminescence signal, pro-
duced by the ionization electrons extracted and amplified in the GAr phase, is dis-
cussed. Being the amplification of the electrons in the LEMs a relatively innovative
mechanism, the features of the produced electroluminescence light signal is not well
known yet. The electroluminescence produced in the LEMs has been characterized
for the first time in the WA105 DP demonstrator.

First, in Sec. 6.1, the description of the dedicated algorithm developed to identify
the S2 signal is explained. Thanks to it, the measurement, at relatively low electric
fields, of the drift velocity of the ionization electrons is possible and it is described
in Sec. 6.2. Finally, the dependence of the S2 signal with the amplification field
strength is discussed in Sec. 6.3.

In Sec. 6.4, a brief discussion on the outcomes obtained in the WA105 DP demon-

strator and their extrapolation to other experiments are reported.

6.1 Characterization of the electro-luminescence

light

As explained in Sec. 2.4, the electroluminescence light is produced by the ex-
traction and amplification of the drifted ionization electrons toward the GAr phase.
Their extraction in GAr is sufficient to produce the S2 signal; hence, the amplifica-
tion of the electrons between the LEMs adds a further multiplication of the extracted

ionization electrons and the consequent enhancement in the electroluminescence light
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200 The electro-luminescence light produced in the gas phase

signal. The S2-signal is the convolution of the electroluminescence signals of each
ionization electron extracted in the GAr pocket with the electroluminescence pro-
duced by the electrons amplified by the LEMs. However, given the strong electric
field applied for the amplification (O tens of kV/cm) and the very short distance
between the extraction grid and the bottom LEM, as well as between the two LEMs
layers (~mm), the extraction and the amplification contributions to the S2 signals
are impossible to be distinguished in time. Finally, mainly because of the opacity
of the LEMs to the electroluminescence light, the contribution of the induction field
to the S2-signal is considered to be negligible. Qualitatively, the effect of the ex-
traction and amplification fields is reported in Fig. 6.1 by comparing the cumulative
average waveform of the five PMTs in four long runs collected in different conditions

of the drift, extraction, and amplification fields. In dark grey, the average waveform
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Figure 6.1.: Cumulative average waveforms of the five PMTs collected in different extraction and
the amplification field condition. The average waveform collected in absence of all
the electric fields is shown in dark grey. From the comparison between the light
grey and black average waveforms, the effect of even a small extraction field (Eextr=
1.95 kV/cm) is visible. The other two waveforms have been collected at the nominal
drift field value (E4rire=0.49 kV/cm ) with the extraction field, Eextr, at ~2.1 kV/cm
in liquid and Eexsr at ~3 kV/cm in gas; the net enhancement due to the amplification
field arises from the comparison between the red (Eampi= 25.0 kV/cm) and the black

(Eampri= 5.0 kV/cm) average waveforms.

collected in absence of all the electric fields is shown and only the primary scintilla-
tion light signal is present. From the comparison between the light grey and black

average waveforms, the effect of even a small extraction field (Eexiy= 1.95 kV /cm)
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is visible. The net enhancement due to the amplification field arises from the com-
parison between the red (Eumpi= 25.0 kV/cm) and the black (Eampi= 5.0 kV /cm)
average waveforms collected at the nominal drift field value of 0.49 kV /cm and Eexir=
2.1 kV/em (3.2 kV/cm) in liquid (gas), corresponding to Geg ~3.5.

The S2-signal is full of information: the S2-signal intensity (integrated charge and
amplitude) provides the knowledge about the drifted charge while the signal time
and duration, respectively, give information about the drift distance and the track
inclination relative to the CRP. With the purpose of identifying these features, an
S2 reconstruction algorithm has been developed and will be described in the next

section.

6.1.1 S2-algorithm description

The goal of the algorithm is the reconstruction of the electroluminescence signal
directly accessing the recorded waveform by the PMT readout, as shown in Fig. 6.3.
The S2 identification can be very difficult because of its small amplitude and possible
overlap with the S1 signal. The definition of the S2-algorithm is based on two

fundamental steps:

e searching for the local minimum after the ty time, which allows retrieving the

S2-time and S2-amplitude

e searching for the starting and ending time of the S2-signal, in order to obtain

the S2-duration and S2-charge integration

Since the S2-shape is strongly dependent on the topology of the track whose ion-
ization electrons are extracted in GAr, the S2-algorithm has been initially defined
from the S2 characteristic shape consequent of the crossing muons triggered by the
CRT panels. In this case, the CRT reconstruction and selection (see Sec. 3.8) ensure
the identification of one muon per triggered event; hence, only the S2 signal corre-
sponding to the triggered S1 is expected. The PMT trigger events, instead, suffer
from more pile-up, that cannot be mitigated if the anode track reconstruction is not
available. Despite the PMT quality cuts mentioned in Sec. 3.7.2 already suppress
the possibility to include muon-bundles events, this event topology is more sensitive
to the presence of off-time tracks; they are manifested as more S1 signals in addi-

tion to the one giving the trigger (referred as spurious S1 signals in the text), and,

!As a reference, the nominal and the operation values of the fields expected and reached in the
WA105 DP demonstrator are reported in Tab. 3.4.
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consequently, they can generate a less defined S2 signal. This situation is defined

as pile-up, and a sketch representing it is given in Fig. 6.2. Only if the spurious S1

S1 S2 time S1 S2 time S1 S2 time
r - 5 » r < = < - »

A,
v
A,

Figure 6.2.: Schematic description of possible pile-up situations handled (or not) by the S2 re-
construction algorithm. The pile-up is typically caused by spurious off-time tracks
collected in addition to the one that gave the trigger. The first two sketches corre-
spond to situations well handled by the algorithm; while the third is not possible to
be discarded.

signals and /or the corresponding spurious S2 signals lie within the leading S2-signal,
the algorithm is not able to disentangle between the spurious SI and the S2 signals.
Nevertheless, this possibility affects mostly the S2-charge integration and dedicated
studies demonstrated that its contribution to the S2-charge is negligible.
Nevertheless, once the S2- algorithm performance has been validated, through MC
simulations, as reported in Appendix A, and the algorithm optimized, its generaliza-
tion also to muon-like PMT triggered events has been successfully applied. As will
be described in the next sections, the algorithm is able to handle quite well pile-up
events by excluding their contribution to the S2-signal reconstruction; the way how

this is done will be clarified in the text.

Searching for the S2-maximum amplitude

As a first step, the local minimum corresponding to the S2-signal is identified; the
search is done in the waveform range opened just after the S1 signal, as shown on
the top of Fig. 6.3. In order to define the starting time of this region, the knowledge
of the S1 time ending is needed. In Sec. 3.6.1, the algorithm giving the to time has
been explained; hence, by scanning forward the waveform after the to time position,
the S1 ending time, tg, eng, is defined as the first time sample with the amplitude
< 0. In events crossing the detector close to the anode, the S2 and the S1 signals
overlap; hence, given its definition, the tg, eng Would not be found by the algorithm.
These kinds of events are flagged such to be analyzed a-posteriori, if needed.

The S2 amplitudes for the 4 ns sampling are small (of the order of few P.E.);
consequently, in order to avoid the misassignment of the S2 amplitude, a provisional

rebinning of the waveform (512 ns sampling) is applied; as first step, the local min-
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Figure 6.3.: Description o the S2-algorithm steps from the example of a single-event waveform
detected by a NB PMT. Top: Definition of the region of interest for the searching
of the S2-minimum. Middle: Identification of the S2-minimum in a rebinned and
un-rebinned waveform. Bottom: Definition of the characteristic quantities defining

the electroluminescence signal retrieved by the S2-algorithm.

imum is found in the rebinned waveform. Once the maximum amplitude and the
corresponding peak time (tg, reh) are found, a new search for the local minimum is
done over the 4 ns sampling waveform in the time range of [ts, reb - 256; ts, reb +
256] ns. In this way, the S2-peak time, tg,, is retrieved with the 4 ns precision. The
amplitude of this peak will be referred hereafter as S2-amplitude and ATg,_g, = tg,-
to as the drift time.
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Calculation of the S2-duration and integrated charge

Once the S2 peak time has been obtained, the waveform is scanned backward and
forward from the tg,time; the S gtart and Sgeng are defined as the time sample at
which the S2-amplitude is < 0, as shown in the bottom-plot of Fig. 6.3. The S2-
duration is given by the difference between the ending and the starting times. In
this way, any possible S1-spurious peak before or after the S2-signal is excluded from
the electroluminescence light signal.

For the NB-PMTs, the S2-charge is calculated by integrating the S2-waveform

between the starting and the ending of the S2-signal as follows:

AT - ADC conv. .-

S2Charge = Rosistonce  Gain Tot. S2 Charge — Pedmean X R], (6.1a)
TSQ,end

Tot. S2 Charge = Z Light(t) dt, (6.1b)
TSQ,starc

in analogy with Eq. (3.2b), the meaning of the symbols is the same. Because of
the distortion of the waveform induced by the design of the decoupling capacitor in
the PB PMTs, the S2-charge is still given by the previous equations but only after
an offline correction of the waveform, as explained in the next section. A reliably
estimation of the S2-charge and amplitude in the PB PMTs are possible only after

this correction.

Corrections implemented for the PB waveforms

Due to the capacitor used in the PB divider circuits, a baseline oscillation (also
referred as overshooting®) is observed in the S2-signal. This signal distortion is
generated by the charging current of the capacitor produced by high-frequency S2
pulses when the charge collected in the PMT anode overpasses the discharging rate
of the capacitor (the 1/RC constant). The overshooting has been corrected offline
by processing the waveforms event by event and correcting the charging and the
discharging of the capacitor bin-by-bin. An example of the corrected waveform is
reported in green in Fig. 6.4. Since only the S2-charge and amplitudes are modified
by the overshooting, neither tg,nor the S2-duration are affected by the correction.

In fact, as shown by the blue line in Fig. 6.4, the S2 ending time remains the same

2The nomenclature overshooting is typical of waveforms showed with a negative sign in the peaks,
as reported in Fig. 6.3; hence, for waveforms showed as in Fig. 6.4 the proper way to name
the baseline oscillation is undershooting; the terms ”under(over)” are referred to its position

under(over) the pedestal.
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In Fig. 6.5, an example of Figure 6.4.: Average waveform collected in a PB PMT, in

. the long acquisition window showing both the
the reconstruction of a cos- ] ] )
S1 and S2 signals; the overshooting affecting

mic muon crossing the LAr the S2-signal is visible in the raw waveform (in

AV, both from the CRT black), the offline corrected waveform is com-

panels and the Charge re- pared in green. For a better visual Comparison,

. . . the signals are shown after the pedestal subtrac-
construction in the anode is & P

tion and with inverted sign [223].
shown.

The event has been triggered by the CRT external trigger; on the left of the
figure, the CRT reconstruction is reported in black, and it is compared with the
track reconstruction in the anode plane, shown by the cyan dotted lines. On the
right of the same figure, three over the five waveforms detected by the PMTs are
reported with the most important features that can be retrieved by the S2-algorithm.
In particular, the drift time, ATg,_g,, which is determined by the drift velocity of
the ionization electrons, in red, and the S2-duration, which is determined by the
track position with respect to the anode plane, in cyan, are shown. In the middle

plot on the right, the comparison between the PB raw and corrected waveforms is

reported for comparison.

6.2 Measurement of the drift velocity

The drift time obtained from the S2 analysis can be used to measure the drift
velocity by considering its correlation with the drift length covered by the ioniza-
tion electrons up to the anode plane, as defined in Sec. 3.3.1. In the WA105 DP
demonstrator, two analyses have been performed: the first considering the track
geometrical reconstruction given by the CRT panels, and the second based on the
anode plane reconstruction of muon-like events.

For the the first analysis, three runs triggered by the CRT external trigger at
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Figure 6.5.: Left: Example of a CRT trigger event crossing the LAr AV of the WA105 DP demon-
strator demonstrator. The track reconstruction in the anode plane is shown on the left
(black line) within the CRT reconstructed track (cyan lines). Right: The waveforms
detected by PMT-1, PMT-3, and PMT-5 are shown on the right, after the pedestal
subtraction and inverting the sign of the S1 and S2 peaks; the correction of the raw

PB waveform is visible in the middle-right plot [223].

Earite= 0.485 kV /cm, Eympi= 25.0 kV/cm and Eexir= 2.14 kV /cm have been analyzed
together; all of them have been collected at the LAr temperature of 87 K. The result
is reported in Fig. 6.6, in the 2-D plot where the drift length is shown in correlation
with the corresponding ATg,_g,. Each 8 us, a Gaussian fit of the drift length
distribution is performed in order to obtain the black points superimposed on the
2-D histogram; the error assigned to each point is the o of the Gaussian distribution.
From the slope of a linear fit of these points, the drift velocity is measured and it
is found to be vaug=(1.56 & 0.03) mm/u>. Due to the precision in the CRT event
reconstruction given by the width of the CRT strips, an additional 2% systematic
uncertainty is considered. With the same method, a further measurement of the v
at the drift field of 0.435 kV/cm, and at the same temperature, has been obtained
by including the analysis of a CRT run collected during the detector commissioning
phase with the CRT panels operation in the parallel-geometry. In this case, the drift
velocity is found at (1.51 4 0.07) mm/us; the bigger error is due to the low statistics
of the run.

A complementary analysis has been performed by considering runs collected with
the PMT self-trigger. For performing this analysis and to select muon-like events,

the charge-anode reconstruction and PMT light information are matched offline by

3Preliminary analyses dedicated to measuring the drift velocity with the same approach have been
already reported in [211] and [210]. The significant enhancement reported in this section is given

by the event selection that includes only muons crossing the LAr FV as defined in Fig. 3.14.
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Figure 6.6.: Measurement of the drift velocity, based on the CRT track reconstruction, performed
in presence of a 0.485 kV /cm drift field [223].

requiring a time coincidence with ms precision. The track selection is based on the

charge reconstruction in the anode [222] obtained by using several algorithms that:
e remove noise with a periodic behavior (noise filtering),

e search for physical hits, on both anode plane views, based on a standard thresh-

old discrimination (hit finding),
e merge neighboring hits to obtain bi-dimensional clusters (2-D clustering),
e match the cluster in the two views in the 3-D space (3-D merger).

In order to measure the drift velocity, only long tracks entering the demonstrator
from anode-to-cathode have been selected. The events with more off-time tracks
have been discarded to avoid biases in the S2 signal reconstruction and the residual
electromagnetic showers are removed based on requirements related to the event
deposited energy around the reconstructed track line [222]. For this track-topology,
the drift length of the ionization electrons drifted toward the GAr phase is known
and it corresponds to the anode-cathode distance, dac, (corresponding to the 1 m
drift); moreover, the ending time of the S2-signal corresponds to the later time the
drifted electrons from the cathode reached the anode.

The characteristic Sgcng  time distribution is reported in Fig. 6.7; in partic-
ular, the Speng is obtained by considering the mean of the peaked Gaussian
distribution emerging from the continuum. In the figure, the distribution corre-

sponds to the one observed in PMT-1, but the five PMTs give consistent results
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in the anode-plane [223].

6.2.1 Comparison with other measurements in the literature

As explained in Sec. 2.2.4.1, the measurements of the drift velocity under rela-
tively low fields (0.5 kV/cm) pointed out several discrepancies. For this reason,
getting new measurements in this drift field region is very important. In Fig. 6.8, the
results obtained in the WA105 DP demonstrator, at the LAr temperature of 87 K,
are compared with the measurements and the parametrizations of the drift velocity
available in the literature in the [0.3, 0.5] kV/cm regime. At the same temperature
and drift field strength, no other measurements are reported; consequently, a direct
comparison is possible only with the parametrization provided by both Walkoviak
[169] and Li [174]. In both cases, the drift velocity measurements obtained in the
WA105 DP demonstrator are below the predictions but consistent within 2-0. A
better agreement is observed at the lower drift field (0.435 kV/cm), partially jus-
tified by the bigger error reported in the measurement. By comparing the other
measurements reported in the same drift field range by Icarus [170] and Rossi et al.
[173], independently from the temperature, a disagreement with the drift velocity
parametrizations have been already observed?; the results obtained in the WA105
DP demonstrator tends to confirm this trend.

For completeness, it is needed to remind that a variation of the drift velocity

4See Sec. 2.2.4.1 for more details on the discussion.
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Figure 6.8.: Comparison of the drift velocity results obtained in the WA105 DP demonstrator
with the ones reported in the literature. The solid lines represent the drift velocity

parametrization reported in the literature by both Walkoviak (green) [169] and Li
(cyan) [174].

could be induced by Space Charge Effects (SCE), as explained in Sec. 2.2.4.3. In
the WA105 DP demonstrator, the presence of SCE cannot be excluded because of
the observation of bending tracks found in their reconstruction in the anode-plane
but its contribution to these analyses has not been considered. In the WA105 DP
demonstrator, disentangling the SCE contribution to the drift velocity calculation
from a possible feature of the drift velocity at these fields is not straightforward.
Most of the other experiments reporting the same trend, instead, were operated un-
derground such that the SCE contribution is considered to be negligible. Hence,
additional analyses acted to enhance the number of measurements of the drift ve-
locity in LAr, either in bigger detectors or in small dedicated setups, are strongly
recommended and the results obtained in the WA105 DP demonstrator contributed
to this.

6.3 Impact of the amplification field on the electro-
luminescence light
The last analysis presented in this section has been performed to evaluate the

dependence of the electroluminescence light signal with the amplification field. For

this purpose, runs taken in both CRT and PMT trigger configurations under the
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drift field of 0.485 kV/cm, the extraction field in the liquid of 2.1 kV/cm and in
the gas at 3.2 kV/cm are included; the amplification field is scanned between (25,
27.5) kV/cm in steps of 0.5 kV/cm. In these runs, the induction field varies between
1 and 1.25 kV/cm, despite that, no effects on the S2-signal are expected such that
all the runs are included in the analysis. In both trigger configurations, the selection
of muon-like events is applied for the data triggered by the CRT system and based
on the track-reconstruction in the anode plane, for the data collected by using the
PMT self-trigger.

The effect of the amplification field is expected to influence both the amplitude
and the charge of the S2-signal. The corresponding distributions are considered for
each of the five PMTs and are fitted by a Landau and Gaussian functions, respec-

tively. An example, for PMT-2, is reported on the left of Fig. 6.9; in the top-plot, the
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Figure 6.9.: Left: Reconstructed S2-charge (top) and S2-amplitude (bottom) spectra, under
two different amplification field strengths; as an example, results from PMT-2 are
reported. Right: Both observables are shown as a function of the amplification field,
for PMT-2, in two different induction field conditions [223].

S2-charge and, in the bottom-plot, the S2-amplitude distributions are shown. On
the right of the same figure, their behavior as a function of the amplification field
is displayed for the same PMT. In both cases, as expected, an increasing trend is
observed, corresponding to a factor of ~1.5, for the S2-charge and a factor of ~1.2,
for the S2-amplitude. The distinct increase induced by the amplification in the am-
plitude and the integrated charge of the S2-signal can be qualitatively explained by
comparing the results obtained in the WA105 DP demonstrator with MC simula-
tions, mentioned in Sec. 2.4.2 and reported in Ref. [201], dedicated to describing
the electron amplification between the LEMs planes and the consequent electrolu-

minescence photons formation. In the same amplification field range, the expected
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increase corresponds to a factor of 1.5 to 2. As would be expected intuitively, the
S2-charge is expected to be proportional to the amplification field strength. Ac-
cording to Ref. [201], the electroluminescence photons are not produced isotropically
but boosted in the back-
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within a narrow angle, Figure 6.10.: Schematic description of the electroluminescence

as schematically shown in photons production under different amplification
Fig. 6.10. The solid angle field strengths. Because of the opacity of the
LEMSs, the contribution to the S2 signal of the

photons produced above them is negligible.

is function of the amplifi-
cation field strength and
becomes narrower for stronger amplification field since the photon production point
is moved closer to the anode. Because of that, the increase determined in the S2
gain is higher than the increase of the electroluminescence light reaching the LAr
interface, corresponding to a mitigate increment of the S2-amplitude. An additional
factor needs to be considered in order to explain the different enhancement of the
S2-charge and amplitude which is the relative position of the PMTs to the LEMs. In
fact, the PMTs are positioned underneath the inactive junctions among the LEMs
units; because of that, by considering the S2-amplitude as the net result of the pho-
tons directly arriving to the PMT surface, a further reduction on their fraction can
be observed. On the other hand, by considering the S2-charge as the overall elec-
troluminescence light produced and propagated toward the PMTs, the effect of the

inactive region can be considered as a secondary contribution to it.

6.4 Comments and prospects

The detection of the electroluminescence light allows accessing important infor-
mation related to the calorimetric reconstruction of the event.

Two interesting analyses have been performed in the WA105 DP demonstrator:
on one side, the measurement of the drift velocity of the ionization electrons at low

fields; on the other, the characterization of the electroluminescence signal produced
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through the charge amplification in the innovative CRP design.

The drift velocity has been measured, under the drift field strength of ~0.5 kV /cm
and at the temperature of 87 K, by two different methods, providing compatible
results (~1.57 mm/us) and in agreement with predictions within 2-sigmas. Within
the other measurement performed at 0.435 kV/cm, summarised in shown in Fig. 6.8,
additional inputs for a better parametrization of the drift velocity in LAr at low fields
is given.

The measurements of the S2-charge and S2-amplitude as a function of the ampli-
fication field (Fig. 6.9) contribute to the understanding of the S2 production in the
LEMs. The different increase obtained in the electroluminescence light charge and
amplitude has been qualitatively explained due to the dependence of the production
of photons inside the LEMs with the amplification field, taking place boosted instead
of isotropically. This understanding allows for the improvement of the electrolumi-

nescence light simulation for future detectors.
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CHAPTER

TOWARDS LARGER STRUCTURES: CONCLUSIONS
AND PROSPECTS

The operation of the WA105 DP demonstrator at the ton scale represented a
breakthrough in the scalability of the DP technology toward bigger detectors.

The advantage of the LAr-TPC operation for the detection of the particles cre-
ated in the neutrino interaction is the precise track reconstruction at mm precision.
Additionally, the main improvement introduced by DP technology is in the single
and homogeneous LAr volume where the drift field is applied vertically and the ion-
ization electrons are amplified in the GAr phase, offering the possibility to cover
a much longer drift length, and reducing the number of nonactive materials in the
LAr. In addition to the track projection in the anode, the detection of the primary
scintillation light provides the time of the event, allowing its full 3-D reconstruction.
Because of that, the good performance of the photon detector system is essential for
the optimal operation of these detectors.

The photon detection system operated in the WA105 DP demonstrator included
five 8-inches Hamamatsu R5912-02Mod PMTs. In order to optimize its design for
the DUNE DP far detector module, different configurations, in terms of wavelength
shifter and PMT bias voltage polarization, have been installed and tested. The work
carried out in this thesis includes the main results achieved in the analysis of the
primary and electroluminescence light produced in the WA105 DP demonstrator and

collected by this photon detection system.

The discussion has been articulated in four main steps:

1. study of the performance of the photon detection system,
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2. characterization of the scintillation light production mechanisms induced by

the cosmic muons and its dependence with the drift field,
3. study of the VUV light propagation in LAr,
4. analysis of the amplification field impact on the electroluminescence light;

the achievement of these goals allowed identifying important findings for the opti-
mization of the photon detection system design for larger LAr detectors and for the
understanding of the expected scintillation light signals in these kinds of detectors

in LBL experiments.

Performance of the photon detection system

The photon detection system demonstrated very good performance during the
whole WA105 DP demonstrator operation period in terms of PMT noise and sta-
bility. Thanks to that, the characterization of both the primary and secondary
electroluminescence light signals, produced 1 m away from the PMTSs, was possible.
In the five PMTs, the VUV scintillation light is converted in visible light by the
TPB, either directly coated on the PMT photocathode or above a PMMA plate.
This second configuration, although has clear advantages in terms of handling and
installation, shown a reduction of the detection efficiency larger than 40%. Because
of that, the direct TPB coating on the PMT photocatode has been preferred for
DUNE DP baseline photon detection system design. The PMTs have been operated
either with a negative or a positive polarization; the second option, necessitating
only one coaxial cable per PMT, has been preferred for being used in big detectors
in order to optimize the costs and the installation feasibility; however, the operation
of the decoupling circuit to split the HV and the PMT signal requires a fine tuning

of its capacitance in order to avoid distortion in the PMT signal.

Scintillation light production

The study of the primary scintillation light is based on the characterization of
its time profile. During the WA105 DP demonstrator operation, several drift field
conditions have been tested. From the comparison of the scintillation light profile,
with and without the drift field, a deeper study on the LAr micro-physics has been
possible. In absence of drift field, the slow decay time, used also for monitoring the
LAr purity stability, has been found to be 74w = (1426 £ 24) ns. Furthermore, the

presence of an intermediate component in the scintillation light profile is confirmed.
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Its characteristic decay time lays between the fast and the slow components and it
is measured to be 7y = (50.7 4 4.1) ns and its contribution to the total scintillation
light corresponds to the 11%. Neither the intermediate decay time nor the inter-
mediate relative amplitude show a dependence with the drift field, reinforcing the
hypothesis of its origin as something else than the Ar excimers de-excitation.

In contrast to what has been reported in the literature so far, the relative fraction
of the fast over slow contributions created by recombination is found to be lower
than the ones created by the direct excimer excitation. This finding is based on the
study of the ratio (Afast + Aint)/Aslow dependence on the drift field; in particular,
at the nominal drift field of 0.5 kV/cm the ratio increases 34% with respect to the
measurements reported in absence of drift field. Additionally, a decrease of the
slow decay time of about 10% at the nominal drift field is observed. Both trends
are independent of the two trigger conditions and, consequently, on the specific
event selection. Finally, by considering the total scintillation light produced by
the cosmic muons traversing the LAr bulk, the measurement of the recombination
suppression induced by the nominal drift field strength is performed, confirming that
at least 40% of total scintillation light at null field is produced by the recombination
processes.

Although these studies are not strictly related to the scalability of DP technology
at the giant scale, they are essential to improve the knowledge on the scintillation
light production mechanism and get accurate simulations for the studies carried out

to validate the current photon detection system designs for future experiments.

Scintillation light propagation

The presence of the external CRT trigger ensures the selection of muon-like events
based on the track reconstruction in the two sides of the detector, independently from
the field conditions. This system allows the characterization of the detector response
to the scintillation light produced by the cosmic muons also in absence of drift field.
The analysis of these data demonstrated to be particularly useful in the study of the
light propagation in the liquid phase. The propagation of VUV photons depends on
the Rayleigh scattering length, whose estimation lays in the range [52, 163] cm. The
approach used in the WA105 DP demonstrator for its measurement is based on the
comparison of the data with two detailed MC simulations considering Aray = 55 cm
and Aray = 163 cm. However, given its dimensions, the WA105 DP demonstrator
showed limited sensitivity to this parameter. Nevertheless, the results obtained from

the data/MC comparison points out a small effect of the VUV reflectivity simulation
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on the light attenuation that is difficult to be disentangled from the impact of the
Rayleigh scattering length. This finding remarked the necessity of having good
treatment of both contributions in order to pursue the Rayleigh scattering length
measurement in big detectors.

Despite the uncertainty on the parameters affecting the light propagation, it is
important to highlight the overall agreement found in the data/MC comparison in
terms of the total scintillation light. This result validates the approach developed
for the MC simulation.

Electroluminescence light

The analysis of the electroluminescence light signal allowed the interesting mea-
surement of the LAr drift velocity at relatively low fields where some discrepancies
between measurements and parametrizations are reported in the literature. At the
drift field of ~0.5 kV/cm and at the temperature of 87 K, two analyses have been
carried out. The first analysis is based on the correlation of the ionization electron
drift time obtained from the electroluminescence signal with the drift length recon-
structed by the CRT panels; the second one is obtained from the measurement of the
ending time of the electroluminescence signal of muons reconstructed in the anode
plane and crossing the detector from anode to cathode. The results obtained from
the two analyses gave vqyif,= (1.56 £ 0.03) mm/us and vgig= (1.58 £ 0.02) mm/ us;
both of them are in agreement with the predictions within 2 ¢. Finally, the de-
pendence of the electroluminescence signal with the amplification field is evaluated
by considering the S2-charge and amplitude. Both observables increase for stronger
amplification fields but with a different gradient. A qualitative explanation for this
finding is found in the dependence of the solid angle of the photon emission from the
LEMs with the amplification field strength, which shows to have a different impact
on the two quantities.

The operation of DP LAr-TPC allowing the amplification of the signal in the
LEMs is a relatively innovative design and the study of the amplification field effect
on the electroluminescence signal has been detailed in the WA105 DP demonstrator

for the first time.

The main results presented in this thesis strongly enhanced the understanding of
the scintillation light signals produced in the liquid and the gas argon phases of a
DP LAr-TPC with both the charge and light readouts operated at the ton scale.
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In particular, a comprehensive analysis of the scintillation light produced in a LAr-
TPC, from the reconstruction of cosmic muon tracks, has been reported for the first
time. The outcomes gained from the study of the LAr micro-physics, especially the
dependence of the scintillation light production with the electric drift field, are very
significant for the LAr-TPC community. Because of their transversal impact, an
influence is expected in both neutrino and dark matter LAr experiments.

The main analyses have been included in the paper reporting the study of the
light production, propagation, and detection in the WA105 DP demonstrator, sub-
mitted to the peer-reviewed Journal of Instrumentation, currently under review; it
is available in Ref. [223].

Lastly, the principal conclusions reported in this dissertation, thanks to inputs
supported by Monte Carlo simulations, represent a milestone toward the scalability
of the photon detection system to large detectors, as reported in Ref. [41] for the DP
DUNE far detector module. Similarly, the ProtoDUNE-DP photon detection system
design benefited from the performance studies reported in this thesis and from the
complete characterization of the PMTs carried out in the CIEMAT neutrino group,
as reported in Ref. [91].






APPENDIX A

S2-ALGORITHM VALIDATION AND PERFORMANCE

The S2 reconstruction algorithm challenges are mostly determined by the small
amplitude of the secondary scintillation light signal, and by its possibility to be
overlapped to single spurious S1 and corresponding electroluminescence signals. In
order to validate the S2 algorithm, its performance has been tested by using it to re-
construct the electroluminescence signal over the waveform obtained from dedicated
MC samples where muons at MIP cross the LAr volume in different topologies mim-
icking both the CRT-shifted and PMT trigger geometries (Sec. A.1). The algorithm
performance at the MC level and the validation of the drift velocity measurement
will be discussed (Sec. A.2).

Successively, the main observables identified in the MC analyses are studied in the
data (Sec. A.3) by comparing the algorithm reconstruction of the S2 signal produced
by muon-like events triggered by the CRT external system and by the PMT self-
trigger.

A.1 MC simulation description

The S2 signal is produced by the drifted ionization electrons amplified in the LEMs
holes before reaching the anode; for this reason, the production of the ionization
electrons, their drift toward the GAr phase, as well as their amplification, need to
be included in the light MC simulation.

The simulations used for the analyses that will be discussed in this appendix
follow the description given in Ref. [219]; the number of ionization electrons reaching
the GAr phase is computed by considering the LAr recombination factor, r, as a

function of the drift field, measured for the ionization electrons in LAr as reported
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in Ref. [133]: Ne = (1 —r) Nj, being the Nj the initial number of ion-e™ pairs. Hence,

the number of extracted electrons, Ny, in GAr is:

Nex = N, x ¢ 5 (A1)

dependent on the drift velocity of the ionization electrons, taken from Ref. [169]

through the drift time, tqys, and the drift length, d; as defined in Sec. 3.3.1, and the

electron lifetime in LAr, 7.'. Based on this parametrization, at 0.5 kV/cm and the
temperature of 87 K, the drift velocity is 1.622 mm/us.

Finally, the number of electroluminescence photons, N g2, is expressed in terms

of the multiplicative factor G, the electroluminescence gain, defined as the number

of photons produced per each extracted electron:
N%SQ = Gel X Nex- (AQ)

The measurement of the electroluminescence gain is not well known; in the simu-
lations developed for the WA105 DP demonstrator a G¢ = 160 photons/electron is
used. This number is adapted from the evaluation of the electroluminescence gain
given in Ref. [197], through a qualitative comparison of the simulations developed
for the WA105 DP demonstrator with the data collected in the demonstrator at
the nominal drift field (0.5 kV/cm); in particular, the Gg has been qualitatively
adjusted until a comparable S2-charge is collected both in the MC simulation and
in the data. The choice of G¢ ~160 photons/electron is also supported by a more
recent LEM simulation pointing out the lower G¢ ~150 photons/electron, being the
photons produced in the PMT direction [224].

Finally, in analogy with the description given in Sec. 5.2, the electroluminescence
light propagation is simulated using a separated light-map, where the information
related to each GAr vozel-PMT pair is stored. In particular, a single layer of vozels?
is considered and 5x108 photons are isotropically generated in each vomel [219)].

Given the discussions related to the scintillation light production mechanisms re-
ported in Sec. 4.3.1 and the outcomes related to the dependence of the S2-charge and
amplification described in Sec. 6.3, the MC simulations do not reproduce exactly the
electroluminescence signal observed in the data; consequently, a precise data-MC
comparison is not possible. In particular, the absence of the boosted production,

within a narrower solid angle than 47, of the electroluminescence photons in the

In these MC simulations, no impurities have been simulated; hence, the electron lifetime is sup-

posed to be infinite.
2The size of each vozel is 250 x 250 x 5 mm?, as reported in Ref. [219)].
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GAr light-maps could not well reproduce all the features reported in the data. Nev-
ertheless, the key elements describing the S2 signal are well reproduced in the MC
simulations, such that they can be used to validate the S2 reconstruction algorithm

performance that will be discussed in the next section.

A.2 Algorithm validation using dedicated MC samples mim-
icking CRT and PMT like events

The goal of the analyses that will be discussed in this section is to verify the capa-
bilities of the S2 reconstruction algorithm to retrieve the true S2-signal information.
Hence, the S2 algorithm is used to reconstruct the S2 electroluminescence light signal
corresponding to the ionization electrons produced by muons at MIP drifted toward
the GAr pocket under a drift field of 0.5 kV/cm, with Go = 160 photons/electron.
The muons are generated entering the LAr volume following three characteristic

track topologies:

e the first mimicking the CRT- — CRT-shifted geometry

shifted geometry already de- side geometry

. . — diagona geometry
scribed in Sec. 5.2.2 0.1

e the second made of more hori-

zontal tracks entering the LAr

. 0.05 "ﬂﬂh\ﬁ
volume perpendicularly to the ﬂ
o |

FC side (referred in the text as

side-geometry)

. . . 97 -06 05
e the third one including more tand
vertical tracks (referred in the

text as diag Onal_geometr}I) Figure A.1.: Tanf distributions corresponding

. . to the ts ted in the th
In Fig. A.1, the three geometries are © Phe events generated m the Three

MC simulated geometries.
compared in terms of the tanf distri-

bution.
In the second geometry, the distribution is symmetric and centered around 0,

reaching the maximum open angle of ~ |22|"; the tanf-distribution corresponding
to the third topology is peaked around -17° but reaches the maximum open angle of
~520, In all MC samples, the same reconstructing S2-algorithm used in the data and
described in Sec. 6.1.1, is applied to the electroluminescence signal; the comparison

of the algorithm performance in the three MC simulated geometry will be discussed
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in the following section.

A.2.1 S2 algorithm performance evaluated with MC samples

As a first step, the ability of the S2 algorithm of identifying the complete elec-
troluminescence signal by searching for the S2 time, and starting and ending times
is studied; for comparison, the algorithm is used for reconstructing the secondary
scintillation light of muons that are generated following the three above mentioned
geometries. The results, consistent in all the PMTs, are shown in Fig. A.2; as an
example, only the distributions of two over the five PMTs are reported. In the top
plots, the average waveforms over which the algorithm is applied and the S2 drift
time obtained from the algorithm are shown; the S2 starting and the ending time
distributions are reported in the middle and bottom plots. By comparing with the
average waveforms of each geometry, the peak around zero in the S2 starting time
distribution corresponds to the default value assigned by the algorithm when the
electroluminescence signal is overlapped with the ending S1 time, for tracks crossing
the LAr bulk close to the anode plane. On the other hand, the peak around ~620 us
present in the S2 ending time distribution of events mimicking the CRT-shifted ge-
ometry corresponds to very latest electrons reaching the anode-plane at the drift
velocity used in the simulation.

Secondly, the capability of retrieving the true S2 time is studied. By centering the
S1 time in zero, the true S2 time corresponds to the drift time that can be retrieved

by knowing the true value of the drift velocity through the simple relation:

d.
t52, true = v lf ; (AB)
rift

being d; the drift length of the ionization electrons defined as in Sec. 3.3.1, and the
drift velocity of 1.622 mm/mus. In the top of Fig. A.3, the (tg2true — ts2)/t52 true
distribution is reported for two over the five PMTs, showing the discrepancy of the
reconstructed S2 time from the true one. As shown for events generated mimicking
the CRT-shifted geometry, each distribution is a Gaussian centered around zero; the
result is consistent in all the PMTs and all simulated geometries. The fit results are
reported in Tab. A.1; the corresponding distributions are shown in the bottom-plots
of Fig. A.3. Independently from the event generation geometry, a small bias through
positive discrepancies is present in all the PMTs; however, its value is different
depending on the PMT position inside the demonstrator or the typical event topology
simulated in the MC samples. Despite that, as will be discussed in Sec. A.2.2, the

impact of the bias on the measurement of the drift velocity, for instance, is negligible.
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blue), side-geometry (magenta), and diagonal-geometry (cyan).
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Geometries PMT-1 PMT-2 PMT-3 PMT-4 PMT-5
direct plate direct plate direct
CRT-shifted | (5.7+0.7)% | (3.0£0.6)% | (1.4+£0.5)% | (1.7+£0.5)% | (0.7+0.4)%
side (3.4+0.3)% | (1.5£0.4)% | (0.6£0.3)% | (1.0£0.3)% | (2.7£0.3)%
diagonal (8.44+0.3)% | (6.4+£0.4)% | (5.4£0.4)% | (6.2£0.3)% | (8.3+0.3)%

Table A.1l.: Discrepancy of the reconstructed S2 time from the true S2 time reported for the five
PMTs; for each PMT, the error corresponds to the error of the Gaussian fit. The
S2-algorithm performance are compared by reconstructing the S2 waveform of events

generated in the three simulated geometries.

Finally, the relation of the S2 signal with the track topology is discussed; in par-
ticular, the dependence with the track inclination with respect to the anode-plane is
considered by looking at the S2 duration as a function of Az=2zj, — Zous. Through
this correlation, the dependence of the S2 duration with the track topology is shown,
pointing out that the more vertical the track is, the longer the S2 duration is. The re-
sults are reported for PMT-3 in Fig. A.4, the reconstructed waveforms of the muons
entering the LAr bulk following the three geometries are considered; the same be-
havior is observed in the five PMTs. The result reported in Fig. A.3 and the algo-
rithm ability of reconstructing the S2 signal of muons generated following different
geometries, reported in Fig. A.2 and Fig. A.4, show good performance in the re-
construction of the S2-signal, independently from the track topology. Furthermore,
other studies using muon MC samples in the side-geometry have been performed
considering different G values (from 50 to 300 photons/electron), simulating differ-
ent S2 amplification conditions; also MC samples with a small G confirmed fairly

good performance of the S2 reconstruction algorithm.
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Figure A.4.: Correlation of the S2 duration with the track inclination with respect to the anode
plane expressed in terms of Az=z;y, — Zout for muons entering the LAr bulk following
the three MC topologies CRT-shifted like (dark blue), side-geometry (magenta),

and diagonal-geometry (cyan).

A.2.2 Validation of the drift velocity measurement method

The results reported in Fig. A.3 have already shown the S2 algorithm capability
to retrieve the proper reconstruction of the S2 time in comparison with the true S2
time obtained by knowing the drift velocity. In this way, the correlation between the
drift time and the drift length is indirectly demonstrated. However, an additional
validation of the drift velocity measurement method described in Sec. 6.2 is presented
here, at the MC level.

In Fig. A.5, the MC sample mimicking the CRT-shifted geometry is analyzed. The

drift length is defined with respect the z-coordinate of the anode-plane and it is com-
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Figure A.6.: Drift velocity measurement in the ideal case of homogenous drift field in the LAr

bulk (left) and including the simulation of the distorted drift field lines (right); in

both cases, muons are simulated following the side-geometry.
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tion between the drift length, d;, and the drift time, ATgs_g1, is shown for the same
stde-geometry with and without the IBF simulation. The overall effect is the de-
creasing of the drift velocity due to the distortion of the drift field line, as arises from
the comparison of the guide line at the simulated drift velocity and the measured

one.

A.3 Comparison of the S2 algorithm performance in the

data, collected in the two trigger configurations

The last analysis described in this appendix is dedicated to the comparison of
the S2-algorithm performance in the WA105 DP demonstrator data collected in
the two trigger configurations. In particular, two long runs collected with Eyip=
0.485 kV/cm, Eexty= 2.14 kV/cm, and similar number of initial events (~25000) are
analysed; however, the amplification field is slightly different: E,ymp1crr=25.3kV/cm
and Eymp,pMT=26.0 kV/cm. For this analysis, the CRT muon-like event selection
is applied to the events collected with the CRT external trigger, and only events
inside the LAr FV? are accepted. In the case of the PMT self-trigger, only events
saturating the ADC dynamic range or the PMT response are rejected. In both cases,
the raw PB waveforms are considered.

In Fig. A.7, the average waveforms and the drift time distributions are compared
in the two trigger configurations for the five PMTs; in the case of the CRT external
trigger, due to the shifted geometry, both the mean S2-peak and the drift time reflect
the track-topology. In contrast with the average waveforms simulated in the MC for
events mimicking the CRT-shifted geometry, the characteristic drift time is correlated
with the PMT position inside the detector; this feature could be interpreted as a
consequence of the boosted photon production, not included in the simulation. On
the other hand, in the case of the tracks selected by using the PMT self-trigger,
no asymmetries are pointed out in the drift time distributions because there is not
a preferred track direction; consequently, a flat drift time distribution is obtained.
The maximum drift time around ~625 us corresponds to the ionization electrons
produced close to the cathode.

In Fig. A.10, the reconstruction of the S2 drift time, as well as the S2 starting
and ending times are reported in the top, middle, and bottom plots, respectively, for
the five PMTSs, in the two trigger configurations. As for the previous distributions,

in the ones corresponding to the events collected in the CRT-shifted geometry, the

3See Sec. 3.3.1 for the corresponding definition.
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Figure A.8.: Correlation of the S2 duration with the track inclination with respect to the anode-
plane expressed in terms of Az; as an example, results from PMT-2 (left) and PMT-3
(right) are shown, the behavior is confirmed by all PMTs.

S2-signal reconstruction reflect the typical diagonal track-topology. On the other
hand, in the S2 time and ending time distributions, the peaks corresponding to the
tracks entering the detector from anode-to-cathode are visible; this feature is much
more evident in the PMT self-trigger distributions because of the presence of more
vertical tracks in this data sample. Independently from the characteristic track-
topology typical of the two trigger configurations, the S2-algorithm is always able to

reconstruct completely the electroluminescence light signal.

Finally, by considering only the run collected with the CRT external trigger, the
S2 signal correlation with the track topology is investigated in more details. First
of all, the S2 duration is considered as a function of the tanf and tang, as reported
in left and right, respectively, of Fig. A.9, for PMT-2 and PMT-3. For both PMTs,
only a correlation with the tanf angle is present, whereas the distribution of the S2
duration as a function of the tan¢ is very homogenous. The behavior is confirmed
by the five PMTs.

Consequently, and in order to compare with the result showed in the MC simula-
tions, the correlation of the S2 duration with Az is reported in Fig. A.8. The same
trend as in the MC simulations of longer S2 durations for more vertical tracks is
reported.

In conclusion, thanks to results obtained from applying the S2 algorithm recon-

struction both in different MC simulations and in data, the S2 algorithm logic is

demonstrated to be general enough for reconstructing also faint S2-signals, indepen-
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dently of the way how the tracks cross the detectors and the consequent shape of the
S2 signal. The main limitation remains the superimposition of the S2 signal with
spurious primary and secondary signals. Despite that, the tagging of events with
more spurious S1 peaks in addition to the one expected at the trigger time allows

analyzing them separately from the single muon event.
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