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Résumé

Dans le cadre de la mesure du moment dipolaire électrique du neutron (nEDM) au
Paul Scherrer Institut (Suisse), cette these traite du développement d’un nouveau systéme
d’analyse de spin. L’objectif est ici de détecter simultanément les deux composantes de
spin de neutrons ultra froids dans le but de diminuer 'erreur statistique sur 'EDM du
neutron. Un tel systéeme a été concu a l'aide de simulations GEANT4-UCN, puis testé en
tant que partie intégrante de 'appareillage nEDM. En parallele de ce travail, les données
nEDM de 2013 ont été analysées. Finalement, des méthodes de détermination d’observables
magnétiques de premier intérét pour le controle des erreurs systématiques sur 'EDM du
neutron ont été testées et de possibles améliorations sont proposées.

Abstract

In the framework of the neutron Electric Dipole Moment (nEDM) experiment at the
Paul Scherrer Institut (Switzerland), this thesis deals with the development of a new system
of spin analysis. The goal here is to simultaneously detect the two spin components of
ultra cold neutrons in order to increase the number of detected neutrons and therefore
lower the nEDM statistical error. Such a system has been designed using GEANT4-UCN
simulations, built at LPC Caen and then tested as part of the experiment. In parallel to
this work, the 2013 nEDM data taken at PSI have been analysed. Finally, methods to
recover magnetic observables of first interest to control nEDM systematic errors have been
studied and possible improvements are proposed.



ii

Remerciements

Je souhaite remercier tout d’abord les deux directeurs du LPC m’ayant accueilli durant
ma these: Jean-Claude Steckmeyer et Dominique Durand. Ensuite, mes pensées se tour-
nent vers Gilles Ban, mon directeur de these ”officiel” qui a toujours été de bon conseil
lors de choix stratégiques et dont la parole franche m’a beaucoup apporté. Merci a un
mes rapporteurs, particulierement Phil Harris, pour ses questions intéressantes et critiques
constructives sur mon travail. Merci aussi a Laurent Serin et Klaus Kirch pour le temps
consacré a la lecture du manuscrit.

Vient ensuite le tour de mes encadrants. Un grand merci tout d’abord a ceux-ci pour
m’avoir ravitaillé en camembert et beurre salé pendant mon séjour a PSI. Ce soutient moral
a été pour moi des plus précieux... Plus sérieusement, je souhaite remercier Thomas, que
j’ai eu tout d’abord comme enseignant quand j’étais tout petit et qui m’a bien aiguillé
des ma premiere année d’université. C’est un peu grace a lui si je suis dans ce groupe
maintenant. Ses conseils en terme de physique et sa bonne humeur (papy n’est pas encore
trop accariatre) aiderent beaucoup dans l'avancée de cette these. Et que dire de Gilles (dit
”Gillounet Clooney”), sinon que mes petites discussions avec lui m’ont permis d’avoir un
regard quasi clair sur toutes ces histoires de champ magnétique, si importantes dans cette
expérience qu’est nEDM. Pour finir, un grand merci a Yves, encadrant un peu spécial, qui,
malgré sa trentaine dépassée maintenant, est resté un ptit jeunot parmi les thésards. Il
m’a été de tres bon conseil quand il s’agissait de programmer et les conversations que nous
avons eu ensemble en shift ou en voiture en rentrant de Suisse ont toujours été des plus
agréables.

Je souhaite aussi adresser un grand merci a Damien Goupilliere qui a dessiné le USSA et
qui a fait un super bon boulot avec toute la team méca. Bien entendu, 1’équipe FASTER a
toujours été réactive dans les quelques moments tendus ou nous avions besoin d’eux. Merci
a eux.

Pour continuer au LPC, je me dois de remercier mon collegue de bureau, Xavier, qui
m’a supporté avant et apres mon séjour a PSI. S’il n’en tenait qu’a moi, je remercierais
beaucoup de monde au labo, mais je vais me contenter des “jeunes”: Benoit, Greg et Sam
pour les moments que nous avons partagés, soit en TP, soit au wake, soit au Trappiste.

Toujours en France, je souhaite remercier Steph, Guillaume, Dominique et Yoann pour
les discussions, réunions d’analyse et les shifts que nous avons partagés ainsi que pour leur
participation aux premiers tests du détecteur a I'ILL.

Du coté de PSI, apres une année et demi passée la-bas, je souhaite remercier en tout
premier lieu Klaus Kirch, qui a permis que le travail que j’ai fait a PSI se déroule dans des
conditions on ne peut plus agréables. Vient ensuite le tour de tous mes autres collegues a PSI
qui m’ont permis une bonne intégration dans ’équipe en Suisse (désolé de ne pas tous vous
citer, mais vous étes nombreux). Merci & Michi qui m’a beaucoup aidé pour I'installation du
détecteur et m’a permis de passer un peu de temps dans ’atelier a bricoler. Bien entendu,
Philipp est sans aucun doute la personne qui m’a permis le plus de me sentir bien dans
cette équipe par ailleurs tres accueillante. Merci a toi, Stéphanie et les bouts d’choux pour
ces apres-midi, soirées jeux partagées qui m’ont permis de m’évader du travail et passer
des moments agréables avec vous, tout en parlant francais! Je n’oublies pas non plus tous
les thésards de PSI dont je citerai quelques noms: Johannes, Martin, Bea, Dieter et Lenny
avec lesquels j’ai passé de bons moments.



iii

En parlant de thésards, je n’oublie pas non plus ceux que j’ai cotoillés au LPC ou dans
les environs: Edgard, Claire, Matthieu, Xavier, Arnaud et Nono... avec lesquels j’ai passé
“quelques” soirées. Spéciale dédicace pour les mousquetaires: Guillaume, Diego et Jérém,
mes amis depuis le début de I'université et avec lesquels j’ai fété la fin de la grippe pour la
derniere fois.

Bien stir, je remercie ma famille pour son soutien dans les choix que j’ai effectués jusqu’ici
et avoir contribué a me faire tel que je suis maintenant.

Pour finir, je souhaite remercier mon pupitre de rédaction de these pour quelques nuits.
Malgré de qu’on pourrait en penser, ce n’était pas I’histoire de quelques soirs, mais plutot
pour la vie. Mon ptit nécureuil, tu m’as rendu la vie tellement plus facile pendant ces
années de these en m’apportant ta légereté, ta joie de vivre et ton amour. Merci a toi.



iv

Acknowledgments

I would like first to acknowledge the two directors of the LPC who have welcomed me
for my PhD: J.C. Steckmeyer and D. Durand. Then, my thoughts go to Gilles BAN,
my official supervisor whose advice has always been good for strategic choices and whose
outspokenness brought me a lot. Thanks to my referees, particularly to Phil Harris for
his many interesting questions and his constructive criticism on my work. I would also
like to acknowledge Laurent Serin and Klaus Kirch for the time they consecrated to the
manuscript reading.

This is now the turn of my supervisors. First of all thanks for bringing me back some
“camembert” and salt butter during my stay at PSI. This moral support was of great help
to me. More seriously, I would like to acknowledge Thomas Lefort for his physics advice
and his good mood which helped me a lot during the PhD. My discussions with Gilles
Quémeéner allowed me to get a quasi clear look on all these magnetic field questions which
are so important for the nEDM experiment. To finish, a big thank to Yves, the youngest
of the oldest, who adviced me for programming and for the pleasant conversations during
shifts or coming back from Switzerland.

A big thank too to Damien Goupilliere, the LPC engineer who designed the USSA.
Together with the LPC workshop people, they made a great job. Of course, I would like to
acknowledge the FASTER team, who was always reactive when we needed their help. To
continue at LPC, I would like to thank my office colleague, Xavier Fléchard, who welcomed
me before and after my stay at PSI.

Still in France, I would like to acknowledge S. Roccia, G. Pignol, D. Rebreyend and Y.
Kermaidic for the analysis discussions and shifts we shared and for their participation to
the first detector tests at ILL.

From the PSI side, after spending there one year and half, I would like first to acknowl-
edge Klaus Kirch, who allowed me to work in very pleasant conditions at PSI. Then comes
the turn of all my PSI colleagues who allowed me to be well integrated in the nEDM group
and learnt me a lot about the experiment (sorry for not citing all of you but you are a lot).
Thanks to Michi who helped me for the USSA installation below the nEDM spectrometer
and for allowing me to spend some time in the workshop and teach me some tricks. Of
course, Philipp is likely the person who made me feeling good in this welcoming team.
Thanks to you, Stéphanie and the kids for these afternoons, game evenings who allowed
me to think to something else than work during my stay at PSI, speaking French! I don’t
forget all the PSI PhD students whose I cite some names: Johannes, Martin, Bea, Dieter
and Lenny with whom I spent good moments.

Speaking about PhD students, I don’t forget those of the LPC or close to: Edgard,
Claire, Arnaud and Nono... with whom I spent “some” parties. Special dedication to
the “mouquetaires”: Guillaume, Diego and Jérmie, my friends since the beginning of the
university with whom I celebrated the flu ending for the last time.

Of course, I am thankfull to my family who supported me in all the choices I have made
until now and for contributing to make me as I am now.

To finish, I would like to ackonwledge my PhD writting desk lying close to me for some
nights. In spite of one could think, it was not a some-nights story, but rather for the whole



life. My small squirrel, you made my life so easier during these PhD years through your
lightness, your joie de vivre and your love. Thanks to you.






Asimov a dit: En science, la phrase la plus excitante que l'on peut entendre, celle qui annonce les
grandes découvertes, ce n’est pas “Eureka” mais “c’est drole”. Je le dis souvent, mais rien de bien neuf

jusqu’a maintenant...






Les grandes lignes : en frangais...
Introduction

Le moment dipolaire électrique du neutron
L’expérience nEDM a PSI

Simulations de systemes d’analyse de spin
Tests expérimentaux du USSA

Analyse de données nEDM

Test d’estimateurs d’observables magnétiques

Conclusions et perspectives

The English part.
Introduction

The neutron Electric Dipole Moment

2.1 Motivations . . . . . . . . ...

2.1.1 History of symmetry breaking and nEDM
2.1.2  The Universe Baryon Asymmetry problem

2.1.3 ThenEDM inthe SM . . ... ... ... ...
2.1.4 The nEDM in extensions of the SM . . . . . ..
2.1.5  Other electric dipole moments . . . . . . .. ..
2.2 The nEDM measurement . . . . . . ... ... .....
2.2.1 Principle . . . . ...
2.2.2 The experimental technique . . . . ... .. ..
2.2.3 nEDM measurement history . . . . ... .. ..
2.3 Ultra cold neutrons . . . . . . ... ... ... .....

2.3.1 From the neutron to the ultra cold neutron

2.3.2 Ultra cold neutron interactions . . . . . . . ..
2.3.3 Ultra cold neutron production . . . . . . .. ..

The nEDM experiment @ PSI

3.1 The PSI ultra cold neutron source . . . . . . .. .. ..
3.2 Experimental apparatus . . . . ... ... ...
3.3 UCN transport and polarisation . . . . . . . .. .. ..
3.3.1 NiMo coated guides . . . . . . .. ... .. ...
3.3.2  Super Conducting Magnet . . . . .. ... ...
3.3.3 Guiding coils system . . . ... ... ...

Contents

13
15
21
25

27

31



Contents

3.34 Switchbox . . . . . .. 63
3.3.5 UCN storage chamber . . . . . . ... ... ... ... ........ 63
3.4 Magnetic field control . . . . . ..o 64
3.4.1 Magnetic field production . . . . ... ... oo 64
3.4.2  Magnetic field stabilisation . . . . . . .. ... 000 65
3.4.3 Magnetic field monitoring . . . . .. ..o L 66
3.5 UCN spin analysis and detection . . . . . . . ... .. ... ... ... .. 68
3.5.1 Neutron detector . . . . . . . . . ... L 68
3.5.2  Spin analysing system . . . . .. ... Lo Lo 69
Simulations of spin analysing systems 73
4.1 Motivations for a new simultaneous spin analysis system . . . . .. .. . .. 75
4.2 GEANT4-UCN simulations . . . . . .. ... .. ... ... ... .. .... 75
4.2.1 UCN physics . . . . . . . o 75
4.2.2  Material properties . . . . .. ..o 76
4.2.3 Spin handling . . . . . ... 76
4.2.4 Initial conditions . . . .. .. ..o 76
4.3 Comparison criteria . . . . . . . . ... 7
4.4 The sequential analyser . . . . . . . . ... 78
4.4.1 UCN detection efficiency . . . . . .. ... ... L. 78
4.4.2 Spin analysing power . . . .. .. ..o 80
4.4.3 Bias induced by the sequential analysis . . . . . . .. ... ... ... 80
4.4.4 Conclusions . . . . . . . . . e 82
4.5 Y-shape Simultaneous Spin Analyser study . . . . . . . ... ... ... ... 82
4.5.1 UCN detection efficiency . . . . . . . . .. ... ... ... 83
4.5.2  Spin analysing power . . . . . . . ... 85
4.5.3 Conclusions . . . . . . . . . e 85
4.6 Study of the U-shape Simultaneous Spin Analyser . . . . . . .. ... .. .. 85
4.6.1 UCN detection efficiency . . . . . . . . . ... ... L. 85
4.6.2 Detected UCNSs after reflection in the wrong arm . . . . . . . . . .. 89
4.6.3 Spin analysing power . . . . . .. ... 90
4.7 Analysing systems comparison . . . . . ... ... 90
4.8 Conclusions . . . . . . . . e 90
Experimental tests of the U-shape Simultaneous Spin Analyser 93
5.1 USSA design . . . . . . . 95
5.1.1 UCN transport and detection . . . . .. .. ... .. ... ...... 96
5.1.2 Spin handling . . . . . . . . .. ... 97
5.1.3 Conclusions . . . . . . . ... 104
5.2 USSA test on the West-2 beam line . . . . . ... ... ... ... ... .. 105
5.2.1 Experimental setup . . . . . .. .. ..o 105
5.2.2  Preliminary measurements . . . . . . .. . ... ... 106
5.2.3 Tests with unpolarised UCNs . . . . ... ... ... ... ...... 108
5.2.4 Tests with polarised neutrons . . . . . . ... .. .. ... ... ... 110
5.2.5 Conclusions . . . . . . . . ... 111
5.3 USSA test below the olLL spectrometer . . . . .. .. ... ... .. .... 112
5.3.1 Direct mode measurements . . . . . . .. ... ... 113

5.3.2 T} measurements comparison . . . . . . . . ... 114



Contents xi

5.3.3 Detected UCNSs fraction after reflection in the other arm . . . . . . . 116
5.3.4  EDM run type comparison . . . . . . ... Lo 118
5.3.5 Conclusions . . . . . . . . .. 119

6 nEDM data analysis 121
6.1 The neutron frequency extraction . . . . . . .. .. .. ... 123
6.1.1 Cycle definition . . . . . . . ..o 123
6.1.2 Principle . . . . . . .. 124

6.1.3 Alternative method . . . . . . . ... .o 125

6.2 Raw data selection . . . . . . . . . ... 127
6.2.1 Offline analysis of the detected UCN number . . . . . . . ... .. .. 127
6.2.2 Othercuts . . . . . .. . . . . 127
6.2.3 Cuts effects on the x? of the Ramsey central fringe fit . . . . . . . .. 128

6.3 Hg frequency extraction . . . . . . . .. ... oL 129
6.3.1 Effect of the Hg frequency estimator on the neutron frequency fit . . 131

6.4 Effect of gradient variations on the neutron Larmor frequency fit . . . . . . . 132
6.5 Study of the neutron Larmor frequency precision . . . . .. .. .. ... .. 134
6.6 R auto-correlation . . . . . .. ..o 135
6.7 Study of the neutron Larmor frequency extraction with simulated data . . . 136
6.7.1 Data production . . . . . ... 136
6.7.2 Ideal conditions . . . . . . . .. .. 137
6.7.3 B field fluctuations . . . . . .. ... L L 137
6.7.4 UCN source production decay . . . . . . . ... ... .. ... .... 138
6.7.5 Static magnetic field gradient . . . . ... ..o oo 138
6.7.6  Daily variation of the magnetic field gradient . . . . . . . . . .. ... 138
6.7.7 Relevance of the d termuse . . . . . . . ... ... L. 140
6.7.8 Conclusions on the neutron frequency extraction . . . . . . . ... .. 140

6.8 nEDM measurement with 2013 data. . . . . .. .. ... ... L. 141
6.8.1 Systematic errors . . . . . ... 141
6.8.2 Raw nEDM extraction . . . . . . ... .. ... ... ... 144
6.8.3 Correction of the Earth’s rotation frequency shift . . . . . . .. . .. 146
6.8.4 Suppression of the geometric phase effect . . . . . . . .. ... .. .. 147

6.9 Conclusion . . . . . . . . . 148
7 Study of magnetic observables estimators 151
7.1 Harmonic polynomials series expansion . . . . . . . . .. . .. ... .. ... 153
7.2 Toy model principle . . . . . . . .. 155
7.3 Methods used to determine the vertical gradient . . . . . . .. .. ... ... 155
7.3.1 Top-Bottom averaging . . . . . .. ... ... ... ... 155
7.3.2 Pairs . . ..o 155
7.3.3 Harmonic Taylor fitof B, . . . ... ... ... ... ... ...... 156

7.4 R-curve gradients reproducibility with 2013 maps . . . . . . . . . ... ... 156
7.5 Comparison of the three methods . . . . . .. . ... ... ... ....... 157
7.5.1 Comparison in R-curve configurations . . . . . . .. .. .. ... ... 157
7.5.2 Transverse field components effect on the gradient estimate . . . . . . 159
7.5.3 Harmonic Taylor fitting method improvement . . . . . . . . ... .. 160

7.6 Test of a 3D harmonic fit . . . . . . .. .. . ... 161

7.6.1 Improvement of the 3D harmonic fit . . .. .. ... ... .. .... 162



xii Contents

7.7 Conclusions . . . . . . .. L 163
8 Conclusion and perspectives 165
Appendices 169
A Adiabaticity parameter for the guiding coils system 171
B Adiabaticity parameter equation in the adiabatic spin-flipper case 173
C 2013 nEDM runs summary 177

Bibliography 179



Premiere partie

Les grandes lignes : en francais...






CHAPITRE 1

Introduction

La recherche du moment dipolaire électrique du neutron (nEDM pour neutron Electric Dipole Mo-
ment) est une ambitieuse expérience de précision a basse énergie. Elle est motivée par la découverte
potentielle d’'une nouvelle source de violation des symétries discretes de Conjugaison de charge
et de Parité (CP) au dela du modele standard (MS) de la physique des particules, contribuant
a la compréhension de la prédominance de la matiere sur I'antimatiere dans ’Univers. En effet,
le modele standard n’explique pas cette asymétrie matiere-antimatiere, au contraire de ses ex-
tensions, qui de plus, prédisent naturellement un EDM du neutron non nul. Déja, la meilleure
limite expérimentale sur le moment dipolaire électrique du neutron posée par la collaboration
RAL-Sussex-ILL - |d,| < 2.9 x 10726 e.cm [1] - contraint fortement 1’espace des parametres de
ces théories. L’objectif de plusieurs collaborations en compétition autour du monde est mainte-
nant d’abaisser cette limite supérieure sur 'EDM du neutron & 1072% — 10727 e.cm. Une telle
amélioration de la sensibilité sur 'EDM du neutron est requise pour exclure les modeles modernes
au dela du modele standard, ou pour mener a la découverte de nouvelle physique, dans le cas ou
une valeur non nulle de 'EDM du neutron serait mesurée.

Cette these s’est déroulée dans le cadre de 'expérience nEDM qui se déroule au Paul Scherrer
Institute (PSI), en Suisse, utilisant sa nouvelle source de neutrons ultra froids. La premiere phase
du projet se base sur I’ancien spectrometre de la collaboration RAL-Sussex-ILL. Celui-ci est main-
tenant associé a de nouveaux développements du dispositif expérimental. Le but de cette premiere
phase est d’atteindre un niveau de sensibilité sur 'EDM du neutron de 'ordre de 10726 e.cm et
de préparer la seconde phase du projet : n2EDM. Dans cette deuxieme étape, la collaboration a
pour but d’améliorer le niveau de controle des erreurs systématiques et d’augmenter la précision
statistique sur ’EDM, en utilisant un nouveau spectrometre.

Le travail présenté ici se place dans le contexte global de I'expérience, entre prise de données
nEDM pour la premiere phase du projet et efforts de R & D pour la phase n2EDM.

Dans le premier chapitre, les motivations théoriques pour mesurer 'EDM du neutron sont
présentées, suivies d’une description de la technique de mesure.

Le second chapitre décrit le dispositif expérimental de mesure, ainsi que ses composants et leur
utilisation dans ’expérience.

Le troisieme chapitre est dédié aux simulations GEANT4-UCN d’analyseurs de spin, utilisées
pour la conception d’un systeme d’analyse simultanée de spin pour neutrons ultra froids.

Le quatrieme chapitre traite ensuite de la description et des tests expérimentaux de ce nouvel
analyseur de spin. Les tests du systeme d’analyse simultanée sont divisés en deux parties : la
caractérisation des modules de ’analyseur sur la ligne faisceau West-2 a PSI, puis la démonstration
de ses performances en tant qu’élément du dispositif expérimental de I'expérience nEDM.

Dans le cinquieme chapitre, les données nEDM de 2013 sont analysées, représentant une partie
de l'effort de I’équipe francaise travaillant sur I’analyse.

Finalement, dans le dernier chapitre, des méthodes d’estimation d’observables magnétiques
basées sur les données de magnétometres césium, sont caractérisées a ’aide de données simulées.
Il est primordial de déterminer précisement la valeur de ces observables puisqu’elles sont utilisées
pour corriger des erreurs systématiques ayant une contribution parmi les plus importantes a
Ierreur systématique globale sur la mesure de 'EDM du neutron.






CHAPITRE 2
Le moment dipolaire électrique du
neutron

Motivations théoriques

Pour un neutron, un moment dipolaire électrique (EDM) permanent peut étre défini quantique-
ment comme une observable vectorielle intrinseque. Parce que le neutron a un spin 1/2, son EDM
doit étre aligné sur celui-ci, qui est la seule quantité vectorielle intrinseque pour cette particule -
selon le théoreme de Wigner-Eckart. L’EDM du neutron est 'analogue du moment magnétique,
mais il est couplé a un champ électrique au lieu d’un champ magnétique :

H=—-d,.E—j,.B (2.1)

Cependant, il existe une différence fondamentale entre ces deux interactions, leur comporte-
ment vis-a-vis des symétries fondamentales de conjugaison de charge C et de renversement du

temps T :
- = P T3 .= P a3
—d,.F — d,.FE — ln.B — —p,.B (2.2)
—dpE 5 d,E - B> —p.B

Ainsi, un EDM non-nul serait la signature d’une violation des symétries P et T et donc d’une
nouvelle source de violation de CP. Ceci est une des motivations principales de la recherche des
EDMs, intimement liée & 'explication de ’asymétrie matiere-antimatiere de 1’Univers.

Le probleme de ’asymétrie baryonique de I’Univers

Selon la théorie du Big-Bang [2], I'Univers devrait étre fait aujourd’hui d’un reliquat de lumiere
apres I'annihilation de la majorité de la matiere et de 'antimatiere présentes a ses débuts. Mais
la composition actuelle de I’'Univers montre qu'un processus asymétrique a eu lieu, puisque ’an-
timatiere en est presque absente et que nous vivons dans un monde fait de matiere.

Sakharov proposa en 1967 un scénario pour expliquer une telle asymétrie [3]. Ce scénario
requiert trois conditions. La premiere est une violation du nombre baryonique B afin d’autoriser
un systeme a aller d’'un état B = 0 a un état B # 0. Ensuite, la violation des symétries C et CP
sont requises afin de favoriser légerement la disparition d’antimatiere par rapport a la matiere.
Pour finir, ce processus doit avoir lieu pendant une phase de non-équilibre thermique, afin que
tout exces de matiére ou antimatiere ne soit pas compensé par le processus inverse.

L’EDM du neutron commence ici a jouer un role important puisque le modele standard de la
physique des particules ne peut pas expliquer une telle asymétrie avec les violations de CP qui
y sont intégrées. Ainsi, une motivation forte des extensions du modele stantard est de prédire de
nouvelles sources de violations de CP. Dans ce contexte, les recherches de 'EDM du neutron sont
importantes puisqu’elles pourraient révéler de nouvelles sources de violation de CP.
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L’EDM du neutron dans le modele standard et ses extensions

Le modele standard prédit une valeur tres faible de 'EDM. La contribution majeure provient
du secteur électrofaible, de 'ordre de 1073! — 10732 e.cm alors que la limite actuelle est |dy| <
3 x 10726 e.cm [1]. Dans le secteur fort, une partie du Lagrangien QCD violant la symA@trie CpP
est reliée & 'EDM du neutron via la variable 6 :

|dy| ~ 0 x 1070 ¢c.cm (2.3)

Aujourd’hui, 'EDM du neutron est la plus forte contrainte sur ’angle 6. Le meilleure limite
expérimentale sur 'EDM du neutron [1] se traduit directement en une limite de § < 1070,
constituant le ”strong CP problem”, puisque I’échelle naturelle pour 6 est 'unité. Peccei et Quinn
ont essayé de résoudre ce probleme en introduisant une nouvelle symétrie [4]. Dans ce modéele, la
valeur de 0 est 0 et une nouvelle particule, ’axion apparait lors de la brisure de cette nouvelle
symétrie. Cette nouvelle particule n’a toujours pas été observée et le ”"strong CP problem” reste
non résolu aujourd’hui.

Méme si le secteur électrofaible du modele standard reste hors d’atteinte par les mesures
expérimentales de 'EDM du neutron, certaines de ses extensions prédisent un EDM du neutron
proche des limites de sensibilité actuelles entre 10726 — 10728 e.cm. Certaines de ces théories
prédisent aussi une transition de phase électrofaible du premier ordre, jouant le réle de non
équilibre thermodynamique dans les criteres de Sakharov, transition qui n’est plus autorisée dans
le modele standard suite a la mesure de la masse de la particule correspondant au boson de Higgs
au LHC [5, 6]. De telles théories pourraient étre exclues par la prochaine génération d’expériences
visant & abaisser la limite sur P"EDM en dessous de 10727 e.cm.

Principe de la mesure

Le principe de la mesure de 'EDM du neutron est visible via le hamiltonien d’interaction du
neutron avec des champs magnétiques et électriques :

H=—-d,.E—p,.B (2.4)

En présence de champs magnétique et électrique, on a la levée de dégénérescence présentée en
Fig. 2.1.

L’EDM du neutron est mesuré via la différence de fréquences de Larmor v et vy dans des
champs électrique et magnétique paralleles et anti-paralleles :

—h(v) — ) — 2 (B) — By)
Q(E” + EH)

dy = (2.5)

Technique expérimentale

Une dizaine de projets dans le monde ont pour objectif d’améliorer la sensibilité sur 'EDM
du neutron. Parmi ces projets, sept utiliseront des neutrons ultra-froids (UCN) pour mesurer la
différence de fréquences de Larmor du neutron en présence de champ électrique. Ces neutrons font
partie des neutrons dits optiques, qui peuvent étre réfléchis sur des parois matérielles. L’énergie
des UCNs est si basse qu’ils peuvent étre stockés pendant quelques centaines de secondes dans
des bouteilles matérielles. De plus, ils peuvent étre polarisés a ’aide de champs magnétiques de
quelques teslas.

La technique utilisée pour mesurer la fréquence de Larmor des neutrons est la méthode des
champs oscillants séparés de Ramsey. Son principe est décrit en Fig. 2.2.
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FIGURE 2.1 — Schéma de séparation des niveaux d’énergie d’un neutron possédant un EDM non
nul dans des champ électrique et magnétique. Les indices || et }f correspondent respectivement &
des configurations de champ électrique et magnétique paralleles et anti-paralleles.
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FIGURE 2.2 — Principe de la méthode des champs oscillants séparés de Ramsey.

Des neutrons polarisés sont stockés dans une chambre de précession ol des champs électriques
et magnétiques sont appliqués. Le spin des neutrons est initialement orienté le long du champ
magnétique. Lorsqu'un champ radio-fréquence (RF) a la fréquence de Larmor des neutrons est
appliqué pendant un temps Trr, le spin des neutrons bascule dans le plan orthogonal au champ
magnétique et précesse librement pendant un temps 7. Un second champ RF est appliqué a la fin
de la précession. Si d,, # 0, une phase est accumulée pendant le précession libre et conduit a une
différence de fréquence.

En fait, la fréquence de Larmor est déterminée en déreglant légerement la fréquence appliquée
pour le champ RF afin de se placer sur quatre points de la frange centrale de la figure d’interférences
de Ramsey présentée en Fig. 2.3.

La fréquence de Larmor est récupérée via le nombre de neutrons détectés pour chaque état de
spin. Pour une population d’'UCNs avec un spin up, le nombre de neutrons est donné par :

v

N = NI <1 F o cos [WWD (2.6)

ou Av =1/ [2(T + 4mrr/m)| est la largeur de la frange Ramsey, Ng /* le nombre de neutrons
détectés pour chaque état de spin a la moitié de la résonance avec les signes + et - correspondant
respectivement aux neutrons avec spin bas et spin haut. o/t est la visibilité (contraste) de la
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FIGURE 2.3 — Figure d’interférences de Ramsey obtenue en aout 2012 apres 50s de précession
libre a PSI.

frange centrale de la figure de Ramsey :

1/4 /4
aT/i — Nimaz — Nmin (2.7)
N+ NI

La fréquence neutron est extraite via I’ajustement de la courbe de Ramsey avec la précision :

o Av
0‘ f: 2-8
L N (28)
Cette erreur statistique se reporte ensuite sur la mesure de 'EDM du neutron :
h
ad (2.9)

" 2aTE+ Nyt

Cette derniere équation fait apparaitre les parametres clés de la mesure. Tout d’abord l'inten-
sité du champ électrique appliqué E ainsi que la durée de la précession libre T'. Ensuite, la visibilité
de la frange centrale, dépendant de la polarisation initiale des UCNs ainsi que de ’homogénéité
du champ magnétique a l'intérieur du volume de précession. Finalement, le nombre de neutrons
détectés doit étre aussi grand que possible.
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L’expérience nEDM a PSI

La collaboration européenne nEDM a repris en main le spectrometre oILL, utilisé auparavant
pour poser la limite la plus précise sur 'EDM du neutron [1], aprés l'avoir déplacé au Paul
Scherrer Institute, aupres de sa nouvelle source de neutrons ultra froids. Celle-ci utilise un cristal
de deutérium solide pour refroidir les neutrons produits par spallation a 1’aide du faisceau de
protons de 2.2mA du PSI, aprés modération dans de ’eau lourde. Les neutrons ultra froids
produits dans le cristal sont ensuite guidés vers le dispositif expérimental présenté en Fig. 3.1.

Blidage magnétique

Arrivée de la Haute Tension

Chambre a vide
Magnétometre Césium

Chambre de précession Electrode

@ Lampe a mercure
Tube Photomultiplicateur

Cellule de polarisation du mercure

l:l Lampe a mercure d

S —6 . z
UCNs —= | - | switchbox im
L] «J@

X
Aimant supraconducteur de 5T Analyseur de spin y

A Bobine principale

[[e+—— Détecteur dUCN

F1GURE 3.1 — Schéma de 'appareillage expérimental nEDM. Les grosses bobines de compensation
du champ magnétique ambiant, englobant le systeme, ne sont pas montrées.

Transport et polarisation des UCNs

Tout d’abord, les UCNs sont polarisés a leur passage a travers ’aimant supraconducteur de 57T.
La polarisation obtenue a été estimée a pres de 100% dans [7]. Ils sont ensuite guidés jusqu’a
la chambre de précession via des guides en verre avec un revétement en NiMo (alliage de Ni-
ckel et Molybdene) : son potentiel de Fermi est assez haut (220neV) et sa faible probabilité de
dépolarisation par rebond (~ 107°) est appropriée pour conserver une bonne polarisation des
UCNs le long du trajet.

Sans champ magnétique de maintien pour le spin des neutrons, la polarisation obtenue grace
a 'aimant supraconducteur serait perdue. Pour y remédier, un jeu de bobines a été installé sur
le trajet des UCNSs, produisant un champ suffisant pour prévenir les dépolarisations dies a des
zones ou le champ magnétique serait trop faible.
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Les neutrons sont guidés de ’aimant supraconducteur jusqu’a la chambre de précession via la
7switch box”. Cette piece non magnétique est centrale, puisqu’elle distribue les neutrons d’une
partie de l'appareillage a une autre, au cours d’'un cycle de mesure. Elle est constituée d’un
disque rotatif sur lequel sont fixés différents guides utilisés pour les différentes phases du cycle :
remplissage de la chambre, monitorage et finalement vidage de la chambre vers le détecteur.

La chambre de précession ou sont stockés les UCNs est constituée de deux électrodes avec
un revétement en Diamond Like Carbon (DLC) ainsi que d’un anneau isolant. La haute tension
est appliquée sur I’électrode du haut. Cet anneau a été amélioré en passant du quartz avec un
potentiel de Fermi Vp = 90neV (plus le potentiel de Fermi d’un matériau est élevé, meilleure
est sa capacité & stocker des UCNs de haute énergie) & du polystyréne avec un revétement de
polystyréne deutéré (Vp = 160 neV), augmentant le nombre d’"UCNs stockés de 80%.

Controéle du champ magnétique

Comme le montre ’équation (2.5), le contréle du champ magnétique est primordial pour mesurer
’EDM du neutron. Les parties de 'appareillage contribuant au controle du champ magnétique
dans le volume de précession sont présentées dans cette section.

Production du champ magnétique

Le champ magnétique principal (By ~1pT) est produit le long de I'axe z de I'expérience par une
bobine enroulée autour de la chambre & vide. Cette bobine produit un champ aussi homogene
que possible, bien qu’ayant une contribution d’environ 40% provenant du blindage magnétique.
Cette contribution est cependant limitée par une procédure de démagnétisation du blindage, dont
dépend ’homogénéité du champ.

33 bobines correctrices sont installées pour compenser les asymétries du dispositif expérimental
et ainsi obtenir une homogénéité relative du champ magnétique de I'odre de 104 — 1073,

Enfin, deux paires de bobines sont utilisées afin de produire des champ RF : I'un pour basculer
les spins des UCNs, l'autre pour l'utilisation du co-magnétometre mercure.

Stabilisation du champ magnétique

Un blindage magnétique fait de quatre couches cylindriques de Mumetal (alliage de nickel et de
fer) est utilisé pour réduire les contributions de I’environnement extérieur. Son facteur de blindage
a été mesuré et vaut entre 103 et 10* selon I’axe de mesure.

En plus du blindage statique, une compensation dynamique du champ est effectuée a ’aide de
3 paires de bobines englobant 1’appareillage nEDM.

Monitorage du champ magnétique

Deux sortes de magnétometres scalaires sont installées dans le spectrometre : le co-magnétometre
mercure et un ensemble de magnétometres césium a l'extérieur du volume de précession.

Le co-magnétometre mercure moyenne le champ magnétique dans le volume de précession en
méme temps que les neutrons, permettant de normaliser la fréquence de Larmor extraite pour
les neutrons et ainsi de compenser les variations de champ magnétique avec une précision de
300 a 400fT lors de la prise de données EDM 2013. Cependant, 'utilisation du co-magnétometre
induit des erreurs systématiques comme 1’effet de phase géométrique [8], 1ié au gradient de champ
magnétique. Le but du systéeme de magnétométrie externe césium est d’utiliser différents points
de mesure du champ magnétique a 'extérieur du volume de précession pour récupérer le gradient
moyen sur le volume de la chambre afin de corriger ces erreurs systématiques.
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Analyse de spin et détection des UCNs

A la fin de chaque cycle de mesure, les UCNs tombent sur le détecteur NANOSC, développé au
LPC Caen. Il utilise un systéeme de scintillateurs en verre collés par adhérence moléculaire. Les
UCNSs traversent une premiere couche sans interagir dedans. Ils interagissent dans la deuxieme,
dopée au SLi via le processus de capture :

*Li+n— o+ T +4.78MeV (3.1)

Toute I’énergie des produits de réaction est convertie en lumiere dans les deux couches de scin-
tillateurs qui sera ensuite détectée par un photomultiplicateur. Combiné a ’acquisition FASTER,
cette double couche de scintillateurs permet une discrimination des signaux neutrons du bruit de
fond composé de v ou de radiations Cerenkov dans les guides de lumiere en PMMA.

L’analyse séquentielle de spin

Les neutrons de spin haut et bas sont comptés indépendemment pour extraire la fréquence de Lar-
mor des UCNs. Cette sélection de spin est faite de maniere séquentielle a I'aide de deux dispositifs :
I’analyseur et le spin-flipper. L’analyseur est une feuille d’aluminium de 25 pm d’épaisseur avec
un dépot de fer magnétisé de 200-400 nm ne laissant passer qu'un état de spin. Le spin-flipper sert
a inverser I’état de spin des UCNs arrivant sur la feuille d’analyse afin de laisser passer les UCNs
de autre état de spin. Il est constitué d’une bobine dans laquelle circule un courant sinusoidal,
produisant un champ RF de 30-40 pT d’amplitude effective a des fréquences de 20-25 kHz. Dans
un premier temps, les neutrons avec un état de spin donné passent a travers la feuille d’analyse et
sont détectés pendant 8s. Ensuite, le spin-flipper est mis en marche et les UCNs de 'autre état
de spin peuvent étre détectés pendant 25s. Enfin, le spin-flipper est de nouveau arrété et I’état
de spin initial est détecté pendant 17s. Le chapitre suivant, dédié aux simulations GEANT4-UCN
[9] met en exergue les défauts d’un tel systéme d’analyse et propose une solution a ces problémes
basée sur I’analyse simultanée du spin des UCNSs.






CHAPITRE 4
Simulations de systemes d’analyse de
spin

L’inconvénient de I'analyse de spin séquentielle est que pendant qu'une des deux composantes de
spin est analysée, autre est stockée au-dessus de la feuille d’analyse et les UCNs peuvent étre
perdus ou dépolarisés pendant ce laps de temps. En effet, a cause de rapides pertes de neutrons
au-dessus de la feuille d’analyse, il est possible d’estimer le nombre de neutrons perdus & 50%
du nombre initial [10]. Cette perte de neutrons contribue donc a la réduction de la sensibilité sur
I’EDM du neutron. De plus, par définition, chaque état de spin est traité différemment parce que
les deux composantes de spin ne sont pas traitées au méme moment et ne sont pas soumis aux
mémes pertes ni aux mémes dépolarisations.

Cette derniere remarque a conduit a 'idée d’élaborer un systeme d’analyse simultanée de spin.
Une telle technique a ainsi été explorée dans les premiéres expériences nEDM utilisant des UCNs
au LNPI [11]. Ceci peut étre réalisé en utilisant un analyseur de spin dans deux bras analysant
chacun une composante de spin. En conséquence, il n’y a pas de stockage complet d’un état de
spin et les deux composantes sont traitées symétriquement. De tels systemes d’analyse de spin ont
déja été suggérés [12] puis testés [13].

Chambre de
précession

135 Guide 135
vertical
Trajectoire UCN
& — Spin flipper Y
15 v P pp
10 «— Analyseur
e ;
Détecteur UCN 15 /
Analyseur séquentiel Analyseurs de spin simultanés

FIGURE 4.1 — Systémes d’analyse de spin simulés. A gauche, 'analyseur séquentiel. A droite, les
deux analyseurs simultanés : le YSSA et le USSA. Les dimensions sont en cm.
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Le paquet GEANT4-UCN est adapté a la physique des neutrons ultra-froids et integre la
majorité des processus d’interaction des UCNs avec la matiere. Il a été utilisé pour simuler trois
systemes d’analyse de spin présentés en Fig. 4.1 et pour comparer leurs performances. Les deux
critéres de comparaison principaux sont ’efficacité de détection des UCNs ainsi que ’asymétrie :

(4.1)

T _ Nt
A:‘N N'

NT + N

ott N7+ est le nombre de neutrons avec un spin haut /bas. L’asymétrie représente efficacité
d’analyse de spin du dispositif étudié : pour des neutrons non polarisés, elle doit valoir 0 alors que
pour des neutrons complétement polarisés, elle doit valoir 100% idéalement.

Analyseur séquentiel

La premiere géométrie a avoir été simulée est ’analyseur séquentiel utilisé initialement dans
Iexpérience. L’efficacité de détection obtenue avec ce systeme est en moyenne de 74.2%. Cette
efficacité differe de 1% selon la polarisation initiale (100% haut ou 100% bas) et provient des
différents stockages de chaque composante de spin. De méme, ’asymétrie obtenue n’est pas la
méme selon la polarisation initiale, & 1% pres. Ceci est du a I’analyse séquentielle et provoqué par
deux mécanismes différents selon la polarisation initiale. Le premier est di au temps de vol des
UCNSs entre le spin-flipper et le détecteur lors de la mise en marche du spin-flipper, pour lequel des
UCNSs d’un état de spin arrivent pendant le comptage de I'autre composante. L’autre mécanisme
est une dépolarisation artificielle d’'UCNs stockés entre le spin-flipper et la feuille d’analyse lors
de la mise en marche du spin-flipper. Dans le cas d’"UCNs polarisés ou non polarisés, I’asymétrie
obtenue n’est pas parfaite et differe en moyenne de 3% avec le cas idéal.

Analyseurs simultanés

Les deux autres géométries a avoir été simulées sont des systemes d’analyse simultanée de spin,
P'un en ”Y” inversé : le YSSA, le second en ”U” inversé : le USSA. Les dimensions de chacun des
systemes d’analyse ont été optimisés avec les deux criteres de comparaison principaux que sont
Iefficacité de détection et I'asymeétrie.

Il a ensuite été montré que pour les deux systemes d’analyse simultanée, le biais da a la
mise en marche du spin-flipper en cours de détection n’est plus présent, comme attendu. En
méme temps, efficacité de détection des UCNSs a été améliorée d’environ 5% avec 1'utilisation de
P’analyse simultanée, que ce soit avec le YSSA ou le USSA. Tl faut noter que les simulations ont
été effectuées avec un systeme parfait et sans fuite au-dessus de I'analyseur, minimisant ainsi les
fuites d’'UCNSs. Il est donc probable que 'effet bénéfique de ’analyse simultanée de spin ait été
minimisé par rapport a ’analyse séquentielle. De plus, il a été montré que cet effet pourrait étre
encore augmenté en utilisant un revétement avec un potentiel de Fermi plus élevé. L’asymétrie
obtenue avec I'analyse simultanée est proche de I'asymétrie idéale, & moins de 0.5%, ce qui est
meilleur qu’avec 'analyse séquentielle.

Il a donc été décidé de construire et de tester un tel systeme d’analyse de spin, en ’occur-
rence le USSA, pratique de par sa modularité avec ses parois planes remplagables, autorisant une
amélioration du systéeme. La partie suivante a pour objet les tests de ce systeme.
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Tests expérimentaux du USSA

Design du USSA

Bobine de

guidage
Structure _|

en verre

Coin en
Quartz

50 cm Spin-flippers

Blindage RF

Systéme de
magnétisation

Feuilles
d'analyse

Structure
mécanique

(a)

FIGURE 5.1 — A gauche : Vue en coupe d’un dessin mécanique du USSA. En haut a droite : vue

ouverte du USSA avec le blindage RF ainsi que le bas de la chambre a vide visibles. En bas &
droite : installation des feuilles d’analyse du USSA.
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Le concept mécanique du USSA ainsi que certaines parties du systéme une fois réalisé sont
montrés en Fig. 5.1a et Fig. 5.1b. Ses parois sont faites de verre flotté avec un revétement de
NiMo (alliage contenant 85% de nickel et 15% de molybdéne en proportion massique). Ces parois
sont tenues par un exo-squelette en aluminium sur lequel les feuilles d’analyse sont aussi fixées.
Le systeme est enfermé dans une chambre a vide en aluminium. Le systeme de magnétisation des
feuilles d’analyse, un retour de champ en fer avec son jeu de 40 aimants permanents, est situé a
I'extérieur de ’ensemble.

Transport et détection des UCNs

Afin d’avoir une transmission des UCNs aussi bonne que possible, du verre flotté a été utilisé pour
fabriquer les parois du USSA. En effet, la planéité de ce matériau est tres bonne et il posséde une
faible rugosité, de I'ordre de quelques nanometres, qui est importante pour garder des réflexions
spéculaires a I'intérieur du USSA. Pour le moment, les parois sont recouvertes d’une couche de
NiMo de 300-400 nm mais des techniques pour permettre d’utiliser d’autres revétements supposés
plus performants (diamant, *NiMo) sont & 1’étude.

Pour la partie centrale du USSA, du quartz avec une fine couche de NiMo a été utilisé. Ce
matériau aux propriétés proches du verre pour le guidage des UCNs a été utilisé afin de pouvoir
tailler une aréte fine sur le dessus et de le ”creuser” en dessous pour laisser de la place au blindage
RF.

Enfin, un second détecteur NANOSC a été construit, et a montré une efficacité de détection
similaire & 3% pres au premier détecteur, déja utilisé pour I'expérience. Cet ajout a été accompagné
de la modernisation de 'acquisition FASTER et de I’ajout de nouvelles voies d’acquisition.

Manipulation du spin

Dans chaque bras du USSA, un spin-flipper, une feuille d’analyse et un blindage RF sont utilisés
pour analyser le spin des UCNs. De plus une paire de bobines produisant un champ de maintien
d’environ 100 pT a été ajoutée afin de conserver la polarisation des UCNs lors de leur passage
dans le USSA.

Les spin-flippers adiabatiques sont des bobines carrées de 10 cm de coté et de 4.4cm de long,
basés sur le méme principe que les spin-flippers solénoidaux utilisés habituellement. Dans ce cas,
le champ RF généré a une amplitude effective de 'ordre de la centaine de n'T, avec une fréquence
d’environ 25 kHz.

Afin d’éviter tout effet d’un spin-flipper sur les UCNs allant dans 'autre bras, des blindages
RF ont été testés puis installés autour de chaque spin-flipper. Ces blindages sont constitués d’une
couche de 1 mm de cuivre entourant chaque bras. Il a été montré que I’'amplitude du champ RF
résiduel est inférieure & 0.3 T, avec une probabilité de spin-flip associée inférieure & 0.01%.

Les feuilles d’analyse sont fabriquées de la méme maniere que pour le systeme d’analyse
séquentiel : un support de 25nm d’aluminium avec une couche de fer magnétisé de quelques
centaines de nanometres. Les deux analyseurs sont faits dans la méme feuille afin de garder les
deux bras du USSA les plus symétriques possible.

Les feuilles sont magnétisées a saturation grace a un retour de champ ainsi qu’a un jeu de 40
aimants permanents en néodyme. Le champ magnétique minimum au niveau des feuilles d’analyse
est de 80mT. Le champ de fuite du systeme de magnétisation est aussi utilisé pour le spin-flipper
adiabatique, afin de créer un gradient de champ magnétique le long du spin-flipper.
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Tests du USSA sur la ligne faisceau West-2 a PSI

Apres deux semaines de tests préliminaires du USSA & I'ILL !, les performances de chaque sous-
syteme du USSA ont été mesurées sur la ligne d’"UCNs West-2 a4 PSI dans le but de montrer que
le nouvel analyseur de spin était prét a étre utilisé en dessous du spectrometre nEDM.

La ligne de test utilisée pour les mesures est montrée en Fig. 5.2.
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F1GURE 5.2 — Dispositif de mesure sur la ligne faisceau West-2. Le USSA est en bas de la ligne.
Les dimensions sont en cm.

Tout d’abord, I'asymétrie entre les deux bras a été mesurée sans feuille d’analyse dans le
USSA avec des UCNs non polarisés. Cela signifie que ’asymétrie mesurée est uniquement die aux
différences de guidage et de détection des UCNs dans chaque bras d’analyse. Cette asymétrie est
estimée a 0.43 £+ 0.07%.

Dans un second temps, les feuilles d’analyse ont été rajoutées et I'asymétrie entre les deux
bras a été de nouveau mesurée avec des UCNs non polarisés. Cette asymétrie vaut 0.40 & 0.11%.
La conclusion de cette mesure est que la seule asymétrie entre les deux bras n’est pas induite par
une asymétrie dans le traitement du spin des UCNs.

Merci & P. Geltenbort et & Th. Brenner pour le temps faisceau et leur accueil chaleureux.
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La transmission du systeéme a ensuite été mesurée a 80.8 £ 0.6%, avec un spectre en énergie
des UCNs plus élevé que ce qui est attendu en dessous du spectrometre nEDM (une limite basse
de 250 neV ainsi qu’une proportion de 10% des UCNs avec plus de 330 neV au niveau des feuilles
d’analyse). Dans de telles conditions, la proportion d’'UCNs récupérés grace aux rebonds d’un
bras a l'autre a été estimée a 33.6 &= 3.1%. Cette valeur est bien en dessous de la valeur attendue
d’apres les simulations (84.8%). Elle peut cependant étre expliquée du fait que les UCNs arrivant
avec la mauvaise composante de spin dans un bras ont une grande probabilité de retourner vers
la souce s’ils ne sont pas réfléchis vers ’autre bras.

Le systeme d’analyse de spin a ensuite été caractérisé. Tout d’abord, 'efficacité des spin-
flippers a été mesurée pour chacun & 97%, ce qui n’est pas parfait. Cette imperfection pourrait
provenir de dépolarisations de la mauvaise composante de spin a cause de multiples réflections
dans le mauvais bras. La probabilité de spin-flip dans le bras avec le spin-flipper non actif die au
spin-flipper de I'autre bras a été mesurée a 0.15 + 0.62% et est donc exclue & mieux que 1% de
précision. Le pouvoir d’analyse du USSA a été mesuré a environ 80%, dans les mémes conditions
que pour la transmission, c’est-a-dire avec un spectre des UCNs tres dur.

Finalement, les mesures effectuées sous la ligne West-2 ont montré que tous les sous-systemes
du USSA fonctionnaient correctement et qu’il était donc possible de l'installer en dessous du
spectrometre nEDM.

Tests du USSA en dessous du spectrometre

L’objectif lors de ces mesures sous le spectrometre était de quantifier le gain possible 1ié a 1'utili-
sation du USSA par rapport a 'analyseur séquentiel.

Il a tout d’abord été montré lors de mesures de polarisation avec des temps de stockage
différents dans la chambre de précession que la position basse du USSA par rapport au centre de
la chambre (-2.1m) n’avait pas d’effet sur le pouvoir d’analyse du USSA, grace a ’adoucissement
du spectre en énergie des UCNs pendant le stockage.

Ensuite, la proportion d’'UCNs récupérés aprés étre entrés dans le mauvais bras d’analyse & été
mesurée a 52.8+2.8%. Bien qu’inférieure aux prédictions des simulations (84.8%), cette valeur est
tout de méme supérieure a celle obtenue sur la ligne West-2 (33.6 + 3.1%), ce qui montre qu’une
proportion non négligeable des UCNs (46.4 &+ 6.8%) retourne vers la chambre de précession avant
qu’ils ne soient détectés.

Finalement, une comparaison entre le USSA et I'analyseur séquentiel a été effectuée en condi-
tions de prises de données nEDM. La premiere courbe d’interférences de Ramsey obtenue avec le
USSA est montrée en Fig. 5.3.

La visibilité de la frange centrale ainsi que le nombre total d’UCNs détectés sont améliorés
respectivement de 6.2 + 4.9% et de 23.9 + 1.0% par rapport a ’analyse séquentielle. Il en résulte
une amélioration de la sensibilité sur 'EDM du neutron de 18.2 4+ 6.1%. Finalement, le USSA est
maintenant partie intégrante du dispositif de mesure de 'EDM du neutron a PSI.
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CHAPITRE 6

Analyse de données nEDM

L’EDM du neutron est mesuré via la méthode des champs oscillants séparés de Ramsey. Elle
est utilisée pour extraire la fréquence de précession des UCNs dans différentes configurations de
champ magnétique et électrique. La fréquence est obtenue par le biais de I'ajustement de la frange
centrale de la figure d’interférences de Ramsey avec la fonction :

NN = NN [1 F altcos <7rif — qﬁi)] (6.1)
v

ou Av = 51 est la largeur de la frange centrale avec un temps de précession T' et une

1
T+4’7’RF/TI')
durée de I'impulsion RF pour les neutrons de 2s.

Une nouvelle méthode utilisant ’asymétrie A est maintenant utilisée :

A=A, — agcos (wii — gzba) + 6 cos? (Wi‘li — d)a) (6.2)

L’avantage principal de cette observable est qu’elle s’auto-normalise et qu’elle n’est donc pas
dépendante des variations de la source UCN. En Fig. 6.1, un exemple d’ajustement de I’asymétrie
pour une polarité de champ électrique est visible.

Afin de tester le programme d’analyse utilisé pour récupérer la fréquence de Larmor des neu-
trons a partir des données, des données simulées ont été analysées. Plusieurs conditions réelles de
prise de données ont été implémentées. Par exemple, la séquence de changement des différentes
polarités électriques, des variations de champ magnétique de cycle a cycle, une décroissance expo-
nentielle des performances de la source UCN au cours du temps et des variations de gradient verti-
cal du champ magnétique sont inclus dans les données simulées. Avec ’ajustement de I’asymétrie
ou du nombre de neutrons, la précision (au sens exactitude) obtenue sur la fréquence neutron est
de 3.2 £ 2.9nHz, avec toutes les conditions citées précédemment.

Cependant, le x? réduit obtenu avec une variation journaliere de gradient de 2 pT /cm, n’est pas
de 1, mais de 1.15. Cette mauvaise qualité de I’ajustement a aussi été observée pendant ’analyse
de données réelles. Une variation de gradient de 2pT/cm a aussi été observée dans les données
expérimentales. Ainsi, la variation du gradient pourrait entrainer une modification des parametres
de 'ajustement au cours du temps, d’ou sa mauvaise qualité.

L’analyse des données nEDM 2013 a montré que la précision statistique obtenue sur la fréquence
neutron est cohérente avec la valeur attendue. Un important point est que la fréquence mercure,
utilisée comme normalisation des variations de champ magnétique, contribue significativement
a Perreur sur la fréquence neutron normalisée, de 1'ordre de 15%. Ceci est di aux mauvaises
performances du co-magnétometre pendant la prise de données.

Lors de l'extraction de 'EDM du neutron mesuré via ’ajustement linéaire de la quantité
R = fu/ fug en fonction de la haute tension appliquée, la mauvaise qualité de I’ajustement (x?>5
pour plus de la moitié des runs) signifie certainement qu’un effet lié a4 I’application du champ
électrique n’est pas pris en compte et fausse sans doute ’extraction de '’'EDM du neutron.
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FIGURE 6.1 — Ajustement de I’asymétrie pour extraire la fréquence de Larmor des neutrons. Dans
le but de compenser des variations de champ magnétique, la fréquence de I'impulsion RF est
normalisée par la fréquence mercure.

Néanmoins, la détermination finale de 'EDM du neutron a été effectuée (voir Fig. 6.2), sans
correction de I'effet de phase géométrique. Le résultat obtenu d, = (—0.50 & 0.83) x 1072° e.cm
présente une précision statistique en accord avec celle attendue.

La correction de l'effet de phase géométrique a ensuite été effectué. Pour ce faire, la quantité
R,—1= % est utilisée. Au point de croisement des courbes pour By pointant vers le haut et
pointant vers le bas, I'erreur systématique provenant de l'effet de phase géométrique du mercure

est nulle. Cette procédure a été appliquée aux données EDM 2013 et est montrée en Fig. 6.3.

Au point de croisement, 'EDM obtenu avec correction de I'effet de phase géométrique est :

dy = (—2.34+3.4) x 107 e.cm (6.3)

Du fait que deux points pour By pointant vers le haut sont en dehors de la courbe, la précision
sur la pente n’est pas trés bonne et se propage sur la précision sur ’EDM. Ce probléme est
probablement lié a la mauvaise qualité de I’ajustement effectué lors de la détermination de 'EDM
mesuré.
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FIGURE 6.3 — Analyse du point de croisement avec les données nEDM de 2013. Les tri-
angles rouges/bleus pointant vers le haut/bas représentent les mesures effectuées pour le champ
magnétique pointant vers le haut/bas.






CHAPITRE 7
Test d’estimateurs d’observables
magnétiques

Dans le but de corriger différentes erreurs systématiques liées a 1'utilisation du co-magnétometre
mercure, deux observables magnétiques sont de premiere importance : le gradient vertical de
champ magnétique moyen sur le volume de précession (0, B,) et le champ transverse carré <BJQ_>
Le champ magnétique mesuré par les magnétometres césium a I’extérieur de la chambre est utilisé
pour estimer le gradient de champ.

Pour le moment, seuls des magnétometres scalaires sont utilisés, n’autorisant que la détermi-
nation du gradient vertical. Cependant, le développement de magnétometres césium vectoriels
pourrait permettre d’estimer en plus du gradient le champ transverse carré moyen.

Afin d’estimer I'exactitude de plusieurs méthodes utilisées pour récupérer le gradient a partir
des données césium, des "fausses” données ont été générées, basées sur des données réelles re-
cueillies pendant la mesure de cartes du champ magnétique a I'intérieur du volume de précession.

A partir de ces données simulées dont le gradient est connu, il est possible de comparer le
gradient estimé par différentes méthodes et ainsi de trouver la plus précise. Cette procédure a
été effectuée et il a été montré que l'utilisation d’un ajustement d’une fonction de polynomes
harmoniques cartésiens est la meilleure. Elle permet une détermination du gradient avec une
erreur proche de 4pT/cm, pour des gradients allant jusqu’a 150 pT/cm. Une amélioration de
cette méthode a aussi été proposée, permettant de diviser le niveau d’erreur par un facteur 2.

En plus de ce test, les données simulées ont été utilisées pour étudier la possibilité d’un ajus-
tement harmonique similaire, mais en 3 dimensions, sur des données provenant de magnétometres
césium vectoriels. La précision atteinte sur le gradient est du méme ordre de grandeur qu’avec
des magnétometres césium scalaires, avec un nombre de magnétometres limité a 20. Cependant,
I'utilisation de magnétometres vectoriels rend possible la détermination en ligne du champ trans-
verse carré moyen sur le volume de la chambre. L’erreur sur sa détermination est de 'ordre de
0.01-0.05 nT2. En supposant une précision suffisante des magnétometres, I’erreur systématique as-
sociée sur 'EDM du neutron serait alors proche de 10~2%¢e.cm, c’est-a-dire diminuée d’un facteur
10 par rapport a maintenant. Ceci montre que 1'utilisation de tels magnétometres vectoriels pour-
rait rendre possible la correction tres précise de 'effet quadrupolaire, 'un des effets systématiques
les plus importants.






CHAPITRE 8

Conclusions et perspectives

Le travail présenté dans cette these représente le statut de I'expérience nEDM a PSI. D’abord,
I’expérience est dans un état permettant la prise de données nEDM. En méme temps, 'appa-
reillage actuel est un parfait banc d’essai pour de nouveaux dispositifs de mesure et permet a la
collaboration de préparer le futur de 'expérience nEDM a PSI : la phase n2EDM.

Le USSA, un nouvel analyseur de spin simultané, a été testé. Il a été congu a l'aide de si-
mulations GEANT4-UCN et ensuite construit au LPC. Un des buts initiaux du USSA était de
traiter symétriquement chaque état de spin. Lors des tests des sous-systemes du USSA sur la ligne
West-2, il a été montré que cet objectif est rempli. Le USSA a ensuite été installé en-dessous du
spectrometre nEDM pour tester ses performances en conditions de prises de données nEDM. La
aussi ¢’est un succes, puisque le nombre de neutrons détectés est augmenté de 23.9 &+ 1.0% et la
visibilité de la frange centrale de 6.2 + 4.9%, lors de 'utilisation du USSA au lieu de I’analyseur
séquentiel. Ces deux améliorations induisent donc un gain en sensibilité sur 'EDM du neutron de
18.246.1%. Cette amélioration devrait étre confirmée avec les données de 2014, puisque le USSA
fait maintenant partie de ’appareillage nEDM.

Ce gain en sensibilité peut étre encore augmenté en utilisant un meilleur revétement dans le
USSA, conduisant a une meilleure transmission, comme le suggerent les simulations GEANT4-
UCN. 1l est donc plannifié de couvrir les parois du USSA avec du ®NiMo. Les efforts de R&D
pour réaliser ce type de revétement vont aussi profiter a d’autres parties de guidage du systeme.
Une autre option initiale utilisant du diamant est a I’étude, bien que techniquement plus difficile.
Quelques échantillons ont déja été produits avec un potentiel de Fermi mesuré a environ 305 neV.
D’autres tests des propriétés de stockage du diamant seront effectués car il pourrait étre utilisé
dans le volume de précession. Son utilisation permettrait de stocker des UCNs avec de plus grandes
énergies et donc d’augmenter la sensibilité sur 'TEDM du neutron.

Pendant les tests préliminaires du USSA en aoit 2013, des données EDM ont été mesurées.
Pendant cette courte période, les parametres clés pour une haute sensibilité sur ’EDM du neutron
étaient réunis. Une partie de cette thése est dédiée a ’analyse préliminaire de ces données, afin de
controler leur qualité ainsi que pour préparer 'analyse finale.

Dans un premier temps, lestimation de la fréquence de Larmor des neutrons a été étudiée.
Pendant cette étude, une technique alternative pour estimer cette fréquence - utilisant 'asymétrie
- a été testée avec des données expérimentales et simulées. Pendant la sélection des données
brutes, il a été montré que l'ajustement de la courbe de Ramsey utilisant I’asymétrie est plus
robuste qu’avec le nombre de neutrons normalisé. Ceci suggere qu’il peut exister un probleme du
a un mauvais positionnement du switch, qui n’est pas encore pris en compte dans 'analyse. C’est
pourquoi il est nécessaire de pousser 1’étude des conditions de prise de données.

L’étude de la qualité de I'ajustement de la courbe Ramsey a aussi permis de choisir la meilleure
méthode pour estimer la fréquence mercure, qui est d’une importance primordiale pour le bon
déroulement de I’estimation de la fréquence neutron. Une nouvelle méthode revisitant la méthode
utilisé par la collaboration RAL-Sussex-ILL a été choisie. Il reste cependant nécessaire de continuer
le travail au sein de la collaboration sur I’estimation de la fréquence mercure.

En relation avec 'estimation de la fréquence mercure, le faible temps de dépolarisation trans-
verse du mercure a conduit a une faible erreur statistique sur la fréquence mercure, de 'ordre de
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3nHz. Cette erreur contribue a hauteur de 15% sur le ratio R utilisé pour normaliser les variations
de champ magnétique. Cette erreur se répercute ensuite sur la mesure de '’'EDM du neutron. C’est
pourquoi la collaboration travaille activement pour augmenter le 75 du mercure.

Dans le but de controler le programme d’analyse, des données simulées ont été générées. Il
a ainsi été montré que dans des conditions habituelles de prise de données, I'analyse donne des
résultats fiables. De plus, a I'aide de ces données simulées, une explication possible au probleme
du x? réduit de 1.15 observé dans les données a été trouvée. En effet, des variations du gradient de
champ magnétique observées dans les données expérimentales ont été simulées et 'effet résultant
sur I'ajustement de la fréquence de Larmor des neutrons est en accord avec les observations. Parce
que des variations de température pourraient étre a 'origine de telles variations du gradient de
champ magnétique, une meilleure isolation thermique de la zone expérimentale pourrait résoudre
ce probleme.

L’étape suivante était de controler les données EDM avec une analyse préliminaire. Méme si la
précision statistique mesurée est en accord avec celle attendue, ’analyse a montré que ’ajustement
permettant d’obtenir ’TEDM brut du neutron ne se déroule pas correctement dans plus de 50%
des cas. Ce probleme, peut-étre lié a des décharges électriques, doit étre investigué et résolu avant
la prochaine prise de données.

Sans correction de 'effet de phase géométrique effectué, le résultat obtenu avec cette analyse
est d, = (—0.50 £0.83) x 1072° e.cm, soit une sensibilité par cycle d’environ 4 x 10~2*

Une telle sensibilité journaliere permettrait a la collaboration d’atteindre un niveau de sensibilité
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e.cm.
d’environ 2 x 1 e.cm apres 3 ans de prise de données.

Pour la derniere étape de l'analyse, la correction de l'effet de phase géométrique n’est pas
satisfaisant puisque deux points se situent a plus de 3o de la courbe attendue pour By pointant
vers le haut. Néanmoins, la technique a fonctionné correctement pour By pointant vers le bas. Le
résultat final aprés correction de I'effet de phase géométrique est d, = (—2.3 £ 3.4) x 1072% e.cm.

Dans la derniere partie de ce travail de these, des estimateurs du gradient vertical de champ
magnétique utilisant les données de magnétometres césium scalaires ont été étudiés en utilisant des
données simulées. Cette étude, s’appuyant sur une simulation réalistique du champ magnétique a
partir de cartes de champ mesurées, a montré que la méthode la mieux adaptée est ’ajustement
harmonique de Taylor, fiable & quelques pT/cm. Une amélioration de cette méthode a été proposée,
en sélectionnant les harmoniques contribuant le plus au champ dans la fonction d’ajustement.
Une telle amélioration pourrait permettre d’améliorer 'erreur sur le gradient vertical du champ
magnétique de plus d'un facteur 2, jusqu’a 1-2 pT/cm. Cette étude a été effectuée dans le cadre
de la mesure du ratio des moments gyromagnétiques du neutron et du mercure vy,/vHg, dont
I'incertitude a été diminuée & 1 ppm, en utilisant les données des courbes R [14].

Dans la phase n2EDM, des magnétometres césium vectoriels seront disposés autour de la
chambre de précession et devraient étre capables de mesurer le champ magnétique au niveau du
pT. Ils sont actuellement en développement a PSI et un prototype a été installé sur le "mapper”
fabriqué au LPC et utilisé pendant les campagnes de cartographie magnétique de 2013 et 2014. En
plus de I’étude précédente, les données simulées ont été utilisées pour prospecter une récupération
en ligne du champ magnétique transverse carré en utilisant de tels magnétometres. La technique
utilisée pour estimer le champ transverse carré est l’ajustement harmonique en 3 dimensions,
combinée a la sélection des harmoniques ayant la plus grande contribution. Avec une telle tech-
nique, le gradient de champ magnétique est mesuré avec une erreur de 1-2pT/cm et le champ
magnétique transverse carré avec une erreur de 'ordre de quelques 0.01 nT2. Avec une telle erreur
sur la détermination du champ trasnverse carré moyen, ’effet quadrupolaire pourrait étre corrigé
avec une erreur améliorée d'un facteur 10 par rapport a la méthode actuelle, jusqu’a 10728 e.cm.
Cela donne ainsi une perspective vers le controle d’'une des erreurs systématiques principale sur
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I’EDM du neutron pendant la phase n2EDM.

Pour cette derniere phase du projet nEDM, le but est double. D’une part, la collaboration
a pour objectif d’améliorer la statistique neutron, et d’autre part de s’occuper avec soin des
conditions de champ magnétique a 'intérieur de la chambre. Afin que la mesure de ’EDM soit
effectuée dans les mémes conditions de champ magnétique pour les deux polarités de champ
électrique, la précession libre sera effectuée dans une chambre de stockage double, avec des champs
électriques plus hauts. Ainsi, le nombre d’UCNs détectés sera aussi doublé par rapport a une
chambre simple. Le controle du champ magnétique sera atteint par le biais d’un nouveau blindage
magnétique multi-couches avec un facteur de blindage d’environ 5 x 10* — 1 x 10°, pour abaisser
le gradient de champ magnétique jusqu’a 1pT/cm. De plus, la bobine By de n2EDM est en
train d’étre développé de maniére a ne pas induire de magnétisation du blindage, produisant une
meilleure homogénéité du champ. Le volume de précession sera monitoré par un co-magnétometre
utilisant un laser pour mesurer le signal mercure. En plus des magnétometres cesium externes
vectoriels, deux ”couches” de magnétometres He au-dessus et en dessous du volume de stockage
des UCNSs seront utilisés comme gradiometres pour controler les erreurs systématiques liées au
gradient de champ magnétique.

Grace a ces améliorations sur 'erreur statistique et les erreurs systématiques, il est prévu
d’améliorer la limite sur PEDM du neutron jusqu’a 4 x 10727 e.cm dans environ 10 ans avec les
performances actuelles de la source d’'UCNs. Si la source atteint ses performances nominales,
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la gamme des 1 e.cm sera explorée, permettant des tests décisifs de scénarios de nouvelle

physique.






Part 11
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CHAPTER 1

Introduction

The neutron Electric Dipole Moment (nEDM) search is a challenging high precision experiment at
low energy. It is motivated by the potential discovery of new CP violation sources beyond the Stan-
dard Model (SM) of particle physics. Such a discorvery would contribute to the understanding of
the matter predominance over antimatter in the Universe. Indeed, new CP violation mechanisms
are required in order to fulfil one of the three Sakharov conditions which are necessary to produce
the baryon asymmetry in the early Universe [3]. Contrary to the SM, several of its extensions pro-
posed scenarios able to explain the matter-antimatter asymmetry. Such models naturally predict
a non zero value for the nEDM in the 10728-1072% e.cm range. Already, the best experimental
limit on the nEDM, set by the RAL-Sussex-ILL collaboration - |d,,| < 2.9 x 10726 e.cm (90% CL)
[1] - strongly constrains the parameters space of such theories [15, 16]. More generally, global
searches for EDMs of fundamental particles or compound systems are worldwide pursued, since
EDM is one of the most sensitive probes for new physics beyond the SM [17].

The objective of several international collaborations in a worldwide competition is to push the
nEDM upper limit down to the 1072% — 10727 e.cm range. Such an improvement of the nEDM
sensitivity is required to rule out models beyond the SM, or to lead to the discovery of new physics,
in case a non zero nEDM would be measured. Most of nEDM projects use ultra cold neutrons
(UCN) to perform the measurement except a few using cold neutron diffraction in crystal (see
for instance [18]). Because the current limiting factors for a large sensitivity improvement is the
statistic, most of the projects are closely related to the development of new highly intense UCN
sources. These new sources are expected to overcome the current UCN density of about 10 cm ™3
by a factor 10 to 100.

Around the world, about ten projects aim at measuring the nEDM. They are at very different
stage.

The ILL is one of the most active centre for the nEDM search [19]. For instance, the last
nEDM measurement was performed by the PNPI group at ILL. They recently published a limit
of |dy| < 5.5 x 10726 e.cm (90% CL) [20]. The data taking has been stopped in August 2013 due
to the reactor shut-down and will likely not be restarted before end of 2015.

On the other hand, one of the most important nEDM projects, the CryoEDM experiment [21],
has recently been stopped due to funding cutoff.

In the next few years, the other UCN projects should be able to start taking data. A project
held by the Munich collaboration is ongoing with the development of a new UCN source at FRM-
IT [22]. The detector progress is going fast. However, the UCN source commissioning has been
postpone for a few years. The move of the experiment to the ILL is not excluded. The RCNP-
TRIUMF project located in Japan seems to make progresses. They should be able to start soon
taking nEDM data [23]. Another project based at Los Alamos is also ongoing [24]. Its goal is to
prove that within 3 years the apparatus will be ready to take nEDM data.

On a longer time scale, i.e. not before 2020, future projects are planned. They are often
the second phase of ongoing projects. The goal for these experiments is to reach at least the
10727 e.cm level. This is the case for the PNPI project which should move to the “old” WWMR
reactor in Gatchina where a new UCN source should be constructed. The experiment based at
RCNP is planned to move to the new UCN source at TRIUMF in 3 to 5 years. Finally, the SNS
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collaboration [25] plans to build and test the critical parts of the apparatus over the next 4 years
and will therefore not start taking nEDM data before at least 2020 [26].

Currently, the only experiment taking nEDM data is located at the Paul Scherrer Institute
(PSI) in Switzerland. The work presented in this thesis has been performed in the framework
of this experiment. The PSI project has two phases. The first phase is based on the upgraded
spectrometer of the RAL-Sussex-ILL collaboration (which set the current nEDM upper limit at
ILL). After 3 years, a nEDM sensitivity of a few 10726 e.cm could be reached with the current UCN
source performances, assuming 4 months of data taking per year. Such a goal is achievable with
the current apparatus performances, but efforts are required in order to improve its reliability.
The current experiment is also used to prepare the second phase of the project (n2EDM): the
building of a new spectrometer. In this second stage, the collaboration aims at improving the
control of systematic errors and at lowering the statistical precision below the 10727 e.cm level.

This thesis takes place between nEDM data taking with the former spectrometer and R&D
efforts for the n2EDM phase. A new simultaneous spin analyser has been designeed, built and
tested, 2013 nEDM data have been analysed and a study of estimators of magnetic observables
used to correct for systematic effects has been carried out.

In chapter II, the theoretical motivations for the nEDM measurement are given, followed by
the description of the nEDM measurement technique. Furthermore, properties of Ultra Cold
Neutrons, used to measure the nEDM, are summarised.

Chapter III describes the spectrometer, as well as its components and their use in the nEDM
measurement.

Chapter IV is dedicated to GEANT4-UCN simulations, used to design the simultaneous spin
analyser. The new spin analyser has been developed to replace the current sequential analyser.
The simultaneous spin analysis is required to symmetrically treat the two spin components and
avoid possible spurious effects on the nEDM measurement. At the same time, due to a faster
detection, an increase of the number of detected UCNS is expected.

Chapter V concerns the description and the experimental tests of the newly constructed USSA.
The study of the simultaneous spin analyser is divided into two parts: the subsystems charac-
terisation on the West-2 beam line at PSI and its performances measurement below the nEDM
spectrometer.

The 2013 nEDM data has been analysed. Chapter VI reports on the study of an analysis
software used to extract the neutron Larmor frequency using simulated and experimental data.
These tests are presented as well as the nEDM extraction with the 2013 data.

Finally, in the last chapter, estimators of the vertical gradient based on scalar caesium mag-
netometers are characterised using a “toy model”. In addition, a study to prospect the online
recovery of the square transverse magnetic field from vector caesium magnetometers is presented.
This average square transverse field has to be accurately determined as it is needed to correct for
the so-called quadrupole effect, one of the main current systematic errors on the nEDM.
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2.1 Motivations

A permanent electric dipole moment (EDM) d is usually defined when two opposite charges +¢q
are separated by a distance r as d = g7 . Such an EDM is observed in systems for which the
barycentres of negative and positive charges do not coincide as for instance in the HoO molecule.
For a neutron, a permanent EDM can be quantumly defined as a vectorial intrinsic observable.
Because neutrons have a 1/2 spin, this EDM has to be aligned along their spin S - the solely
intrinsic vectorial quantity for this particle - according to the Wigner-Eckart theorem. Such EDM
reads dn =d,S /S. In fact, the neutron EDM is the analogue of the magnetic moment i, but
instead of coupling to a magnetic field B it couples to an electric field E. The overall Hamiltonian

reads: .
H=—d, E—.B (2.1)

However, these two dipole moments interactions behave differently with respect to the discrete
symmetries: charge conjugation symmetry C, parity symmetry P and time reversal symmetry T.
Tab. 2.1 summarises thq transformation of usual physical observables under P and T. According
to transformations of (677;, E) and (;T;:,E) under these P and T operators, depicted in Fig. 2.1,

one has:

—dnE 5 dyE —mBS B (22)
—LTIIE N CTIIE — /in.E L tn.B

This also applies to other particles with a non-zero spin, which can have an EDM. Thus, a non-
zero EDM would be a signature of P and T violation and assuming the CPT theorem, a new CP
violation source.

Observable/Symmetry p T

Position 7 -7 7

Time ¢ t —t
Momentum p - -

Spin, Angular momentum S| s -

Magnetic Dipole Moment 7 | 17  —

Magnetic field B B -
Electric Dipole Moment d d —d
Electric field E —-FE FE

Table 2.1: Transformation of usual physical Figure 2.1: (dn, E) and (un, )transfor—
observables under P and T symmetries. mation under P and T symmetries.

2.1.1 History of symmetry breaking and nEDM

Purcell and Ramsey first had the idea to experimentally test discrete symmetries in 1950 [27] by
measuring the neutron Electric Dipole Moment (nEDM). This pioneering measurement gave the
first upper limit on the nEDM in 1957 [28]:

|dy| < 5x 107 e.cm (2.3)

This measurement was carried out during a key period for particle physics, when the idea of parity
violation in weak processes was discussed by Lee and Yang in 1956 in order to solve the -7 puzzle
[29]. One year after, the first parity violation in a weak process was experimentally discovered by



40 Chapter 2. The neutron Electric Dipole Moment

Mrs Wu[30]. In this context, the neutron EDM limit reinforced the idea of T and CP conservation
(31, 32].

But in 1964, the interest for the neutron EDM measurement grew up with the first observed
CP violation in the K° decay [33]. Indeed, particle physics theories including CP violation made
naturally appear the nEDM, which was one of the main constrain for these models. Today,
discovered sources of P and CP violations (K°, B [34, 35] and D° [36] decays) are included in
the SM (through the § phase in the CKM matrix) but the situation remains unchanged for the
role played by the nEDM to constrain theories beyond the SM [16, 37]. Those models propose
explanations for unexplained points by the SM. For instance, the SM does not answer a crucial
question: why the visible Universe is mostly made of matter?

2.1.2 The Universe Baryon Asymmetry problem

In the early Universe, antimatter and matter would have annihilated to produce photons, according
to the Big Bang theory [2]. Starting from the same amount of matter and antimatter, the Universe
should now be made of a small equal amount of matter and antimatter. The current Universe
composition is a proof that an asymmetric process occurred in the past since the antimatter is
nearly absent in the Universe [38].

In 1967, Sakharov!' proposed a scenario to explain this Baryon Asymmetry of the Universe
(BAU) [3], requiring three criteria to be fulfilled. First, a small violation of the baryon number B
is needed to allow a system to go from a B = 0 state to a B # 0 state. Then, C and CP violations
are required in order to slightly favour antimatter disappearance with respect to matter. Finally,
these processes have to occur during a non thermal equilibrium phase, otherwise, the reverse
processes would smooth out any matter or antimatter excess. In particle physics models, a first
order electroweak phase transition plays this role.

The matter-antimatter asymmetry in the universe can be estimated by the ratio:

p=_B_"B . "5 (2.4)
-
where np/np are respectively the number of baryons/anti-baryons and n, is the number of pho-
tons.

From satellite observations of the Cosmic Microwave Background, this ratio has been estimated
to be n = (6.18 £ 0.15) x 10710 [39]. This ratio is also an input for the Big Bang Nucleosynthesis
model which predicts the light nuclei abundances. In order to match measured abundances, the
n ratio is constrained to 7 = (5.80 £ 0.27) x 10710 [40], which is consistent with the previous n
value.

There, the CP violation condition from the three Sakharov criteria becomes very important.
With all the CP violating processes found in the electroweak sector and incorporated in the SM,
the predicted matter-antimatter asymmetry ngas ~ 10719 is 9 orders of magnitude smaller than
the experimental one. Thus, a strong motivation of SM extensions is to predict new CP violation
sources to get a baryonic asymmetry consistent with observations. In this context, the nEDM
searches are important since they may reveal new CP violation sources.

2.1.3 The nEDM in the SM

A neutron EDM could arise from two CP violation sources in the SM: one from the electroweak
sector and another one from the strong sector.

In the electroweak sector, a contribution to the nEDM can be calculated in a two quarks model
with a spectator quark [41]. This contribution of the electroweak sector to the nEDM amounts

!Peace Nobel price in 1975.
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to: |dn| ~ 10732731 e.cm. Using the link between the CP violating phase in the CKM matrix
and the quarks EDM, another calculation has been performed, based on the fact that there is no
quark EDM contribution before 3 loops diagrams [42]. This contribution has been estimated to
|dp| ~ 10734 e.cm [43].

In the strong sector, the quantum chromodynamics Lagrangian can be split in two parts: one
concerning the quark-gluon interactions and the other one related to the interaction of gluons
with the quantum vacuum [44]. This latter, violating the CP symmetry, is related to the neutron
EDM via a theory-free angle #. The parameter  related to this angle 6 is linked to the neutron
EDM through [15]:

|dy| ~ 0 x 1070 c.cm (2.5)

Today, the neutron EDM is the strongest constrain on the 6 angle (through the # parameter).
The best experimental limit on the nEDM [1] directly translates to a limit for § < 1070, This
constitutes the strong CP problem, as the natural range for f is the unity. Peccei and Quinn have
tried to solve this problem by introducing an additional symmetry (U(1)pg) [4]. In this model,
the 6 value is 0 and a new particle, the axion, is involved during the spontaneous break of this
additional symmetry. This potential new particle has not been found yet. Thus, the strong CP
problem remains unsolved.

Up to now, the nEDM has already brought stringent constrains on the SM in the strong
sector. In the electroweak sector, SM predictions are currently out of reach. But extensions of
the Standard Model, including other CP violation sources, predict larger values for the nEDM,
in the 1072% — 10726 e.cm domain. As a result, it is possible to constrain these SM extensions by
measuring the nEDM (and other particles EDMs).

2.1.4 The nEDM in extensions of the SM

The Higgs search at LHC [5, 6] has confirmed what was hinted since about 20 years by EDM
measurements: no squark, predicted by supersymmetric (SUSY) models, have been found below
the TeV scale. This hint was triggered by the so-called SUSY CP problem: the upper limits
brought by the neutron, Tl and Hg EDMs have constrained the CP-odd SUSY phases 64 and 6,
to ~ 1072, for SUSY particle masses Mgysy at the 500 GeV level. These phases are (roughly)
constrained by EDMs d as follow [15]:

dx M3ygy = a,sinf, +aasinfa (2.6)

For a given EDM value and constant a, and a4, the larger the SUSY mass scale, the larger the
04 and 0, free parameter space. By pushing mass limits of SUSY particles above the TeV scale,
LHC results have thus “resolved” this problem, as shown in Fig. 2.2. At the same time, several
SUSY models have been excluded.

The first order electroweak phase transition playing the role of the thermodynamic non-
equilibrium Sakharov criterion (see 2.1.2) is not allowed anymore in the SM [45]. On the contrary,
models of Electroweak Baryogenesis (EWBG) beyond the SM still allow this kind of transition
[46]. EDMs vary like 1/A%, where A is the new physics mass scale [15]. The power of EDMs
can be demonstrated by means of the following example: Fig. 2.3 shows the new physics particle
mass range excluded by EDMs in the framework of a minimal EWBG scenario [47]. Today, this
kind of scenarios has almost been excluded by the new limits set on the electron EDM and the
Hg EDM (see 2.1.5). However, an improvement of the nEDM limit below 10727 e.cm in the next
experiments generation has the potential to rule out more elaborated models.
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Figure 2.2: Illustration of the relaxation of the SUSY CP problem: constrains put by EDMs on
SUSY CP violating phases. Picture taken from [15].

2.1.5 Other electric dipole moments

As shown in Fig. 2.2, other electric dipole moments can constrain models beyond the SM. Projects
to measure directly the EDM of charged particles like protons, deuterons or muons on high pre-
cision rings are in development[48, 49]. There exist two types of atomic systems used for EDM
measurements: diamagnetic atoms and paramagnetic atoms and molecules [17].

2.1.5.1 Paramagnetic atoms

In the case of paramagnetic atoms, there is a single electron in the external electronic shell. The
contribution to the atomic EDM comes from the electron EDM by means of a relativistic effect
linked to the electron movement around the atom [50]. Without this effect, the Schiff screening
effect predicts that inside a neutral atom, electric charges arrange in such a way that the external
electric fields cancel [51]. As a result, there would be no induced atomic EDM by the single
electron EDM. Finally, the relation between the EDM of the paramagnetic atom dp,r and the
electron EDM d, is given by [15]:

7302
“T(J+1/2)(J+1)>?

dpar =~ 10d (2.7)
where Z is the atomic number, « its polarisability and J its angular momentum. As the observable
EDM depends on the cube of the atomic number, heavy paramagnetic atoms are used to measure
de. As a result, the best current limit on the electron EDM coming from a paramagnetic atom
comes from the 2°T1 EDM: |d| < 1.6 x 10~ %*"e.cm [52].

This limit has been confirmed using YbF molecules [53] and has recently been improved using
polar molecules of ThO down to |de| < 8.7 x 1072? e.cm [54]. This large increase of the sensitivity
is mainly due to the higher electric field obtained in polar molecules than in atoms.

2.1.5.2 Diamagnetic atoms

Diamagnetic atoms are probes for nuclear EDMs. Indeed, the Schiff theorem applies for these
atoms at first order but is violated at second order because of the finite size of nuclei. Unlike
paramagnetic atoms EDMs, diamagnetic atoms EDMs are smaller than the sum of their con-
stituents EDMs. As a result, the atom EDM comes from CP violating couplings between nucleons
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Figure 2.3: New physics mass exclusion areas in a minimal EWBG scenario due to EDMs limits
in 2007. The blue line corresponds to the threshold mass scale required to produce the baryon
asymmetry according to Sakharov criteria. Picture taken from [47].

and electrons and from couplings between nucleons. The present best limit on the ?Hg EDM is
|d(**Hg)| < 3.1 x 1072 e.cm [55], setting a limit on the proton EDM |d,| < 0.4 x 10723 e.cm.
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2.2 The nEDM measurement

2.2.1 Principle

The principle of the nEDM measurement is visible through the interaction Hamiltonian of a
neutron in static magnetic and electric fields:

H=—-d,.E—p,B (2.8)
In the presence of a magnetic field and an electric field, the energy levels split as shown in Fig. 2.4.

BT ET

BT E=0 St _
BT ET

Figure 2.4: Scheme of the neutron energy levels splitting of a neutron in magnetic and electric
fields. Subscripts || and }f correspond respectively to parallel and anti-parallel B and E fields
configurations. It is assumed that d, and u, have the same sign.

The nEDM is then measured via the difference of Larmor frequencies v and vy in parallel and
anti-parallel static magnetic and electric fields through:

—hly) —vp) — 2un(B) — By)

dy =
Q(E” + EH)

(2.9)

Because the magnetic interaction is dominant, the experimental strategy is always to apply a low
magnetic field and a large electric field. In the case where the B field is unchanged in parallel and
anti-parallel configuration and the electric field only changes its sign, the nEDM is given by:

_ —hly —w)

dy = —— =" (2.10)

The neutrons precession frequency is measured using the Ramsey’s separated oscillating fields
method. This method is explained in the following paragraph.

2.2.2 The experimental technique

The experimental technique used to determine the neutron Larmor frequency is the same for all
storage experiments. Polarized ultra cold neutrons are stored in a precession chamber and the
number of remaining spin up and spin down neutrons are counted after the Ramsey’s separate
oscillating fields procedure. This procedure is part of a cycle. It is repeated several times for a
given magnetic and electric fields configuration. The Ramsey’s method was used for nEDM beam
measurements, but the oscillating fields were spatially separated instead of timely separated. This
method is described thereafter and sketched out in Fig. 2.5.
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2.2.2.1 Ramsey’s separate oscillating fields method

|

9
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RF pulse

N

Figure 2.5: Principle of the Ramsey separated oscillating field method.

Polarized ultracold neutrons are stored in a precession chamber where parallel or antiparallel
magnetic and electric fields are applied. The UCN spin is initially aligned along the main magnetic
field By. During a short period gy, a radiofrequency (RF) pulse with a frequency in principle

equal to the neutron Larmor frequency f, = g—;Bo is applied. As a result, the neutron spin is

flipped into the plane orthogonal to the static magnetic field and the applied RF pulse is called 7 /2
pulse. Neutrons are then free to precess during a time 7' > mrr. At the end of the precession time
T, a second 7/2 pulse is applied with the same frequency as the first one. A phase is accumulated
during the free precession if d,, # 0. This leads to a frequency shift. The actual Larmor frequency
is determined by slighly detuning the RF pulse frequency and by counting the spin up and the

spin down neutrons, in order to scan the so-called Ramsey pattern, shown in Fig. 2.6.
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Figure 2.6: Ramsey pattern obtained in August 2012 after 50s of precession in the oILL spec-
trometer at PSI. The most populated spin state at the beginning of each cycle is N*.

In practice, only the Ramsey central fringe is scanned. Four working points, placed where
the slope is the steepest, are used in order to increase the sensitivity of the Larmor frequency
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measurement. For an initial spin up population, this central fringe is approximated by:

N = N (1:Famcos [(f";fRF)wD (2.11)

1%

m is the half width of the central fringe, Ng/ ¥ the number of detected
neutrons for each spin state at half the resonnance with sign —/+ corresponding respectively
to spin up/down UCNs. o/ is the visibility of the fringe defined as:

where Av =

v
vy _ Nlta = N
o/h = (2.12)

min
Using a best fit of NT and N+ with (2.11), the neutron Larmor frequency is determined for both
parallel and antiparallel magnetic and electric fields.
2.2.2.2 Expected statistical sensitivity

From (2.11), it is possible to get the expression of the neutron Larmor frequency as a function of
the number of detected neutrons:

A N N
FI = frr + =Y arccos 7& (2.13)
T :FaT/iNO
and the statistical error on the neutron precession frequency is determined through:
2 (0 > ( ok S (0
T =\ gNt/aoNt + WJNJN + ot /v e/t
2 A 1
UJT”N - - ol e 2
" ral/AN] | (NNt (2.14)

N/

Ng/ 1

2
YN S
) (o)

X NTN + (UNJN

The two last terms contribution (with o, +,, and o,1,,) corresponds to about 1% of the total error.

NI/
In the present case, the four working points are around half of the resonnance, i.e. N T~ Ng ",
Thus, the statistical uncertainty on the neutron Larmor frequency is approximated by:

o Av
- 2.15
Th T ot /N (2.15)

Using (2.10), the statistical error on the nEDM becomes:

12, 420
o4, =\|/0 o —
dn In I'n AR
h

0d, I ———

205TE\/ Ntot
The last formula gives the experimental key observables of the nEDM statistical sensitivity. The
higher the applied electric field, the larger the nEDM sensivity. At the same time, increasing the
precession time would allow neutrons to accumulate more phase during the free precession. The

(2.16)

(2.17)

visibility of the central fringe exponentially decreases with the precession time. It depends on
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precession chamber properties and on magnetic field conditions (UCN spin guiding fields and field
homogeneity in the precession chamber). It also depends on the neutron spin analysis efficiency.
The number of ultracold neutrons detected at the end of the precession also depends on precession
chamber properties and roughly decreases exponentially with the precession time. Therefore, the
setting of the precession time is closely linked to the central fringe visibility and the number of
detected UCNs. This storage time was tuned to about 200s in [56] for the nEDM experiment at
PSI.

All the parameters have to be as high as possible in order to lower the statistical error oy, .
But there is some interplay between T, E and Nit. During the nEDM history, the game has
always been to increase these parameters, but also to lower the systematic errors.

2.2.3 nEDM measurement history

The evolution of the nEDM upper limit is shown in Fig. 2.7. Two main types of measurement are
visible: beam and storage measurements.
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Figure 2.7: nEDM upper limit history.

2.2.3.1 Cold neutron beam based experiments

The first dedicated nEDM measurement was carried out by Smith, Purcell and Ramsey in 1957,
setting the upper limit |d,| < 5 x 1072 e.cm [28]. The experiment used a 2000 m/s polarised
neutron beam going through a homogeneous magnetic field in which the neutron spin precesses.
During the experiment, an electric field was applied and the authors did not measure any correla-
tion with the neutron precession frequency. These beam line experiments have continued during
about 20 years, until the first ultra cold neutron sources were built in the 80’s. nEDM mea-
surements with these slower neutrons (v, <5m/s) are better for two main reasons. First, slow
neutrons spend more time in the electric field area. Second, the so-called geometric-phase effect
is reduced [8]. The consequence of this relativistic effect is that moving neutrons see a motional

magnetic field Ev = % As a result, the neutron precession frequency is shifted proportionally
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to the electric field, like for a dipole electric moment. This effect can be cancelled up to a certain
point, but was limited by the beam divergence in such beam line experiments, even with 150 m/s
beams like in the last neutron beam EDM measurements [57].

2.2.3.2 Ultra cold neutron source based experiments

Following the first UCN observation in 1969 [58], nEDM measurements were mostly carried out
with storage experiments. Systematics coming from the geometric-phase effect have been dra-
matically reduced thanks to low neutron speeds. The competition between two experiments —
PNPI and RAL-Sussex-ILL — is visible after 1980. Both experiments use stored UCNs. The PNPI
(Gatchina, Russia) experiment was made of two precession chambers, allowing the two Larmor
frequencies in parallel and anti-parallel configurations to be measured simultaneously. The ILL
(Grenoble, France) experiment was using a single precession chamber with a cohabiting magne-
tometer in order to monitor the magnetic field in both fields configurations. This latter gave the
best upper experimental limit on the nEDM: |d,,| < 2.9 x 10726 e.cm (90% CL) [1].

2.2.3.3 Current nEDM projects

Today, several collaborations aim at improving the nEDM upper limit by at least one order of
magnitude. A map of these nEDM projects is shown in Fig. 2.8.

\___ PNPI
TRIUMFW
NIST _PARC
PSI
ORNLJ ILL ReNP_/

Figure 2.8: World wide nEDM competition.

Back to the cold neutron beam, at ILL, the nEDM is measured through an induced spin
rotation during neutron reflection close to the Bragg condition on quartz. The nEDM upper limit
coming from this experiment is in the 10723 e.cm range [18] and can be further improved down
to the current nEDM best sensitivity according to the authors. It takes advantage of the high
electric fields inside a non-centrosymmetric crystal lattice (~ 108V /cm) and the high available
cold neutron flux.

Other nEDM projects are UCN based experiments. Three of them plan to produce UCNs
using superfluid *He. Two of them are cryogenic experiments. The experiment being developped
at SNS (USA) should benefit from a superconducting screen. The expected sensitivity is in the
range 1072% — 10727 e.cm. However, this experiment encounters technical challenges and is time
consuming due to the cool-down and warm-up of the cryostat. The SNS collaboration first plans
to build critical components of the apparatus (detector, HV, magnets and polarised 3He system)
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Experiment Source Cell Measurement technique
ILL - CryoEDM Superfluid “He ‘He Cryo HV, Superconducting tech.
- UCN - vy, Ramsey tech., SQUIDS
SNS - EDM Superfluid “He ‘He Cryo HV, Superconducting tech., SQUIDS
- UCN - vr: 3He capture, 3He co-magnetometer
RCNP - TRIUMF | Superfluid ‘He Vacuum Small volume, '??Xe co-magnetomer
- UCN - @RNCP and then @QTRIUMF
ILL - PNPI ILL turbine Vacuum vr: Ramsey tech.
- UCN - PNPI:Solid Dy E = 0 for magnetometer
PSI EDM Solid Dy Vacuum vr: Ramsey tech., Hg co-magnetometer
- UCN - 1325, 3He external magnetometers
MUNICH - FRMII Solid Do Vacuum vr: Ramsey tech., Hg co-magnetometer
- UCN - Cs external magnetometer
J-PARC - UCN Solid Do Vacuum Under development
LANL - UCN Solid Dy Vacuum Under development
ILL-PNPI Cold n. beam Solid Crystal diffraction
Non-centrosymmetric crystal
J-PARC Cold n. beam Solid Crystal diffraction
Non-centrosymmetric crystal
NIST Crystal Solid R &D

Table 2.2: Worldwide nEDM projects in competition. From [59]

and to test it at the NCSU? reactor over the next 4 years. Once this will be done, they could
get approval to finish the construction of the cryogenic system, the neutron beam guide and the
room temperature magnetic shield [26]. CryoEDM project at ILL [60], one of the most important
nEDM projects, was recently stopped due to funding cutoff.

Room temperature experiments aim at measuring the nEDM at the 10728 — 10727 e.cm level.
Among those, a project is being built at the Research Center of Nuclear Physics (RCNP) in
Japan [23] and will be later moved to TRIUMF in Canada. This project, based on previous room-
temperature measurements, plans to use a Xe buffer gas inside the precession volume in order to
suppress the so-called systematic geometric phase effect.

A recent measurement performed at ILL with the PNPI spectrometer (a stack of two precession
chambers placed in a common magnetic field) by Serebrov et al. reports an nEDM upper limit of
|dn| < 5.5 x 10720 e.cm [20]. A later stage is planned at a new UCN source at PNPL.

At FRM-II, the Munich collaboration plans to use a four-layer stack of precession chambers
(two with UCNs and a Hg co-magnetometer, two with only Hg). It also plans to use external
Caesium magnetometers in order to have a better control on systematics. The progress with the
apparatus is going fast (the magnetic shield is already installed). However, the UCN source has
not started yet.

The other main room temperature project is the nEDM experiment at PSI, which aims at mea-
suring the nEDM below the 10727 e.cm level in two phases. The first phase uses the spectrometer
which belonged to the RAL-Sussex-ILL collaboration. The spectrometer has been moved in 2009
to the new PSI UCN source and renamed olLL for old ILL spectrometer. The second phase is
based on the development of a new spectrometer (n2EDM) involving two UCN storage chambers.

All these last experiments are based on the ultra cold neutrons use. Their properties are
summarized in the next part.

ZNorth Carolina State University
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2.3 Ultra cold neutrons

The neutron electric dipole moment search is closely linked to the development of ultra cold
neutron sources. Neutrons are called ultra cold when a particular energy regime is reached, below
a few hundred neV. A short summary of different neutron regimes is given in this section, followed
by a description of ultra cold neutron properties and different ways to produce them.

2.3.1 From the neutron to the ultra cold neutron

The neutron was discovered in 1932 by Chadwick [61]. Fast neutrons are mainly produced during
fission or spallation reactions. Today, they are widely used to study materials, thanks to their
property to deeply penetrate into matter because of their neutrality. They can be thermalized
using collisions with light nuclei. Because neutrons show particular properties for different energy
ranges, they are usually classified in different regimes (see Tab. 2.3), according to their kinetic
energy, temperature or wavelength.

Regime Energy Wavelength [nm]  Temperature [K]
Fast > 500keV <1073 > 6 x 10°
Epithermal | 25meV < E < 500keV 1073 < A < 0.18 300 < 7T < 6 x 10°

Thermal 25 meV 0.18 300

Cold 50peV < E < 25 meV 0.18 < A <4 0.6 <T < 300
Very cold | 300neV < E < 50peV 4<A<b2 0.0035 < T' < 0.6
Ultra cold < 300 neV >52 <0.0035

Table 2.3: Different neutron energy regimes and characteristic energy, wavelength, temperature
ranges. The blue shaded rows correspond to optical neutrons.

The neutrons De Broglie wavelength A, is defined as follow:
h

N )

where m,, is the neutron mass and E the neutron kinetic energy. When the neutron wavelength

An = (2.18)

becomes larger than the distance between atoms of a material - neutrons are cooler - neutrons
interact with a set of nuclei instead of a single nucleus. These neutrons are called optical neutrons
(E <25meV, A > 0.2nm) and can be reflected by matter as observed by Fermi in 1947 [62]. Such
reflexion happens if the incidence angle 6 fulfils the following condition:

sing <4/ % (2.19)

where Vi is the so-called Fermi potential or optical potential. It is one of the most important
characteristic for UCNs and is defined as:

2h?
Vi = N;b; 2.20

where N; is the number of atoms per volume unit and b; is the coherent scattering length of the
nuclei constituting the material. A typical order of magnitude for the Fermi potential is a few
hundred neV. Eq (2.19) shows an interesting property of neutrons: neutrons with lower energies
than the Fermi potential are reflected whatever the incidence angle #. In that case, one speaks
about ultra cold neutrons (UCN). It is therefore possible to store them in material bottles. The
existence of such very slow and storable neutrons was predicted by Zel’dovich in 1959 [63] and
first experienced by Shapiro’s group in 1969 [58].
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2.3.2 Ultra cold neutron interactions

The UCNs particularity is that their kinetic energy is of the same order of magnitude as the
energy associated to each fundamental interaction (except for the weak interaction).

2.3.2.1 Strong interaction

The strong interaction governs the UCNs interaction with matter, leading to their reflection or
their absorption. A thorough study of UCNs interactions is given in [64]. Classically, UCNs with a
lower energy than the Fermi potential are always reflected. Quantumly, the collision of a neutron
with kinetic energy E with a material surface is described by the stationary Schrodinger equation:

2
AU+ VO = B (2.21)
mn

V=0 <0
(2.22)
V=Vep+iW x>0

where Vi is the Fermi potential calculated in (2.20). This term is the volumic average of an
effective potential taking into account a collection of nuclei at positions 77:

- 271 h? - =
U(r) = o ;bié(r —7) (2.23)
This potential was introduced by Fermi [65] in order to describe a slow neutron diffusion (< 1eV)
on a set of nuclear potentials (~ 40 MeV), without using the perturbation theory (because the
interaction potential is much larger than UCN energies).

The imaginary part W reflects the possibility for UCNs to be absorbed or up-scattered during
a reflection if the wave function penetrates the potential wall (in both cases, the neutron is lost).
For UCNs, both the absorption and the up-scattering cross-sections are inversely proportional to
the neutron velocity v, [64]. W is calculated using absorption and up-scattering cross-sections oy,
and oy;:

hy i i
W = % Z N; (o + o4) (2.24)

Thus, in the low energy regime i.e. for UCNs, W is independent of the neutron velocity.
The neutron wave function behaviour is described by (see Fig. 2.9):

ikyx R —ikzx <0
U {e + e v (2.25)

Tetkz 2 >0

with k, = 2;;" E| and k; = \/ 22’?}. (EL — Vr). Where E| is the orthogonal component of the
energy, R and T are respectively the amplitudes of the reflected and transmitted waves. Thanks

to the continuity conditions at z = 0, the amplitude of the reflected wave is given by:

o VEL-VEL-V

= 2.26
VE, +VE =V ( )
In the majority of cases W < Vp, which leads to a reflection probability:
2
R A (A Y T
14+4/1-Vp /E (2.27)

2w |/ _E
|R‘2 =1- W VF*lEL EJ_ < VF



52 Chapter 2. The neutron Electric Dipole Moment
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Figure 2.9: Scheme of the neutron interaction with a material surface.

Even with F| < Vp, neutrons have a probability to be lost proportional to W, due to the
evanescent transmitted wave function. The loss probability per bounce p is defined as:

E,
Ve —E|
with n = % the loss factor. This loss factor is a characteristic of the material used and is at the
107 — 10~* range.

Thus, when UCNs reach a material wall, they can be either reflected or transmitted through
the wall according to Eq (2.27). But the reflection process can occur in two different ways. The
neutron specular reflection is well suited in the case of a perfectly flat wall surface. But in the case

pEL) =1~ R =n (2.28)

where the surface exhibits some roughness, reflections can be either specular or diffuse. When
a diffuse reflection occurs, the UCN reflection direction is given by Lambert’s cosine law: the
probability for a UCN to be reflected with an angle 6 from the surface normal in the solid angle
dS2 is given by cos 0dS).

Thanks to the strong interaction of UCNs with a material wall, the UCN storage is possible.
Moreover, thanks to the diffuse reflection process, a mechanical equilibrium can be reached, leading
to the isotropy of the UCN speed distribution, as for a gas.

2.3.2.2 Magnetic interaction

UCN polarisation UCNs interact with magnetic fields by means of their magnetic moment
pn = —9.6623647(23) x 10727 JT~! [66]. The resulting potential energy is:

Vinag = —Jim- B (2.29)

For convenience, the magnetic moment can be expressed as p, ~ 60.3neV/T. It means that
UCNSs crossing a 5 T magnetic field region experience a 300 neV potential if they have their spin
parallel or anti-parallel to the field direction (the magnetic moment is anti-parallel to the spin).
As a result, it is possible to use a sole magnetic field to polarise UCNs, as shown in Fig. 2.10.

Magnetic fields can also be used as magnetic shutters or fully magnetic traps. This method is
used in order to avoid losses due to wall interactions [67, 68].

Polarisation handling Considering the spin as a classical angular momentum ( even if a quan-
tum approach is more appropriate for a spin as in [69]), the magnetic field exerts a torque on the
UCN spin S and gives the following time dependence:

s = =

The Bloch equations (2.30) [70] describe the spin evolution in the presence of a magnetic field.
The spin precesses around the magnetic field at the Larmor angular frequency:

wn = WmB = wp, (2.31)
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Figure 2.10: Scheme of the UCN polarisation process using a magnetic field barrier.

Like for Nuclear Magnetic Resonance (NMR) applications, longitudinal and transverse relaxation
times 77 and T are added to (2.30) in order to take into account depolarisation. Assuming the
main field direction along z, Eq(2.30) becomes for an ensemble of spins:

de,y = Yn (§ X E) — @

dt z,y T
is. (§ ) E) ' s s (2.32)
a . T

where Sy is the asymptotic value of S,. In the PSI experiment, the longitudinal relaxation time
Ty, related to wall depolarisation’s is above the 1000s level while the transverse relaxation time
Ts, related to the homogeneity of the magnetic field is about 600s with homogeneous field and
weak gradient.

2.3.2.3 Gravity

As for all massive particles, UCNs are sensitive to gravity. Their gravitational potential energy of
the same order as their kinetic energy and is given by:

E, =mpgz (2.33)

where myg ~ 102.6 neV/m. As a result, a 100neV UCN can not rise above 1 m. This property
can be used to vertically store them or to increase the UCN detector efficiency by letting them
fall down to the detector (see 3.5.1). The effect of the gravitation on their trajectories is clearly
visible as shown in Fig. 2.11.

Figure 2.11: Parabolic UCN trajectories simulated using GEANT4-UCN, as an example of the
gravity effect on ultra cold neutrons.

Because ultra cold neutrons have a very low energy, they can be used to characterize gravita-
tional quantum states [71].
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2.3.2.4 Weak interaction

The weak interaction is responsible of the neutron 5 decay as shown by the artistic Feynman
diagram depicted in Fig. 2.12.

Figure 2.12: Feynman diagram of the neutron 8 decay.

The neutron lifetime 7, = 880.0£0.9s [72] is large enough to allow a long UCN storage. Thus,
stored UCNs are used to determine 7, which plays a role in the Big-Bang Nucleosynthesis and in
the determination of the V4 term, needed for the test of the CKM matrix unitarity [73]. UCNs
are also used to perform angular correlation measurements in the neutron decay [74].

2.3.3 Ultra cold neutron production

Fast neutrons are produced either in reactors, through the fission process or with spallation process
on heavy nuclei targets. They are then cooled down to the cold neutron regime in light nuclei
volumes (heavy water, polyethylene moderators, deuterium...). Finally, cold neutrons are down
scattered to the ultra cold regime by phonon excitation in superfluid He or in solid Dy crystal. In
order to suppress the reverse process, the moderator is cooled down to very low temperatures.

Another way to cool down neutrons to the ultra cold regime is to use the gravitational deceler-
ation. This method is used at the ILL combined to the so called Steyerl turbine which lowers the
neutron energy spectrum by about a factor 100 down to the 100 neV range using multiple neutron
reflections on rotating nickel coated curved blades [75].

The UCN sources development is closely linked to the nEDM measurement projects. Indeed,
the nEDM experiments need high density UCN sources in order to lower the statistical error.
A summary of UCN sources projects with expected performances and characteristics is given in
Tab. 2.4. The PSI UCN source working principle is described in the following chapter, in the
context of the nEDM experiment at PSI.
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Location Neutrgn Moderator Expe‘cted U(_jN Status
production density [em ™3]
ILL, PF2 (France) Reactor  Liquid Da+ Turbine 50 Working
PSI (Switzerland) | Spallation Solid Dy >500 Working
Triga (Germany) Reactor Solid Do 10 Working
FRM-II (Germany) Reactor Solid Do 10000 >2015
LANL (USA) Spallation Solid Do 120 Working
RCNP (Japan) Spallation Superfluid He 15 Working
Triumf (Canada) Spallation Superfluid He 5800 >2015
PNPI (Russia) Reactor Superfluid He 10000 >2015
ILL, H172 (France) | Reactor Superfluid He >1000 >2014
SNS (USA) Spallation Superfluid He 150 Working

Table 2.4: Summary of UCN source projects with initial expected UCN densities.
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The nEDM experiment at PSI is supported by a collaboration of 12 European laboratories.
The project is divided in three stages. First, the collaboration restarted operating the olLL
spectrometer at ILL between 2005 and 2009. This spectrometer, operating at room temperature,
holds the best nEDM limit [1]. During this time period, the spectrometer was restarted and
refurbished. Then, it was moved to the new UCN source developed at the Paul Scherrer Institute
in 2009 in order to take nEDM data and reach the 10727 e.cm level. This goal has been recently
reviewed to 10~ 2%¢e.cm, if source performances stay lower than former expectations. Finally, in
the last phase of the experiment, a new spectrometer will be constructed. It has been designed to
increase UCN statistics and to allow a better control on systematic effects.

Today, the nEDM experiment is installed in the West area at the PSI. Because the PSI houses
a wide range of facilities in various topics, the nEDM experiment has also some rather close
and large magnetic devices like the SULTAN ! or EDIPO 2 magnets (see Fig. 3.1). They create
magnetic fields up to 12T at their centre. Once they are operating in a steady state, these magnets
are not problematic anymore, thanks to the Surrounding Field Compensation (SFC) system (see
3.4.2.2). However, during the ramping up and down of the magnets, it is not possible to take
nEDM data due to the magnetic field variations. This problem can not be circumvented because
the nEDM apparatus has to be located close to the PSI UCN source, in order to get as many
ultra cold neutrons as possible. This source, commissioned in 2011, is shortly described in the
following section.
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Figure 3.1: Facility site plan of the PSI West area where the nEDM experiment is located.

'SUpraLeiter Test ANlage: superconductor test facility.
2European Dipole project: used for instance in ITER conductors tests.
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3.1 The PSI ultra cold neutron source

The PSI UCN source uses the fast proton beam delivered by the PSI cyclotron. In usual conditions,
the source is operated with the full 590 MeV proton beam at 2.2mA with a duty cycle around
1%. The proton beam is delivered during 3 or 4s every 360s or 480s, according to users needs.

A scheme of the PSI UCN source is shown in Fig. 3.2 and a detailed description of the
source can be found in [76]. During the proton pulse, fast neutrons are produced by spallation
on a lead target. These neutrons are then thermalized in a volume of heavy water. Finally,
cold and ultra cold neutrons are produced in a 30/ solid deuterium (sD2) crystal at 5 K. Such a
technique to produce ultra cold neutrons was initially proposed by Golub and Pendlebury [77] and
is called superthermal UCN production. It uses the phonons excitation in the crystal lattice which
leaves incoming neutrons with almost no energy. The reverse process is suppressed by the low
temperature of the converter. UCNs are then filled into a Diamond-Like Carbon (DLC) coated
storage vessel before being distributed towards different UCN beam ports. The West-1 beam
port, used to check the UCN source performances, provides about 25 x 10% detected UCNs for
4 s proton kicks. A measurement performed at this beam port using a 25 ¢ NiMo coated storage
volume has shown a density above 30 UCNs/cm? after 3s storage. The West-2 port is dedicated
to UCN users for tests or experiments. The last port (South one), is connected to the nEDM
experiment whose apparatus is described in the following section.

UCN storage vessel

Coolant

and Do

supply
lines

South port
Liquid Dy O

Lead target Protons

Figure 3.2: Sketch of the PSI ultra cold neutron source with its three available beam ports. The
nEDM experiment is connected to the South beam port.

3.2 Experimental apparatus

For the current data taking, the former olLL spectrometer has been upgraded and moved to the
Paul Scherrer Institute in 2009. The nEDM apparatus is shown in Fig. 3.3. The nEDM apparatus
is enclosed in a wooden non-magnetic thermohouse with an air conditioning system in order to
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stabilise the temperature at the 0.5-1K level. The components of the nEDM apparatus and their
role are described. For an exhaustive description of the experimental setup, see [56].

Four-layer Mu-metal shield

High voltage lead

Vacuum chamber
Cesium magnetometer

Precession chamber Electrode (upper)

2

@ Mercury lamp
Photomultiplier tube

Mercury polarizing cell i

\:| Mercury lamp !
A z

UCNs —= ] -

E'_ Switch box
— Im
L o

5 T SuperConducting Magnet

Magnetic field coils

(o] Spin analyzer y
[el—— UCN detector

Figure 3.3: Sketch of the nEDM apparatus. The big surrounding field compensation coils (SFC)
are not shown. On the bottom right corner of this figure, the nEDM reference frame axes used
throughout this work is defined. It is centred on the Hg readout level at the centre of the precession
chamber.

UCNs coming from the source first cross a super conducting magnet (SCM) which acts as a
polariser. Then, they are guided towards the storage chamber via a switch box, used to provide
neutrons in different parts of the experiment. After a precessing period, UCNs fall down to the
spin analyser and are finally detected in the UCN detector.

3.3 UCN transport and polarisation

Downstream to the SCM, neutrons are transported towards the experiment within glass guides.
Additional magnetic fields are used in order to keep the UCN polarisation along their way towards
the precession chamber.

3.3.1 NiMo coated guides

In the experiment, glass guides of 73 mm inner diameter with a NiMo coating are used to transport
UCNs. The same glass guides (with a larger diameter) are also used to bring neutrons from the
UCN source to the SCM entrance. The NiMo coating is usually used in UCN transport because
its Fermi potential is rather large (220neV) and its weak depolarisation probability per bounce
(~ 1079) is appropriate to keep the UCN polarisation. These properties allow for a good UCN
transmission.

3.3.2 Super Conducting Magnet

A super conducting magnet is located between the UCN tank and the nEDM apparatus. The SCM
is used to polarise UCNs: when they are guided through the 5T SCM, neutrons with less than
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300neV can be polarised. Indeed, neutrons with the wrong spin state are not able to cross the
magnetic potential energy created by the SCM and are reflected back to the UCN tank. Because
the UCN guides Fermi potential is around 220neV, it is assumed that there are no UCNs with
energies larger than 300 neV. Therefore, it is assumed that UCNs are fully polarised by crossing
the SCM. The work reported in [7] states for a 100% UCN polarisation.

3.3.3 Guiding coils system

The visibility of the Ramsey central fringe o (see 2.2.2.1) is directly related to the UCN polar-
isation. Therefore, keeping a high polarisation is very important to get a competitive nEDM
statistical sensitivity. In 2013, the initial UCN polarisation was measured to 75-80% (during
neutron 77 measurements). The role of the guiding coils system is to maintain the polarisation
obtained thanks to the SCM along the way to the precession chamber. The guiding coils system
is depicted in Fig. 3.4 [7].

nEDM coordinate system
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Figure 3.4: Scheme of the current nEDM apparatus guiding coils system. VGSA, VGSO, UCK...
are the main guiding coils names.

The adiabaticity parameter k is used to quantify the UCN spin ability to follow the magnetic
field created by guiding coils (see appendix A):

%LBZ

k= |dB/dt| (3:1)

If the field change is much lower than the Larmor angular frequency (k > 1), then the neutron
spin is able to adiabatically follow the magnetic field. On the contrary (k < 1) the UCN spin
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is not able to stay aligned on the magnetic field and depolarisation occurs. k£ ~ 5 — 10 is the
transition between the two regimes. In the experiment, the UCNs polarisation is kept along their
trajectories using smoothly varying holding fields produced by the guiding coils. In particular, a
7/2 rotation has to be done between the horizontal initial field (stray field of the SCM) and the
vertical field inside the precession chamber. The guiding coil system plays there a critical role for
the transition between the two field directions, for both up and down field configurations inside
the precession chamber. A study of the guiding coils system can be found in [7].

3.3.4 Switch box

The UCN switch box is used to deliver UCNs in different parts of the apparatus: from the UCN
source to the precession chamber (filling), from the precession chamber to the UCN detector
(emptying) and from the UCN source to the detector (monitoring). The whole switch is non-
magnetic in order to avoid UCN depolarisations. As shown in Fig. 3.5, it is made of a disk on
which tubes are mounted for the associated nEDM cycle phases: filling, monitoring and emptying
positions. This disk is rotated by means of piezo motors.

Precession,
chamber ) =
& ;;..:""/ Empty
Aluminum inserts—ri—c “ Fill
—— Monitor
Q &
Detector
(a) Switch box scheme. (b) Open view if the switch box.

Figure 3.5: Scheme and picture of the UCN switch box. Pictures taken in [56].

The curvature radius of the NiV coated filling and monitoring guides is 5 cm (Vp =220neV).
This quite low curvature radius could be the cause of a rather low transmission of these parts
(about 67%) reported in [56], additionnally to the coating quality. However, due to mechanical
constrains, it was not possible to increase this curvature radius. Storage times have also been
measured and are in the 10s range. Therefore, there is room to improve the UCN transmission
at the switch level. It is planned to redo the coating inside the switch guiding parts.

3.3.5 UCN storage chamber

The precession chamber consists in two electrodes and one insulating ring, as shown in Fig. 3.6.
The top electrode is connected to the High Voltage (HV) system while the bottom electrode is
grounded. nEDM measurements are carried out in a 1073 mbar *He atmosphere in order to apply
high electric fields with a lower number of electric discharge, up to 11kV/cm during the nEDM
2013 data taking. Because UCNs and Hg (see 3.4.3.1) have to be stored during a few hundred
seconds, electrodes are made of aluminium coated with DLC which presents good UCN and Hg
storage properties. In order to avoid electric discharges, polished aluminium corona rings are
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used to suppress sharp edges. The former insulator ring used by the RAL-Sussex collaboration
was made of quartz (Vp = 90neV). It has been replaced by a polystyrene one (PS), coated with
Deuterated PS (VF = 160neV). By this mean, the initial number of UCNs is increased by 80%,
as shown during tests performed at ILL [78].

(\ frm— Electrodes />

[j E .................. T J

UCN shutter Corona rings

(a) Drawing of the precession chamber. (b) Picture of the precession chamber.

Figure 3.6: Scheme and picture of the UCN precession chamber.

3.4 Magnetic field control

As shown in Eq (2.9), the magnetic field control is crucial for the nEDM measurement. All setup
components contributing to the field control and monitoring are described in this section.

3.4.1 Magnetic field production
3.4.1.1 B coil

The main magnetic field (By ~1pT) is produced along the vertical z axis of the experiment. It
is created by a cosine-f coil wound around the vacuum tank, as shown in Fig. 3.7. This coil
must produce a field as homogeneous as possible in the precession chamber volume to lower
related systematic errors. Unfortunately, about 40% of this field is due to the innermost shield
magnetization (see 3.4.2.1). As a result, the field homogeneity depends on the shield degaussing,
its openings as well as on its magnetic permeability homogeneity.

3.4.1.2 Hg and neutron radio-frequency coils

Radio-frequency (RF) pulses applied to induce the Hg and neutron 7/2 spins flips are created
by two set of coils (AS1 and AS2+TRF for respectively the neutron and the Hg pulses) located
around the vacuum tank. The applied RF pulse for neutrons is linear. It has been shown that
the use of a Hg linear pulse could tilt the UCN spin direction with respect to the By direction
and induce a shift of the Ramsey resonance [79]. Therefore, a circular Hg pulse is currently used.
Both Hg and neutron pulses last 2s.

3.4.1.3 Correcting coils

In order to compensate the asymmetries of the experimental setup (holes in the shield for the UCN
and Hg guides, the HV feedthrough, permeability inhomogeneities of the shield...) 33 correcting
coils have been added. They are used to give a relative homogeneity of 1073 — 10™* of the
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magnetic field inside the chamber volume in order to suppress possible depolarisations during the
precession. Some of them are also used to produce vertical gradients during systematic errors
dedicated measurements and EDM runs (mostly TTC and BTC coils). Several correcting coils,
as well as the main By coil are shown in Fig. 3.7.

HVK

Four-layer
Mu-metal shield

Main coil (By)

&“

e
A

Figure 3.7: Sketch of the main correcting coils, the By cosine-6 coil and the four-layer Mumetal
shield (see 3.4.2.1). Picture from Maentouch simulations taken from [80].

3.4.2 Magnetic field stabilisation
3.4.2.1 Static magnetic shield

In order to get a low and homogeneous field area inside the precession chamber, a multilayer
magnetic shield is used to reduce the external magnetic field contributions. It is made of 4
Mumetal (nickel iron alloy with high permeability) cylindrical layers. The innermost one has a
diameter of 1.15 meters, leaving room for the concentric vacuum tank enclosing the precession
chamber. The magnetic shield creates a path along the Mumetal layers which guides the field
lines (and thus the magnetic flux) around the experiment. The shielding factors along the three
different directions have been measured [81] for small static perturbations at the pT level and are
summarized in Tab. 3.1.

Direction X y Z
Shielding Factor | 13300 £ 600 1600 + 20 8600 + 300

Table 3.1: Shielding factors along the three main directions.

It has been shown that the shield needs to be idealised (degaussing procedure with By ON)
after large field changes in order to keep a low and stable field within the shield [81], otherwise
it becomes sensitive to mechanical perturbations. Additionnal coils enclosing the shielding layers
are used to perform its degaussing. An alternating current is applied and the shield hysteresis
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curve is scanned. Along time, the signal amplitude is slowly reduced as well as the magnetization
of the shield. Typical residual field after degaussing is below 2nT.

3.4.2.2 Surrounding Field Compensation (SFC)

Three rectangular coils pairs of about 6 per 8 meters surround the nEDM apparatus, centered
on the precession chamber. They have been conceived to try to compensate static external field
sources like Earth’s field or the iron shielding of the UCN source. The system uses a set of 10
three-axes fluxgates sensors serving as input for an active feedback loop, controlling the current
(up to 10 A for z,y directions and 20 A for the z direction). This loop allows changes of the
surrounding field to be attenuated. A detailed description of the SFC system is given in [80].

3.4.3 Magnetic field monitoring

Two kinds of scalar magnetometers are installed in the oILL spectrometer: the mercury co-
magnetometer, measuring the average of the magnetic field modulus over the precession chamber,
and an array of 16 external caesium magnetometers surrounding the storage chamber and used
to monitor the field modulus vertical gradients.

3.4.3.1 Mercury cohabiting magnetometer

The use of a mercury co-magnetometer was initiated by the RAL-Sussex-ILL collaboration [82].
Since the neutron frequency is extracted from several cycles (see 2.2.2.1), any change of the
magnetic field from one cycle to another would reduce the precision of the neutron frequency
measurement. The co-magnetometer has been added in order to be able to compensate for such
field fluctuations. The Hg system is shown in Fig. 3.8.
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199

Hg source 0 Hg pump lamp

Figure 3.8: Scheme of the Hg co-magnetometer system. Picture taken from [80].

The Hg co-magnetometer gives the precession volume and time average of the magnetic field
modulus for each cycle. The sampled volume is the precession chamber, in which polarised 1??Hg
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atoms are introduced at the beginning of each cycle. The '%9Hg atoms are produced by heating
mercury oxide and polarised by optical pumping with the UV light emitted by a ?°*Hg discharge
lamp. A second discharge lamp produces the read-out circularly polarised light beam crossing the
precession chamber and read by a Photo Multiplier Tube (PMT). A 7/2 pulse is applied as for
neutrons at the beginning of the cycle to flip the Hg spins into the By transverse plane and the
Hg free induction decay (FID) of the precession signal is observed via the intensity modulation of
the read-out light. The magnetic field value is then recovered by means of the signal frequency:

WHg = 'YHg'B (32)

Typical Hg frequencies are close to 7.85 Hz, corresponding to a magnetic field of about 1030 nT (it
actually slightly depends on the B field direction). During 2013 EDM runs, the precision obtained
with the Hg co-magnetometer was around 30 uHz, i.e. a precision of 400 fT on the magnetic field.

However, even if the use of the mercury co-magnetometer allows field fluctuations to be cor-
rected for, systematic effects (Geometric Phase Effect and gravitationnal shift for instance) related
to the use of the Hg itself and to gradients have to be taken into account (see Sec. 6.4). External
caesium magnetometers are used to measure the magnetic field vertical gradient and are described
below.

3.4.3.2 Caesium magnetometers array

The caesium scalar magnetometers have been developped by the FRAP group [83] (Fribourg,
Switzerland). While the Hg co-magnetometer is based on a FID signal, CsM are used in a forced
regime with a RF driving field. A picture of a CsM is shown in Fig. 3.9a.

Cs reservoir

Laser light input

.

Photodiode.

(a) Picture of an open CsM taken in [10]. (b) HV CsM above the precession chamber.

Figure 3.9: Open view of a caesium magnetometer and positioning above the HV electrode.

Inside a bulb (not visible in Fig. 3.9a) located at the centre of the CsM, 33Cs atoms polarised
by optical pumping, start precessing around the magnetic field after applying an RF pulse by
means of small RF coils. The circular polarised laser light used to polarise the atoms is also
used as a readout light and is transported via optical fibers. The Cs spin precession creates
a modulation of the transmitted light intensity which is detected by a photodiode. The phase
difference between the applied RF field and the modulated signal is measured as a function of
the exciting frequency. The resonance is found when the phase difference is equal to 90° and the
applied RF frequency corresponds to the Larmor frequency of Cs atoms wé s (about 3.6kHz). The
magnetic field magnitude is then recovered via B = wés /vcs- 16 CsM are located above and below
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the precession chamber (see Fig. 3.9b), allowing the magnetic field at several positions around the
chamber to be measured with a precision of about 200 pT (the precision on the caesium Larmor
frequency is of about 0.7 Hz). Using these CsM layers, it is then possible to extract a mean vertical
gradient of the field modulus over the chamber volume. Several methods are used to extract such
a gradient. They are presented and tested in Chap. 7.

3.5 UCN spin analysis and detection

At the end of each cycle, the UCN shutter located at the bottom of the storage chamber is opened.
Then, UCNs fall down to the detector crossing the spin analysing system. These two devices are
described below.

3.5.1 Neutron detector

The NANOSC 2 neutron detector has been developped at LPC Caen [84]. Tt is based on °Li glass
scintillators and made of 9 channels as shown in Fig. 3.10a. The number of channels has been
chosen in order to avoid pile up and dead time due to high counting rates.

Stack of Quide
scintillators insert
Plexiglass
light guide
PMT
20 cm
3 33 |
il
(a) NANOSC detector. (b) Cut view.

Figure 3.10: Picture and cut view of the NANOSC detector.

As shown in Fig. 3.10b, UCNS first interact in a °Li based glass scintillators stack (28 x 28 mm?)
[85]. The interaction leading to the UCN detection is the neutron capture in SLi:

*Li+n— a+3T+4.78MeV (3.3)

th
abs

of about 4 x 10° barns for ultracold neutrons (assuming a 1/v, law for the capture cross-section).
These glass scintillators stacks have been made in order to suppress edge events which corresponds
to the loss of one of the two reaction products (mainly the triton) [13]. The stack principle is
shown in Fig. 3.11a. UCNs first cross a 9Li-depleted scintillator (GS20) before interacting in a Li-
enriched layer (GS30). With such an arrangement, the energy is fully deposited in the glass and
the signal-to-noise separation is better, as shown in Fig. 3.11b. The first and second scintillator
layers are respectively 55 pm and 110 pm thick in order to detect most of UCNs with a minimum
of ~ interactions to lower the background noise.

The capture cross section is o'} . = 940 barns for thermal neutrons, corresponding to a cross-section
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(a) Scintillator glass stack. (b) QDC spectrum for one NANOSC channel.

Figure 3.11: Stack principle and obtained charge spectrum for one NANOSC channel.

The produced light by Ce?* sites during a few 100ns inside the scintillator is then guided
towards a PMT through a PMMA®? guide. In order to improve the light collection, the two
scintillator layers are linked by molecular sticking.

The Fermi potential of the NANOSC’s scintillators is 105neV for the GS20 and 85neV for
the GS30. Since the detector is located 1.6 m below the storage chamber, UCNs have at least
160neV energy at the detector entrance level. This ensures a minimal reflection probability at
the interface between vacuum and the scintillators.

NANOSC PMTs are read out by the FASTER ° acquisition system [86], based on FPGA and
developed at LPC Caen for nuclear experiments. It is able to handle up to about 4 x 10° counts/s
in continuous mode and up to a few 10 counts/s in pulse mode [87]. UCNs are discriminated from
the background using different kinds of thresholds. First at the FASTER level: events have to pass
a voltage threshold of 3mV and last more than 12ns at such a 3mV level. This first step allows
fast pulses such as electronic noise or Cerenkov events to be rejected. The remaining background
is mainly made of v rays which deposit less energy than neutrons within the scintillator stack.
An offline threshold is applied on the charge distribution in order to discriminate neutron events
from remaining background.

All events recorded by FASTER are time stamped. This allows the time distribution of
UCNSs during each cycle to be measureed. The interesting time periods for the neutron counting
(described later in the following section) are the monitoring, spin up and spin down UCN detection.
These three detection phases are shown in Fig. 3.14.

3.5.2 Spin analysing system

At the end of each Ramsey procedure, spin up and spin down UCNSs are independently counted in
order to extract the neutron frequency leading to the nEDM measurement. The two spin states
measurement is performed by means of two devices: a spin analyser and an adiabatic spin-flipper
shown in Fig. 3.12 and described hereafter.

3NANO SCintillator
4PolyMethyl Meta Acrylate
SFast Acquisition System for nuclEar Research



70 Chapter 3. The nEDM experiment @ PSI

Permanent g Spin-Flipper

magnets —] coil

/ Analyzing

Iron yoke foil

/

Figure 3.12: Scheme of the spin analysing system.

3.5.2.1 The spin analyser

The spin analyser is made of a magnetised thin iron layer with a thickness of 200-400 nm covering a
25 pm thick aluminium foil. The iron layer can be magnetised up to 2T using a set of permanent
magnets (1.32 T at surface) enclosed in an iron return yoke. Such a magnetisation system produces
a 0.8 T magnetisation at the foil centre.

A sketch of the UCN interaction with the analyser is shown in Fig. 3.13. When UCNs reach
the analyser, they undergo a potential step VfZ;L] = V}ron =+ p,B which depends on the UCN spin
state. The first contribution is the iron Fermi potential, V}ron = 210neV, the second arises out of
the interaction of the UCN spin and the iron layer magnetisation ;T,;ﬁ . This latter contribution
amounts to about 120neV for 2 T. Thus, the analysing foil lets only cross the UCN spin state anti-
aligned on the magnetisation and the other one is reflected upwards the precession chamber. This
kind of analyser presents the main advantage to be very compact with respect to a superconducting
magnet but has the drawback to absorb a part of UCNs passing through the aluminium layer.

Energy
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Figure 3.13: Sketch of the spin analyser principle.

3.5.2.2 The adiabatic spin-flipper

Because the analyser lets cross only one UCN spin component, it is necessary to flip the other
UCN spin component to be able to detect both components. This is the role of the adiabatic spin-
flipper (ASF). The ASF, located upstream of the analyser, is made of a solenoidal coil in which an
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alternating current flows, creating an RF field. The ASF also uses the static field gradient coming
from the analyser magnetisation system. The spin-flipper is called “adiabatic” because the UCN
spin adiabatically follows the effective field which reverses its direction between the entrance and
the exit of the ASF. The ASF principle and the way to calculate its spin-flipping efficiency by
means of the adiabaticity parameter are given in Appendix B.

The amplitude of the linear RF field is in the 60-80 pT range. The value of the static stray
field at the middle of the spin-flipper is of 700 n'T, corresponding to an RF frequency between 20
and 25 kHz. The static field gradient is about 20 pT /cm. Finally, for v, = 5m/s, the adiabaticity
coefficient is around 15, meaning that the spin-flip probability is close to 100%. This result has
been confirmed by measurements [7].

3.5.2.3 The sequential spin analysis

In order to detect both spin states, the spin-flipper is alternatively switched ON and OFF following
a particular sequence. This sequential detection is visible in Fig. 3.14. The ASF is OFF during
the first 8 s and spin down neutrons are analysed. Then, the spin-flipper is switched ON for a 25s
period devoted to the spin up detection. Finally, it is switched OFF for 17s and the spin down
component is analysed again.

Filling Monitoring —— Not counted UCNs
—— Monitored UCNs

— 41 —— Spin up
Q 10 - —— Spin down
i) -

c -

g -
S r 2P

<]

et 31

S 10 = Down

o1] -

£ F

-+ -

g

= |

S

= 10° &

o =

H =

5 —

Q -

Z _

10 ; | 1 1 Il 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1
0 50 100 150 200 250 300

Time [s]

Figure 3.14: Neutron counting rate as a function of time for a full cycle.

The timing sequence of the spin analysis is set using unpolarized neutrons. The sequence is
NT—N+
NT+NY
as many detected spin up UCNs as spin down UCNSs. In spite of this sequence setting, this spin

analysis presents some drawbacks, due to losses and depolarisations in the switch (see 3.3.4) and
the rest of the apparatus.

properly set when the measured asymmetry A = is equal to 0. In that case, there are
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The next chapter presents in details the drawbacks of the sequential analysis and the devel-
opment of a more powerful system simultaneously detecting spin up and spin down UCNs.
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4.1 Motivations for a new simultaneous spin analysis system

On the nEDM spectrometer, the current spin analysis system used was developed by the RAL-
SUSSEX collaboration. It works in a sequential mode, i.e. UCN spin components are detected
one after the other using a spin-flipper ON or OFF. The drawback of this method is that, when
a spin component is analysed, the other one is stored above the analysing foil and UCNs can
be lost or depolarised during this time period. Actually, the final number of detected UCNs has
been estimated to be lower than 50% of the initial number of UCNs coming from the chamber
at the end of the storage time period [10]. This is due to fast losses above the spin analysing
foil (likely because of the presence of slits in the switch box). The decrease in the number of
detected UCNs Nycn lowers the nEDM sensitivity proportionnally to v/Nycn. It means that
recovering the other 50% would increase the nEDM sensitivity by a factor v/2. In addition, since
the spin states are treated differently, they are not subject to the same losses and depolarisations.
Such an asymmetric treatment of the spin can induce spurious systematic effects in the nEDM
measurement.

This last remark led to the idea of elaborating a spin analyser able to simultaneously analyse
both UCN spin states. Such a technique had originally been pioneered in early EDM experiments
at LNPI [11]. This can be done with one spin analyser for each spin component located in two
identical arms. As a result, the storage time of each spin component above the analysing foil is
reduced and UCN losses and depolarisations should be minimised. The development of such a
Simultaneous Spin Analyser (SSA) is based on GEANT4-UCN simulations.

4.2 GEANT4-UCN simulations

This study is based on previous works [12, 13]. It simulates a realistic and achievable shape for each
spin analyser, in order to select the best one. GEANT4 is particularly useful to test devices with
complicated geometries. The GEANT4-UCN package, a dedicated version of GEANT4 adapted
to UCN physics [88], has been used.

4.2.1 UCN physics

GEANT4 is usually used in high energy particle and nuclear physics and can handle many physical
processes which describe particle interactions with matter and particle decays. In order to use it
in the field of UCN physics, several additional processes have been included.

UCN interactions with walls are implemented in GEANT4-UCN simulations. They are de-
scribed by means of probabilities for the total reflections (specular or diffuse) and for the bulk
material processes (scattering and absorption). Interactions, as described in 2.3.2, are imple-
mented in GEANT4-UCN . Diffuse reflections are governed by the diffuse reflection probability
per bounce pgig. The loss probability during a reflection is implemented via the loss factor n
and is calculated according to Eq(2.28). During a reflection, depolarisation can occur with the
probability 8. If UCNs penetrate a material, they can be scattered or absorbed. This last process
is included via exponential attenuation laws with absorption cross-sections proportional to 1 /v, —
where v, is the UCN velocity inside the material. The up-scattering process is neglected and the
elastic scattering is treated by calculating the UCN mean free path using scattering cross-sections.
Absorption and elastic scattering processes play an important role for losses inside analysing foils
for instance.
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4.2.2 DMaterial properties

Interactions presented in previous sections (see 2.3.2 and 4.2.1) are related to the properties of
materials constituting the apparatus. Materials used in simulations and their associated properties
are presented hereafter and summarised in Tab. 4.1.

e The Fermi potential is in the 100-300neV range. Its value comes from either measurements
or calculations derived from the material chemical composition, according to Eq (2.20).

e Absorption and scattering cross-sections come from [89] for basic materials. For compound
materials like DLC and DPS, they come from cross-sections of atomic elements constituting
the material.

e The loss factor 7 is set to 10~* (typical range measured in experiments) for all materials
without experimental value.

e The depolarisation probability per bounce is set to 8 = 107> for all materials without
experimental value [13].

Syst. part | Material | Vp [neV] | n [x107%] | o4 [b] o [b] B [x107°]

Electrodes DLC 260 4 12.6 | 4.9x1073 0.3

Ring DPS 162 5) 7.2 4.7x1073 0.3
Shutter Ni 252 1.25 18.5 4.5 1
Foil Fe 210 0.85 11.6 2.56 1
Foil support Al 54 0.23 1.5 0.23 1
Analyser NiMo 220 1 18.5 4.5 1

Analyser Diamond 300 4 12.6 | 4.9x1073 0.3

Table 4.1: Material properties used in the simulations.

4.2.3 Spin handling

In the simulation, only two spin mechanisms are considered: depolarisations per bounce (governed
by the 8 parameter, see 4.2.1) and adiabatic spin-flippers crossings. ASF are defined by a 4cm
wide area. When a neutron crosses the ASF area, a spin-flip occurs. The spin-flip probability is
set to 100%.

This work does not track back the spin along UCN trajectories. This simplifies the spin
handling during simulations and saves huge amounts of computing time. Thus, the spin is just
represented by a flag which can be —1 or +1. When a spin-flip occurs, the flag is multiplied by
—1.

The analysing foil is modelled by a 100 pm thick aluminium substrate and a 200 nm iron layer.
When UCNs reach the iron volume, a potential of 120 neV (corresponding to a 2T field) is added
to or subtracted from the iron Fermi potential according to their spin state (see 3.5.2.1). For all
geometries, the analysing foil is located 15cm below the spin-flipper.

In the case of the sequential analysis, the spin-flipper is turned OFF/ON according to the
experimental timing sequence shown in Tab. 4.2.

4.2.4 Initial conditions

For each simulation, Ny = 10° UCNs are uniformly generated in the whole volume of the precession
chamber. The UCN spin can be initialised according to the user choice, with a full spin up or spin



4.3. Comparison criteria s

Timing sequence [0,8s] | [8,335] | [33,508]
Spin-flipper state OFF ON OFF
Detected spin component A 0 A

Table 4.2: Counting sequence for the spin analysis.

down UCN population, or an unpolarised one. UCN speed components are gaussianly distributed,
given a modulus distributed according to the Maxwell-Boltzmann spectrum shown in Fig. 4.1.
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Figure 4.1: Initial UCN velocity spectrum.

4.3 Comparison criteria

Three spin analyser geometries have been simulated. The different shapes are shown in Fig. 4.2.
For all geometries, the distance between the precession chamber and the spin analysing systems
was set to 135 cm. This value is shorter than the real one by about 25 cm, because it was initially
planned to simulate the spin analyser as close as possible to the switch box. It turned out that in
the experiment there is not enough space beneath the switch box mainly due to the presence of
its piezo-motors.

The first simulated geometry is the sequential system currently used in OILL. It gives the
reference device to which the other analysing systems performances are compared to. Two main
criteria are used. The first one is the UCN detection efficiency:

Edet = (41)

where Nget is the number of detected neutrons (assuming 100% efficient UCN detectors).
The second criterion is the asymmetry:

NT - NY
4 |

T |INTENY

where N/} is the number of spin up/down detected UCNs.
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Figure 4.2: Analysing system geometries. The sequential system is at left. The two simultaneous
spin analysers are shown at right: the YSSA and the USSA. Dimensions are in cm.

The asymmetry corresponds to the spin analysis efficiency of the studied system. For a fully
polarised UCN population, this asymmetry is 100% in an ideal case (no depolarisation and a
perfect spin analysis). For a non polarised UCN population, the asymmetry is 0.

In order to emphasise the counting sequence influences on the detection efficiency and the spin
analysis, three simulations have been performed using different initial UCN populations: full spin
up/down population, or randomised one.

4.4 The sequential analyser

4.4.1 UCN detection efficiency
4.4.1.1 Main results

The UCN detection efficiency has been calculated for the three different spin populations. Results
are summarised in Tab. 4.3.

Spin population + 0 Wa
Detection efficiency [%] | 74.95(27) | 73.55(27) | 74.21(27)

Table 4.3: Detection efficiencies of the sequential system. |: 100% spin down UCNs. 1: 100%
spin up UCNs. |/1: unpolarized UCNs.

There is a clear dependence on the initial spin population: more UCNs are detected (+1.4%) in
the case of the spin down population, which is the spin state analysed during the first time period,
than in the case of the spin up population. For an unpolarized UCN population, the detection
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efficiency equals the average detection efficiency obtained for the two fully polarised populations
and amounts to 74.2(3)%. This is the detection efficiency corresponding to nEDM data taking
conditions, when the neutron pulse frequency is set such as there are about the same amounts
of spin up and spin down UCNs. Because all the apparatus imperfections are not included in
the simulation (slits in the switch box for instance), the obtained detection efficiencies are likely
overestimated.

4.4.1.2 UCN losses

In order to explain the detection efficiency dependence on the initial spin population, the location
and the timing of UCN losses have been studied. Summary of losses that occur during the whole
sequence is shown in Tab. 4.4 and Tab. 4.5, respectively for spin down and spin up populations.
These percentages are given by the ratio between the number of losses in a given volume and the
number of generated UCNSs in the simulation.

Time period [0,85] 8,33 s] (33,50 8] Total
Detected spin component ) @) ()

Storage chamber 4.69(8)% 3.51(6)% 0.77(3)% | 8.93(9)%
Vertical guide 0.56(2)% 2.47(5)% 0.47(2)% | 3.48(6)%
Analysing foil 3.57(6)% 0.07()% 1.64(4)% | 5.28(7)%

Total 8.81(9)% 6.06(8)% 2.86(5)% | 17.69(13)%

Table 4.4: Losses percentages with an initial spin down population.

Time period [s] [0,85] (8,33 5] (33,50 5] Total
Detected spin component ) (1) )

Storage chamber 6.32(8)%  3.58(6)%  0.25(2)% | 10.14(10)%
Vertical guide 2.36(5)%  1.44(4)%  0.20(1)% | 3.94(6)%
Analysing foil 0.033(6)%  5.15(1%  0.11(1)% | 5.29(7)%

Total 871(9)% 10.16(10)% 0.50(2)% | 19.37(14)%

Table 4.5: Losses percentages with an initial spin up population.

For both cases, losses are larger inside the precession chamber. They amount to about 50%
of the UCN losses (corresponding to a UCN fraction of 8.93/10.14% for spin down/up) and are
mainly due to reflection losses. Even when the initial spin state is detected at first in the timing
sequence, a UCN fraction of 4.69% is lost inside the precession chamber. This could mean that
the initial energy spectrum used in the simulations is too hard. However, it is clear that the main
detection efficiency difference comes from the fact that each spin component are not equally stored
above the analysing foil. For the spin down population, 5.98% are lost in the vertical guide and
the precession chamber during the storage above the analysing foil whereas 9.13% are lost in the
case of an initial spin up population (mainly during the first 8s). Finally, the losses difference
amounts to 1.68% and partially explains the difference of detection efficiency between the two
initial fully polarised UCN populations. It also shows that it is possible to detect more neutrons
if the storage above the analysing foil is suppressed.

It is also important to note that about 5% of neutrons are still in the apparatus at the end
of the counting sequence, i.e. after 50s. With a faster emptying, it could be possible to recover
such UCNs.
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4.4.2 Spin analysing power

Asymmetries obtained for each UCN population are summarised in Tab. 4.6. The sequential
analysis reduces the spin analysing power of the system by 1.23% (for the spin down population)
and 3.83% (for the spin up population). As a result, the asymmetry is different by about 2.5%
for the two fully polarised UCN populations. It means that the sequential system induces a non
negligible bias for the spin analysis. Finally, for all initial polarisations, the asymmetry is not
perfect and differs by about 3% from the ideal case.

Spin population b 0 /1
Asymmetry [%] | 98.77(6) | 96.17(10) | 3.11(37)

Table 4.6: Asymmetries of the sequential system. |: 100% spin down UCNs. 1: 100% spin up
UCNSs. |/1: unpolarized UCNs.

4.4.3 Bias induced by the sequential analysis

In order to determine the mechanisms which give rise to the spin asymmetry bias, the time
sequence has been analysed for each spin population.

4.4.3.1 Spin down UCN population

The number of detected UCNs as a function of the emptying time is shown in Fig. 4.3 for the spin
down UCN population.
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Figure 4.3: UCN counts as a function of the emptying time for a spin down population.

During the first time interval [0,8]s, the spin-flipper is OFF. Mainly spin down UCNs are
detected. At 8s, the spin-flipper is turned ON. In principle, no UCN should be detected during
the second time interval [8,33]s. However, 0.6% of the UCNs are detected during this period, as
shown in Tab. 4.7. They correspond to spin up UCNs. This is mainly due to two contributions.
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First, 60% of these detected UCNs come from depolarisations induced by wall reflections. The
remaining 40% are detected during the first 0.1s just after the switching of the spin-flipper.
Actually, these are spin down UCNs which already crossed the spin-flipper during the first time
period and are detected during the second time period because of the flight path (25 cm) between
the spin-flipper and the UCN detector. As a result, 0.6% of UCNs are detected with the wrong
spin state due to wall depolarisations and to the spatial separation between the analyser and the
spin-flipper.

Time period [0,85] (8,33 5] (33,50 8]
Spin down | 70.15(40)% 0.01(1)% 29.23(22)%
Spin up 0.0% 0.61(3)% 0.0%

Table 4.7: Fraction of spin up/down UCNs detected for a given time period, for an initial spin
down UCN population. The ratio is calculated with respect to the total number of detected UCNSs.

4.4.3.2 Spin up UCN population

The number of detected UCNSs as a function of the emptying time is shown in Fig. 4.4 for a spin up
UCN population. Proportions of detected UCNSs for each counting period are shown in Tab. 4.8.
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Figure 4.4: UCN counts as a function of the emptying time for an spin up population.

In the first time interval [0,8]s, one should detect no neutron. However, 0.09% of the UCNs
are detected. Those UCNs have an energy above the energy range that can be analysed by
the analyser. Therefore, they can cross it whatever their spin state. Another fraction of UCNs
(0.09%), detected during the first time interval is due to wall depolarisations. But the most
interesting effect is visible during the last part of the sequence: 1.82% of UCNs are detected while
no UCN should be detected. This important contribution decreases the asymmetry from 99.5%
down to 96%. About 0.4% comes from wall depolarisations. Almost 1.3% comes from neutrons
which are located between the analysing foil and the spin-flipper when this one is turned ON at
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the end of the first time period. At that time, UCNs can not cross the foil and undergo a spin-flip
when they go back across the spin-flipper area to the precession chamber. They are stored above
the analysing foil during the second time period [8,33]s and are finally detected during the last
one [33,50]s. A rather small contribution (about 4%) to this fraction comes from the flight path
between the spin-flipper and the detector (see previous section for more details). As a result, 1.8%
of UCNSs are detected with the wrong spin state in the sequential analysis for an initial spin up
population.

Time period [0,8s] (8,33 5] (33,50 ]
Spin down | 0.09(1)% 0.0% 1.82(5)%
Spinup | 0.09(1)% 98.00(51)%  0.0%

Table 4.8: Fraction of spin up/down UCNSs detected for a given time period, for an initial spin up
UCN population. The ratio is calculated with respect to the total number of detected UCNSs.

4.4.4 Conclusions

It has been shown that the sequential analysis introduces a bias on the spin analysis by means of
two main mechanisms related to the change of the spin-flipper state. The mechanism is different for
each initial UCN polarisation. As a result, both of them are involved when the UCN population
is not polarised. As expected, the number of detected UCNs also depends on the initial spin
population, because of losses during the storage above the analysing foil. A possible way to avoid
such problems is to use a simultaneous spin analysis in which the spin-flipper state is the same
during the whole emptying time. Two different geometric configurations are studied in the next
sections.

4.5 Y-shape Simultaneous Spin Analyser study

The Y-shape Simultaneous Spin Analyser (YSSA) is made of two cylindrical arms with an angle
between them as shown in Fig. 4.5. In the arm A, the spin-flipper is ON. Therefore, spin up UCNs
are detected. In the arm B, the spin-flipper is OFF. As a result, spin down UCNs are detected.

UCN

Spin-flippers

25 cm
Foils

Figure 4.5: YSSA geometry. Tunable dimensions are in red: the angle between the two arms with
the corresponding upper arm length.

The angle 6 between the two arms has been varied from 20 to 60° in order to find the best
geometry. The arm length is set according to this angle such that the two spin-flippers can be
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placed side by side and as close as possible to the arms crossing. This length depends on 6 and is
in the range 317mm — 568 mm corresponding to an angle range from 60 down to 20°.

Similarly to the sequential system, the UCN detection efficiency and the asymmetry are stud-
ied. These observables are invetigated as a function of the angle # and of the diffuse probability
(which plays an important role for UCN losses).

4.5.1 UCN detection efficiency
4.5.1.1 Main results

The detection efficiency as a function of the angle 6 between the two arms is shown in Fig. 4.6.
Same results have been obtained for both fully polarised UCN populations. The simulations have
been performed for several diffuse reflection probabilities in the analysing system (i.e. below the
vertical guide). In the rest of the apparatus (vertical guide and storage chamber), the diffuse
probability is set to 1%.
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Figure 4.6: YSSA UCN detection efficiency as a function of the 6 angle between the two analysing
arms. The simulation has been preformed for several diffuse probabilities pgig in the two arms.

The best angle between the two arms is 40°, whatever the diffuse probability. Indeed, the
detection efficiency increases from 20 to 40° and then slightly decreases until 60°.

A strong dependence on the diffuse probability is visible: for a given angle 6, the larger the
diffuse probability, the weaker the UCN detection efficiency. The best UCN detection efficiency,
obtained for pgig = 1% is 78.9(3)%. It is better than the UCN detection efficiency obtained
with the sequential system. For a diffuse probability of 1%, the UCN detection efficiency is
nearly independent of the angle between YSSA’s arms while for pqig = 15%, the UCN losses are
important at low angle 6.

4.5.1.2 UCN losses

In order to explain the UCN detection efficiency dependence on the diffuse probability, UCN loss
locations have been studied and summarised in Tab. 4.9.
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paig | Chamber Guide  Arms Foils | Remain after 50s Decay
1% 7.04% 0.55% 3.7%% 5.55% 2.58% 1.14%
10% 6.85% 0.72% 10.34% 5.40% 2.64% 1.18%

Table 4.9: UCN losses in the apparatus with the YSSA geometry.

The most important contribution comes from UCN losses in the analysing arms. They are
shown as a function of the angle between arms for different diffuse probabilities in Fig. 4.7.
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Figure 4.7: Losses in YSSA as a function of the angle between arms. It has been simulated for
several diffuse probabilities pg;s in the analysing arms.

For a diffuse probability higher than 3%, losses in arms increase for small angles between arms.
This is explained by the larger arms length when the angle between arms is smaller. Therefore,
the probability for UCNs to undergo a diffuse reflection is higher when the arm length is larger.
On the other hand, at large angles between arms correspond low incidence angles. Thus, direct
losses are increased at the first reflection onto the two arms.

For a given angle, the larger the diffuse probability, the larger losses in arms. Indeed, when
a diffuse reflection occurs, the reflected UCN momentum is not along the guide axis anymore.
Thus, after a diffuse reflection, chances for UCNs to have an energy component normal to the wall
higher than with specular reflections is increased. Therefore, the probability to have an energy
higher than the Fermi potential is larger.

For diffuse probabilities smaller than 3%, there are many less diffuse reflections than specular
ones and arm losses also occur at the first UCN reflection into analysing arms. For low diffuse
probabilities, the diffuse and direct loss processes are in competition. For 1% and 3% of diffuse
probability, direct losses are slightly more important than losses due to diffuse reflections and
a small minimum shows up at 40°, corresponding to the small maximum observed in the UCN
detection efficiency.
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4.5.2 Spin analysing power

The asymmetry as a function of the angle between the two arms is shown in Fig. 4.8 for a
fully polarised UCN population. Same results have been obtained for the two fully polarised
populations. The asymmetry is close to 100%. It is slightly increased by about 0.7% from 20 to
60°. The main reason is the arm length which depends on this angle. Thus, the analysing foil
height for 8 =20° is about 29 cm lower than for # =60°. Therefore, with the gravitational boost,
UCNSs have more energy at the foil level, about 30neV, which increases the probability for fast
UCNSs to go across the foil whatever their spin state. The asymmetry does not depend on the
diffuse probability.
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Figure 4.8: YSSA asymmetry as a function of the angle between the two arms. It has been
simulated for several diffuse probabilities pgif.

4.5.3 Conclusions

The most appropriate angle between the two arms is the 8 = 40° because the UCN detection
efficiency is maximal and the spin asymmetry is almost as good as the maximum reached for a
6 = 60° angle. This 99.5(3)% spin asymmetry for fully polarised UCNs is better than the one
reached with the sequential system (98.8% at best) and does not depend on the initial polarisation.
For an unpolarised UCN population, the asymmetry amounts to 0.2(4)% and is also better than
the one obtained with the sequential system (3.1%).

4.6 Study of the U-shape Simultaneous Spin Analyser

The last studied shape is the U-shape Simultaneous Spin Analyser (USSA) shown in Fig. 4.9.

There are two main differences between the USSA and the YSSA: an intermediate volume at
the USSA entrance and arms with flat walls in the USSA. The role of this intermediate volume is
to keep UCNs close to the detectors instead of letting them going back upwards to the precession
chamber. Several parameters have been tuned in the simulation in order to find the most efficient
geometry: the Oy angle of the piece located between the two arms (called central wedge), the
height of the upper volume and the ¢ angle of the USSA roof. The goal of the central wedge is to
guide as much UCNs as possible in the detectors during the “first shot”. Then, the roof is used
to guide UCNs from one arm to the other if they are reflected by the analysing foil.

4.6.1 UCN detection efficiency
4.6.1.1 Main results

The UCN detection efficiency as a function of the central wedge angle 6, is shown in Fig. 4.10.
This simulation has been performed for different roof angles ¢ ranging from 20 to 60° with a
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Figure 4.9: USSA geometry. Tunable dimensions are in red: roof angle ¢, wedge angle 6y and
height of the upper box.

diffuse probability of 1%. The initial UCN population is fully polarised. Results do not depend
on the UCN polarisation.
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Figure 4.10: USSA detection efficiency as a function of the 6, wedge angle for different values of
the roof angle ¢. No influence of the roof angle on the USSA detection effiency is observed. The
best wedge angles are around 30 and 130°.

For a given roof angle ¢, the UCN detection efficiency is minimum for wedge angles close to
90° and it decreases when the central wedge becomes flatter (6 >140°). The UCN detection
efficiency does not strongly vary with the roof angle except for 6,, < 30°. For those 6, angles, the
lower the roof angle, the lower the UCN detection efficiency. As a result, it is better to use roof
angles above 30°.

The upper box height has been varied from 15cm to 30 cm. No large influence has been found
on the UCN detection efficiency within the 0.5% level.

The best USSA detection efficiency amounts to about 79%. This is the of the same order of
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magntiude as obtained with the YSSA, and better than with the sequential system. It has been
obtained for a wedge angle of 30° and for roof angles larger than 40°. In that case, about 85%
of UCNs entering into the USSA are finally detected. The USSA detection efficiency is the same
whatever the initial polarisation.

4.6.1.2 UCN losses

The minimum in the detection efficiency observed for angles close to 90° is mainly due to losses
on the arms walls. At the USSA entrance, the UCN momentum is mainly vertical and directed
downwards. When the angle between the wedge surface and the vertical is 45° (corresponding to
fw =90°), UCNs are reflected towards a direction which is perpendicular to the USSA external
wall. As a result, the UCNs number with an energy higher than the wall Fermi potential increases
as well as the UCN losses, as shown in Fig. 4.11.
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Figure 4.11: Wall losses as a function of the wedge angle 6y,.

For large 6y,, the central wedge is close to be a flat surface and fast UCNs hitting perpendic-
ularly the wedge can be lost. This is shown in Fig. 4.12, presenting the central wedge losses as a
function of 8.
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Figure 4.12: Central wedge losses as a function of the wedge angle 6, for ¢ =40°.

The UCN losses locations in the USSA simulation are summarised in Tab. 4.10 for a 60, wedge
angle of 30° and a roof angle of 40°. About 2% more UCNs which were remaining at the end
of the emptying time with the YSSA are detected with the USSA. At the same time, there are
slightly less UCNs lost in the chamber in the case of the USSA with respect to the YSSA. Among
the 14.6% UCN lost in the USSA, 5.75% are due to absorptions in the analysing foils.

In order to increase the USSA detection efficiency, it is possible to use a new coating on its
walls. But since such coatings are very expensive, it is better to select which USSA walls are of
interest. For such a purpose, the losses locations and proportions are summarised in Tab. 4.11.
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Location | Chamber Guide USSA | Remain after 50s Decay
Losses 6.6% 0.8% 14.6% 0.5% 1.1%

Table 4.10: UCN losses in given apparatus parts for 6, =30° and ¢ =40°.

Location Roof  Upper box Wedge Arms
Proportion | 17.3% 25.4% 18.1%  39.2%

Table 4.11: Proportion of USSA losses in each USSA’s part.

UCN losses on USSA in the upper box and the two arms amounts to 64.6% of the UCN losses.
As a result, it would be interesting to first improve the coating on the USSA vertical walls, going
from the roof down to the detectors.

4.6.1.3 Diffusivity influence

The study of the diffuse reflection probability influence on the USSA detection efficiency has been
performed using the best geometry found previously, i.e. fy = 30° and ¢ = 40°. Several coatings
have been used in order to search for a possible improvement using a higher Fermi potential on
the USSA walls, as shown in Fig. 4.13.
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Figure 4.13: UCN detection efficiency as a function of the diffuse probability in the USSA for
three wall coatings: NiMo, DLC and Diamond.

The dependence of the detection efficiency ecoating on the diffuse probability pgig has been
linearly fitted for each coating and is summarised as:

ENiMo = 79.0% — 0.82%pdjff
epLc = 80.7% — 0.37%pair
€Diamond = 81.9% — 0.21%pgie
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Increasing the diffuse probability produces more UCN losses because more UCNs have a larger
transverse energy to the USSA walls. The improvement brought by a larger Fermi potential is
clearly visible: the UCN detection efficiency is larger whatever the pgig value and the slope is
smaller when the diffuse probability gets larger. Thus, the influence of the wall surface roughness
is lowered when a material with a high Fermi potential is used.

It has to be noticed that the distance between the precession chamber and the USSA has been
underestimated by about 25cm in GEANT4-UCN simulations with respect to real conditions,
because of non expected mechanical considerations in the present simulations. As a result, the
influence of the Fermi potential on the USSA transmission has been likely underestimated (see
Sec. 4.3). As a result, using diamond instead of NiMo would lead to a detected UCN gain of at
least 3 to 6% for reasonnable pgig values between 1% and 5%.

4.6.2 Detected UCNSs after reflection in the wrong arm

When UCNs come into the USSA, they can be either detected at the first shot or be reflected in
the wrong arm before being detected. The goal of this part is to determine how many UCNs are

recovered after being reflected in the wrong arm. This study has been performed with pgig = 1%,
Oy = 30° and ¢ = 40°.

First shot detected UCNs: The number of reflections per UCN on the analysing foil is shown
in the left panel of Fig. 4.14. Zero reflection means that UCNs directly fall down into the arm
analysing their spin state (“first shot” UCNs). 50.5% of the total number of detected UCNs is
detected without any reflection in the other arm. Among them, about 70% directly go across the
analysing foil. This means that the remaining 30% are reflected at least once in the right arm.
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Figure 4.14

Second chance detected UCNs: Detected UCNs coming from the other arm (“second chance”
UCNSs) amount to 49.5% of the total detected UCNs. It represents 84.5% of UCNs entering in the
wrong arm, meaning that 15.5% of the UCNs entering the wrong arm are lost. About 50% of not
lost UCNs are directly reflected from the wrong to the right arm while the others are reflected
several times on analysing foils. Among them, UCNs which go back upwards to the precession
chamber amount to slightly less than 30%, as shown in the right panel of Fig. 4.14. A perfect
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system would reflect 100% of UCNs with the wrong spin state towards the other arm, instead of
about 60%. It means that there might be some room of improvement. However, a study of the
USSA roof angle influence on the recovered UCN fraction showed no real improvement.

It has to be noticed that there is no slit included in the simulations neither in the USSA nor
in the upper part of the apparatus. Thus, the reflections upwards to the precession chamber are
not ideally simulated and UCN losses within the vertical guide are underestimated. As a result,
the fraction of second chance detected UCNs of 84.5% is likely overestimated. A simulation
improvement would be to model the slits (below the 100 pm level) of the switch box and the
USSA slits at the 10 — 50 pm level.

4.6.3 Spin analysing power

The spin asymmetry is neither sensitive to fy nor to ¢. An asymmetry decrease of 0.2% has
been observed between an upper box length of 15cm and 30 cm for polarised UCNs. This is due
to the gravitational boost. The spin asymmetry for a fully polarised UCN population amounts to
99.3(4)% and is better than with the sequential analysis (97.5%). The same observation is done
with an unpolarised initial UCN population with an asymmetry of 0.4(4)% instead of 3.1(4)%
from the sequential analysis.

4.7 Analysing systems comparison

UCN detection efficiencies and asymmetries obtained for the three analysing systems have been
summarized in Tab. 4.12 for both fully polarised and unpolarised UCNs. Both simultaneous
spin analysers show better performances than the sequential analyser. Keeping in mind that
slits are not included in simulations and that the analysers location is 25cm too high, the 5%
improvement on the UCN detection efficiency does not lead to a significant increase of the EDM
statistical sensitivity (about 2.5%). It shows that it is rather difficult to increase UCN statistics
by means of the spin analysing system. But at least, the symmetric treatment of both spin states
shows that the asymmetry is almost as good as in the ideal case.

Sequential Y shape U shape Ideal case
caet M | T42(3)%  789(3)% 78.5(3)%  100%
AD 3140 %  0.2(4)%  0.1(H)% 0%
caet® | T423)% 788(3)% 78.8(3)%  100%
AP 1 96.9(1)%  99.5(3)% 99.3(H)%  100%

Table 4.12: Detection efficiency and asymmetry for (1/() initial unpolarised /polarised UCN pop-
ulation. The simultaneous analysers give asymmetries close to the ideal case and about the same
detection efficiencies, larger than the sequential system.

4.8 Conclusions

It has been shown that the sequential analysis induces a bias on the asymmetry which depends on
the initial UCN polarization. The simultaneous spin analysis removes the error due to the spin-
flipper state change. The UCN detection efficiency is increased using simultaneous spin analysers
by about 5% compared to the sequential system and spin analysis performances are close to the
ideal spin treatment. It has to be noticed that these simulations have been performed using a
perfect upper part of the apparatus, i.e. that there is no slit above the spin analysers. Thus, losses
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during the storage above the analysing foil are not fully taken into account in those simulations.
Therefore, it is expected to get even better UCN detection efficiencies with simultaneous spin
analysers compared to the sequential analysis.

The USSA and the YSSA have shown similar UCN detection efficiencies and spin analysing
powers. However, the USSA has modular and flat walls. This allows one to easily exchange parts.
In addition, diamond can only be coated on flat surfaces and could be used to further improve
the USSA. It is an advantage only if one takes care of having no slit in the USSA. The USSA’s
squared arms also allow to nearly cover the whole surface of the NANOSC detectors compared to
the cylindrical surface of YSSA’s arms. Because of those mechanical considerations which allow
for a long term improvement of the simultaneous spin analyser, the USSA has been chosen to be
built and tested. This is the topic of the following section.
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5.1 USSA design

The USSA mechanical design is shown in Fig. 5.1a. Its walls are made of float glass held by
an aluminium exo-skeleton on which the analysing foils are also fixed. The whole apparatus is
surrounded by an aluminium vacuum chamber. The magnetisation system (iron yoke along with
its set of permanent magnets) is mounted around the analysing foils and outside the whole setup.
The USSA’s parts dedicated to the UCN transport and detection as well as to the UCN spin
handling are described below.

Guiding coil

Glass
Structure

Quartz wedge

Spin-flippers
50 cm

RF shielding

Yoke +Magnets

Iron foils

Mechanical
Structure

(a) (b)

Figure 5.1: Left panel: Cut view of USSA mechanical drawing. Upper right panel: open view
of the USSA with visible RF shielding and vacuum chamber. Lower right panel: installation of
USSA analysing foils.
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5.1.1 UCN transport and detection

When UCNs enter into the USSA, they are guided towards the NANOSC detectors by a structure
made of float glass plates coated with NiMo.

5.1.1.1 NiMo coated glass plates

GEANT4-UCN simulations have shown that the strong effect of the diffusivity on the USSA
detection efficiency is lowered when materials with a high Fermi potential are used. In this
context, the possibility to change the glass plates of the USSA is helpful if one wants to modify
the wall properties. Thus, either the coating (different Fermi potential) or the substrate (different
wall roughness) can be potentially improved.

The float glass used for all USSA’s pieces but the central wedge has a roughness of a few nm,
which suppresses diffuse reflections. Because plates are tightened up by an external aluminium
structure, their flatness has to be as good as possible in order to avoid slits where UCNs could
leak. The largest slits found are located at the top of the USSA between the roof and the vertical
walls. They are of about 100 um along a few centimetres. In the rest of the apparatus, slits are
below the 50 pm range. The glass structure is split in two parts, on each side of the analysing
foils. The gap between the two parts has been set to 200 pum in order to avoid any potential foil
break during the USSA assembly.

For the moment, this glass structure is covered by a thin layer of sputtered NiMo (85% Ni 15%
Mo weight ratio) of about 300-500nm. The sputtering has been performed at the PSI facility.
A diamond coating process on a quartz substrate or **NiMo on glass are under investigations in
order to increase the Fermi potential inside the USSA.

5.1.1.2 NiMo coated central wedge

The central wedge is located just below the USSA entrance. Because of its 30° opening angle and
the need to machine its bottom to let room for the RF shielding (see 5.1.2.3), the central wedge
is made of quartz which is a material hard enough to keep a sharp ridge. In addition, quartz
properties are fairly close to the float glass ones for the UCN guiding (roughness of about 10 nm).
It has also been coated with NiMo over a few hundred nanometres, in the PSI sputtering facility
at PSI 1.

5.1.1.3 NANOSC detectors

In addition to the first existing NANOSC already part of the nEDM apparatus (NANOSC-A), a
second UCN detector (NANOSC-B) identical to the first one has been built. The UCN detection
efficiency is similar at the 2-3% level. The FASTER acquisition has been upgraded: a pnTCA rack
is now used with 10 available channels for each NANOSC detector (i.e. 2 spares). In order to have
a good neutron-background discrimination, only the last part of the PMT signal is integrated,
between 9 and 200 ns. A typical charge spectrum for each channel of NANOSC B is shown in
Fig. 5.2. The peak on channel 12 shows up a shoulder which might be due to a bad optical
contact between the pipe guide and the photomultiplier or to the PMT itself. However, this is not
a problem to discriminate neutron and background thanks to the set QDC threholds. The whole
channel (PMT, light pipe and scintillators) has been exchanged for 2014.

!Thanks to B. Lauss.
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Figure 5.2: Charge distribution measured with NANOSC B at PSI in August 2013 over one cycle
(threshold: 3mV, validation gate: 12ns). The y axis is the number of count for a given QDC
value (arbitrary unit). The shoulder on the UCN peak of channel 12 might be due to a bad optical
contact between the pipe guide and the photomultiplier or to the PMT. The whole channel (PMT,
light pipe and scintillators) has been exchanged for 2014.

5.1.2 Spin handling

Each USSA’s arm is made of a spin-flipper, an analysing foil and a radiofrequency (RF) shielding.
A return yoke with a set of 40 permanent magnets is used to magnetise analysing foils. Its fringe
field is also used to create the ASF field gradient. Finally, additionnal guiding coils are used to
keep the UCN polarization. These different parts are described thereafter.

5.1.2.1 Guiding coils

In order to keep the UCN polarization along their path inside the USSA, guiding coils have been
added (see Fig. 5.1a). They produce an additionnal guiding field transverse to the arm axis (a
few 100 pT ) in order to compensate a potential zero crossing due to the return yoke. The typical
current flowing in these coils is in the range of a few hundred mA.

5.1.2.2 Adiabatic spin-flippers

USSA adiabatic spin-flippers are based on the same principle as usual solenoidal spin-flippers [90]:
an alternating current flows into the coil which produces an RF magnetic field at frequencies in
the 10-40kHz range. The only difference is that the USSA coils have a square shape of 10cm
side to fit around USSA’s arms along 4.4 cm.
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Characteristics of the SF coil field The produced RF field is described by the following
function:
B.(z,t) = B.(z).cos (2mvRrt) (5.1)

where vrp is the frequency of the sinusoidal signal with an amplitude B,(z). The amplitude of
the magnetic field B, (j) along the arm axis at the level of the turn j in a coil of N square turns
with a current I is obtained by Biot & Savart integration:

N/2—j
By = 0T |22 25 !
? I a (a2/4 + n2d?) (a2/2 + n2d2)"/>

n=1

5 N/2+j

a 1
5 D

n=N/2—j (CL2/4 + n2d2) (a2/2 4 n2d2)1/2

where ¢ = 10 cm is the side length of the coil and d =1.1 mm is the diameter of the used wire.
The shape of the obtained magnetic field for a 1 A current and for a 4.4cm long spin-flipper
is compared with a Maentouch ? simulation [91] in Fig. 5.3. Measurements performed with a
Magneto-Impedance (MI) sensor have confirmed these estimations of the SF field amplitude along
its axis.
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Figure 5.3: B, produced with 1 A along the spin-flipper axis. The point at 0 mm is the beginning
of the spin-flipper area.

A cross view of B, inside the plane at the spin-flipper centre is shown in Fig. 5.4. The arm
boundaries are between -40 and 40 mm. It shows that the lowest field amplitude is located at the

2“MAENTOUCH(to be pronounced [mentoosh]) means “magnetic stone” in Breton, the Celtic language spoken
in Brittany, a French colony for the time being...” dixit G.Q. Maentouch is a home made software based on Boundary
Element Method (BEM) and allows magnetostatic field due to coils to be calculated, background fields function of
spatial coordinates and permanent magnets in the presence or not of ferromagnetic materials [91].
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centre of the SF. Thus, reference measurements are done at the centre of the spin-flipper in order
to determine the ability of the device to perform the spin-flip.
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Figure 5.4: Cross view of the RF magnetic field amplitude produced by 1 A at the centre of the
spin-flipper from Maentouch [91]. Limits of the UCN guide are shown by the full black line.

The effective RF amplitude is obtained for an input signal at 6 V,, and 30 kHz and is of about
230/2 T (the amplitude of the effective field contributing to the adiabatic spin-flip is half of the
linear oscillating field [92]) at the centre of the spin-flipper. This amplitude is large enough to
perform the adiabatic spin-flip, as presented in Fig. 5.7, showing the spin-flip probability obtained
as a function of the RF field amplitude by means of Eq(B.12) and the adiabaticity coefficient
given by Eq (B.10), according to the sine-cosine model [90].

Applicability of the sine-cosine model to USSA’s spin-flippers As shown in Appendix B,
particular field conditions, described by Eq (B.11), have to be fulfilled to perform the UCN adia~
batic spin-flip following the sine-cosine model. One of those conditions is that the field shape of
the RF field can be described by a sine. The analytic data set shown in Fig. 5.3 can be fitted using
a sine function and therefore the field shape of USSA’s spin-flippers fulfills the first condition to
apply the sine-cosine model. It will be shown later in 5.1.2.5 that the static field shape fulfills the
second condition to apply this model.

5.1.2.3 RF shielding

As described in the previous chapter, the principle of the simultaneous spin analysis is to detect
both spin states at the same time using one spin-flipper ON and the other OFF. It means that
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any RF magnetic field cross-talk between arms has to be removed.

From the existing literature about radio-frequency shielding (see [93]), one has to play with
the skin effect to remove the RF field coming from the active spin-flipper in the other arm. The
fraction of RF signal going through the material of thickness e around the RF field signal source is
e~¢/% where § is the skin depth associated to the shielding material. The skin depth is expressed as
a function of the RF field frequency v, the magnetic permeability p and the electric conductivity

o of the material: .

N
The main constraint in the USSA is that the opening of RF shielding around the UCN guiding
arms. Indeed, usual RF shielding surround the whole RF source or shielded antena. Copper has
been chosen because it is non magnetic and its electrical conductivity is high (¢ = 5.96 x 107
S/m at 20°C). The corresponding skin depth is much smaller than most materials: at 20-30 kHz,
the frequency range corresponding to the static field inside the spin-flipper, 0.8 mm of copper is

6:

(5.3)

sufficient (in theory) to attenuate 99% of the RF field. Therefore, a 1 mm copper layer has been
placed around each USSA’s arm.

Experimental tests of the RF shielding For these tests, the spin-flip probability pgr within
the non-active arm is estimated through the adiabaticity parameter k (see Appendix B) calculated
from the RF magnetic field amplitude in the non-active arm Bg:

k= B2
- v,“}inaHo/Bz (5 4)
pep = 1 sin? (g\/l—&—sz) :
T 14k

From yoke measurements, % is set to 0.15mT/cm (see 5.1.2.5). Because of the gravitational
boost below the nEDM spectrometer, the UCN energy at the spin-flipper level is at least 180 neV.
This is why the minimum speed vJ"™ is set to 5m/s in order to be conservative.

The RF magnetic field measurements have been performed using an MI sensor from the In-

min
n

phynix company. RF shielding measurements have been performed on different planes along the
arm axis as shown in Fig. 5.5.

RF shielding Active spin-flipper

MI sensor

Figure 5.5: RF shielding tests setup. The plane x=0 corresponds to the internal wall of the
non-active arm.
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Measurements in the non-active arm have been performed with a 30 kHz signal producing an
effective magnetic field amplitude at the centre of the active spin-flipper of 115pT . Without
shielding, the maximal amplitude of the magnetic field in the non-active arm is about 7.5 pT
close to the internal wall as shown in Fig. 5.5 and Fig. 5.6.

8 T T T
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6 r / \ x=8cm i
\% With shielding -

B, [uT]

z (with respect to the center of the SF) [cm]

Figure 5.6: B, amplitude along z in different x planes in the non-active spin-flipper without
shielding for diamond points. Lines are just used to guide eyes. The black dash line corresponds
to the highest measured amplitude with the RF shielding.

According to Eq(5.4), such a field amplitude leads to a spin-flip probability of about 1.9%,
which is obviously not satisfaying. Using the copper RF shielding, the maximal RF amplitude
has been decreased to less than 0.3 pT . The corresponding spin-flip probability is below the ppm
level as shown in Fig. 5.7.

In order to get such an RF magnetic field attenuation, the RF shielding end has been extended
by bcm above the spin-flipper. That is why the arm length has been increased by 5cm with
respect to GEANT4-UCN simulations and the quartz wedge is machined to let room for the RF
shielding. With such a shielding, the field amplitude inside the active arm is slightly decreased
down to 105 pT, which is enough to perform the spin-flip.

5.1.2.4 Analysing foils

The USSA analysing foils are made of a 25 pm aluminium substraste coated by a 400 nm iron
layer. These foils have been made at the PSI sputtering facility because the magnetic field required
(about 40 mT') to reach the saturation is lower than other foils made in Caen or Mainz [94]. At
saturation, the theoretical magnetisation of the iron layer is about 2T. This corresponds to an
additional potential of £120neV according to the neutron spin state. The two analysers are made
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Figure 5.7: Spin-flip probability as a function of the RF amplitude, calculated by means of Eq (5.4).

with the same foil in order to keep USSA arms as identical as possible. These foils are placed
between the two glass parts in the 200 pm wide gap and are magnetised by a set of permanent
magnets.

5.1.2.5 Magnetisation system

A set of 40 neodym permanent magnets is used to magnetize the analysing iron foils. It is enclosed
in an iron yoke as shown in Fig. 5.8.

B

Figure 5.8: Iron yoke with the set of 40 permanent magnets.
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The field at the iron foils level is in the range of 80-120 mT . According to [94], it is high
enough to saturate the iron foil layer. The fringe field from the yoke is used in the spin-flipper area
to perform the adiabatic spin-flip. A Maentouch simulation of the yoke has been benchmarked
with a map of the return yoke performed thanks to a mapping device at GANIL [95] and with a
3D magnetic field probe [96]. The magnetic field evolution as a function of the position along one
arm axis coming from a Maentouch simulation combining the yoke and the USSA guiding coils
[97] is shown in Fig. 5.9 with the corresponding gradient evolution in Fig. 5.10.
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Figure 5.9: Maentouch simulation of B, component as a function of the position along the vertical
axis.
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Figure 5.10: Maentouch simulation of B, vertical gradient as a function of the position along the
vertical axis.

At the level of the spin-flipper centre, the gradient amounts to 0.15 mT /cm and the transverse
field is in the range 0.05 — 0.8 mT. The gradient value has been used to calculate a spin-flip
probability close to 100% in the ASF (see 5.1.2.3). In the spin-flipper area, it is also visible that
the field has approximately a cosine shape. This is the second field condition given by Eq (B.11)
to apply the sine-cosine model which is used to predict the spin-flip probability.

Besides, another important piece of information is the field value at the level of NANOSC
PMTs (Hamamatsu R11187). Even if those PMTs have a low sensitivity to high fields (Mumetal
shield around PMTs), a large magnetic field in the electron multiplication area would degrade or
even damage the PMTs. The field coming from the iron yoke is 0.7 mT at 20 cm downstream. This
is low enough to allow a good working of NANOSC photomultipliers compared to the constructor
limit of 2mT.

5.1.3 Conclusions

The design and the assembly of each USSA’s part have been done in order to optimize the UCN
transmission and to handle the UCN spin as well as possible. Particularly, a lot of care has been
taken on the magnetic fields shape in order to get efficient spin-flippers and a spin holding field.
In the next section, performances tests of USSA’s subdevices are presented. These tests have been
carried out on the West-2 beam line at PSI.
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5.2 USSA test on the West-2 beam line

After two weeks of preliminary tests at ILL3, performances of each USSA’s subsystem (spin-
flippers, analysing foils, guiding parts...) have been measured on the West-2 beam line at PSI
in order to demonstrate that the new spin analyser was ready to be installed below the nEDM
spectrometer.

5.2.1 Experimental setup

The experimental setup is shown in Fig. 5.11. UCNs come from the top, follow the bend and fall
down into the USSA. A stainless steel T-shaped guide was used between the bend and the USSA
in order to suppress the high energy component from the UCN energy spectrum. A magnetised
iron foil was used as a polariser right after the T-shaped guide. In order to carry out spin-flipper
efficiencies and analysing power measurements, a spin-flipper (#1) was placed below the polariser.
At the end of the line, a removable PMMA tube with a length of 27 cm was used in order to perform
measurements at two different heights. Thus, the distance D between the polariser and USSA’s
foils can be set either to 74 cm or to 101 cm.
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Figure 5.11: West-2 beam line setup.

3Thanks to P. Geltenbort and Th. Brenner for the beam time and their warm welcome.
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5.2.2 Preliminary measurements
5.2.2.1 Background

During each proton kick, fast neutrons are produced and are detected by the USSA’s detectors.
Even though data recorded during the kick are not taken into account, the time shape of the
kick is not perfectly square as shown in Fig. 5.12. This time spectrum has been recorded with
the UCN shutter closed such as only fast neutrons coming from the source are detected. A small
amount of fast events is still produced 0.1s after its end. In order to remove this contribution,
a set of 10 to 20 cycles with the UCN shutter closed is performed for each setup configuration.
The average number of fast events which occur right after the kick (normalised by the number
of detected UCNs on the West-1 beam line in a Cascade-U detector?) is then subtracted to the
detected UCN number for the runs of interest.
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Figure 5.12: Detected events in NANOSC-A during the 3s proton kick.

5.2.2.2 Rough characterisation of the UCN energy spectrum

The lowest UCN energy (~ 250neV at USSA’s foils level) is calculated from the height difference
between the bottom of the West-2 beam line horizontal part and the USSA entrance. In order
to have an estimation of the fast UCN amount entering into the USSA, the polariser has been
replaced by a 100 pm aluminium foil with a NiMo coating and the USSA by a single NANOSC
detector. Measurements have been performed with and without the NiMo coated foil. Thus, the
UCN fraction with a larger energy than the NiMo Fermi potential is given by:

Ny
Nyw/o (1= pas)

where Ny, and Ny, /, are respectively the detected UCN numbers with and without the NiMo
coated foil and pAl is the absorbed UCN fraction in the aluminium foil (~ 30% [98]). The fast

abs
UCNs fraction has been estimated to about 10%. It means that when the distance between the

NiMo coated foil and USSA’s foils is about 1m (lowest USSA height), the UCN fraction with

€920 — (5.5)

4Detector based on the neutron capture in a °B layer and the GEM technology.



5.2. USSA test on the West-2 beam line 107

an energy larger than 330neV at the USSA’s foil height is 10%. The maximum reachable USSA
analysing power in such a configuration is therefore about 80% (without considering the fact that
UCNs do not come perpendicularly onto analysing foils).

5.2.2.3 Initial polarisation

In order to measure the initial polarisation produced by the polariser, the setup shown in Fig. 5.13
has been used. The beam line is the same until the end of the first glass tube. Thus, the
polarisation measurement is carried out with the same polariser and spin-flipper locations as for
the USSA measurements. Two magnetised iron foils (P1 and P2) and one spin-flipper (#2) were
added at the end of the beam line before a single NANOSC detector.

A
120
Y | <—|7 UCN shutter
A
T guide
52 Stainless Steel
NiMo
Bent guide

Y .
A Polariser

30 Glass + NiMo Spin-flipper 1
|

10 Glass + NiMo
A .................................................................... = — = r1

97

30 Quartz
Y e —
I [EL

27 Plexi + NiMo Spin-flipper 2
) (R I

30 Quartz
Y e

<~t—— NANOSC

Figure 5.13: Initial polarisation measurement setup.

For the polarisation determination, one foil among the three is removed. Three measurements are
required, corresponding to the three polarising/analysing power products P; x P; given by [99]:
Noo — Noi Noo — Nig

P, x P, = = 5.6
7 fiNoo — N0 faNoo — No (5.6)
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where P;/; is the polarising/analysing power of foils i/j, f1 /o is the spin-flipper efficiency of spin-
flipper 1/2. Njy indices are the SF1 and SF2 states: 0 for SF OFF and 1 for SF ON. The SF
efficiencies f; and fs are obtained using only the polariser and the last foil. The results are:

11 1
= 1+4.
e 6% (5.7)
N11 — Nio
=99.3+4.8 5.8
f2 Noo — No1 % (58)

The three measured polarising/analysing power products are:
Px P =41.0+15% PxP,=462+19% P, x P, =38.0+1.3%

The initial polarisation P is deduced from those measurements:

P_\/PxPl.Png
- Py x P

= 70.6 + 3.2% (5.9)

5.2.3 Tests with unpolarised UCNs
5.2.3.1 Arm detection asymmetry

The USSA has to symmetrically detect spin up and spin down UCNs. In order to check such a
behaviour, the USSA detection asymmetry between arms A and B, (N4 — Np)/(Na + Np) has
been measured. For such a purpose, the polariser and USSA’s analysing foils are removed. The
neutron counting rates for arms A and B and asymmetry are shown in Fig. 5.14. The average
asymmetry between arms A and B is 0.43 £+ 0.07%. It combines different arm transmissions and
the two NANOSCs different detection efficiencies. The conclusion is that the arms detection is
nearly symmetrical.
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Figure 5.14: Detection asymmetry and neutron counting rates as a function of the detection time.

Another measurement was carried out with the two USSA’s analysers in order to know whether
the analysing foils have the same UCN transmission. There is no polariser in the apparatus and
all spin-flippers are turned OFF. The average asymmetry is A = 0.40 + 0.11% (¥? = 0.96). This
asymmetry is consistent with the previous detection asymmetry. It means that USSA’s foils do
not introduce any additional asymmetry.
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5.2.3.2 USSA transmission

Transmission measurements were performed using a single NANOSC detector and then the USSA
at the same location on the beam line. The transmission is defined as the ratio between the
number of detected neutrons with the USSA and a single NANOSC detector. These numbers
were normalised with the number of detected neutrons simultaneously measured on the West-1
beam line by a Cascade-U detector. The worst transmission, 7' = 80.8 + 0.6% was obtained for
the lowest position (D = 105 cm), hence for the largest distance between the polariser and USSA
foils. For the shortest distance (D = 75 c¢m), a transmission of 83.2+0.7% was measured. This is
an indication that one needs a higher Fermi potential in the USSA in order to increase its UCN
transmission.

5.2.3.3 Fraction of detected UCNs after reflection in the other arm

In order to measure the probability for a UCN to be reflected on an analysing foil and then to be
detected in the other arm, the two configurations of the Fig. 5.15 were used.

P=0% N P=0% Nj

Ny Np Ny Ng

Figure 5.15: USSA configurations used to determine the reflection probability from the wrong
spin detection arm to the good one on the West-2 beam line. In one case there is no foil. In the
other case, a single analysing foil is added.

For both configurations, Ny unpolarised UCNs fall down into the USSA. The difference between
the two configurations is the presence of a single analysing foil in one of the two USSA arms.
During the measurement with no foil, the number of detected UCNs is the same in both arms:

In the second case, roughly Nyp/4 UCNs are going through the analysing foil in arm A. The UCN
fraction absorbed inside the analyser is e, and the probability for a UCN to be reflected on
the analyser to the other arm is p.f. Assuming negligible losses per reflection on the analysers,
numbers of detected UCNs in arms A and B are:

{NA = Mo (1 — e

(5.11)
N/B = % + %pref
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Using Eq (5.10) and Eq (5.11) the reflection probability pef and the UCN absorption fraction €,
are finally determined as:

Pret = B —2 = 33.6+3.1% (5.12)

Eabs = 1 — 24 =27+ 1.3% '
The UCN fraction absorbed inside the analysing foil, 2.741.3%, is of the same order of magnitude
as the calculated UCN attenuation in a 25 pm aluminium foil. The probability for a neutron to be
reflected from one arm to the other amounts to 33.6 +3.1%. It is much lower than the calculated
value from GEANT4-UCN simulations of 84% (see 4.6.2). This can be partly explained by the
fact that UCNs reflected upstream go back into the UCN tank and can hardly come back to
the USSA. In addition, UCN simulations were made with a perfect coating and glass structure,
without slits which overestimate the number of UCNs able to go to the other arm.

5.2.4 Tests with polarised neutrons
5.2.4.1 Spin-flippers efficiencies

Spin-flippers efficiencies measurements were carried out with the polariser using a single foil located
in the arm where the spin-flipper is characterised. This has been done in order to avoid multiple
passages between the two arms. In such a case, since the number of passages is not known, it is
not possible to use the transmission matrices formalism defined in [99]. Spin-flippers efficiencies
have been measured using Eq (5.8): fa = 97.0 £ 1.2% and fp = 97.1 £ 0.9%. These efficiencies
do not change with the height of the USSA with respect to the horizontal beam line. It means
that USSA’s spin-flippers can handle quite fast UCNs without efficiency loss. However, USSA’s
spin-flippers are not fully efficient. Two explanations are possible. The first one would be the
existence of a non-adiabatic area in the spin-flippers. The other one could be multiple passages
through the active SF and multiple reflections on the USSA analyzer. In that case, the effect
would be to depolarise UCNs and thus allow their passage through the analysing foil. As a result,
it would lower the effective spin-flipper efficiency.

5.2.4.2 RF cross-talk measurements

Possible RF cross-talk between the two arms was studied. For these tests, a single foil was used in
the non-active arm (SF OFF). The number of detected UCNs in the non-active arm is measured
when the spin-flipper of the active arm is turned ON or OFF. No change has been observed. The
relative deviation % is equal to 0.15+0.62%. The conclusion is that there is no cross-talk
between USSA’s arms.

5.2.4.3 Analysing power of the USSA’s foils

Measurements of the spin analysing power of the USSA’s foils have been carried out using two
different methods. First, the measurements devoted to the spin-flippers efficiencies determination
have been used to find the analysing power of the active arm foil. Second, both foils stayed in the
USSA and the effective spin analysing power of the USSA have been measured.

With a single analysing foil: Analysing power measurements performed with a single foil in
the USSA are summarised in Tab. 5.1. For the shortest distance, the analysing powers of both foils
are the same, which shows that the analysing foil spin treatment is similarly performed in each
arm. The analysing power difference (about 15%) between the two height setup configurations
can be explained using the NiMo foil transmission results (see 5.2.2.2). Indeed, with the lowest
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Polariser—USSA foils | D =74cm D =101cm
Pa [%) 01.0+34  T7.4+17
Pg [%] 89.7+2.7 Not measured

Table 5.1: Single foil analysing powers measurements.

USSA height setup (D = 101 c¢m), the fast UCN fraction is larger. As a result, the UCN fraction
that USSA’s foils are not able to analyse is larger and the USSA spin analysing power is lowered.

With two analysing foils: The USSA analysing power measurements are shown in Tab. 5.2.

Polariser—USSA foils | D =74cm D = 101cm
Pyssa [%] 83.5+2.5 77.34+2.8

Table 5.2: USSA analysing power measurements.

For D = 74cm, the analysing power is different by about 6% from a single foil to two foils.
This is not the case for the setup with D = 101 cm. This is not expected since the spin analysing
power should be lower with the two USSA foils. Indeed, because of bounces from one arm to the
other on analysing foils and crossings of the SF, one expects to observe more depolarisations with
the two foils in the USSA.

5.2.5 Conclusions

Similar efficiencies of 97% were measured for both spin-flippers A and B. The deviation due
to a possible cross-talk between the two arms was measured at 0.15 4 0.62% and cross-talk is
thus excluded below the percent level. The analysing powers of USSA foils have been measured
to 91.0 + 3.4% and 89.7 4+ 2.7%. It shows that USSA foils analyse the spin symmetrically. In
addition, the arm detection asymmetry has been estimated to 0.43 & 0.07% in transmission and
0.40 + 0.11% with the two analysers in the USSA. It confirms the symmetry between the two
arms.

The USSA analysing power was measured to be about 80%. It is lower than with a single
analysing foil by about 6%. A possible explanation would be the multiple bounces onto the
analysing foils and passages through the active spin-flipper which could lead to UCN depolarisa-
tions. The USSA transmission was measured to 80% for the highest energy conditions. It could
be further improved by replacing the current NiMo coating by diamond or **NiMo coatings which
are known to have larger Fermi potentials (> 280 neV).

Measurements performed with the USSA on the West-2 beam line showed that all USSA’s
subsystems work properly and that the USSA symmetrically treat the two UCN spin states. As
a result, the USSA was installed below the nEDM experiment to be tested as described in the
next section. Below the nEDM spectrometer, USSA performances are expected to be better than
below the West-2 beam line because of a softer UCN energy spectrum.
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5.3 USSA test below the olLL spectrometer

In order to measure the possible nEDM statistical sensitivity improvement with respect to the
sequential system, the USSA was integrated in the nEDM apparatus. A drawing of the setup is
shown in Fig. 5.16. The distance between the precession chamber centre and the USSA analysing
foils is about 2.1 m. It means that the UCN energy is gravitationally boosted by 210neV at the
foil location. The USSA hangs on an aluminium plate below the switch box and is also maintained
by an external aluminium profile structure fixed in the concrete floor below the thermohouse. One
pair of additional guiding coils have been added between the switch and the USSA in order to
maintain the UCN polarisation.

Precession
chamber
126
Switch box
37.5
425
USSA
Mechanical
structure

Wooden floor

Concrete floor

Figure 5.16: USSA integration drawing in the nEDM apparatus. Dimensions are in cm.



5.3. USSA test below the oILL spectrometer 113

The UCNs detected in the Cascade-U detector on the West-1 beam line were used for the mon-
itoring. It allowed one to take care of UCN source fluctuations in order to compare measurements
performed with the USSA and the sequential system. An important difference between the two
systems is the analysing foils height: they are 40 cm lower in the USSA. Three types of runs have
been performed: direct mode, 77 measurement and EDM run. The guiding field configuration did
not change for the sake of the comparison.

5.3.1 Direct mode measurements

In direct mode, polarised UCNs coming from the horizontal guide are directly going into the
USSA. With such a configuration, the USSA asymmetry was found to be 77.35 & 0.16%. The
analysing power of the sequential system was estimated with the upstream spin-flipper during
2013, a few months before the USSA installation. The measured asymmetry was 83.83 + 0.35%
i.e. larger than with the USSA. The lower USSA spin analysis efficiency can be partly explained
(at the 2% level) by a fast UCN component visible in the arm B in Fig. 5.17 at the beginning of
the counting rate distribution between 3 and 6s. These fast UCNs are able to cross the USSA’s
analysers whatever their polarisation and thus decrease the asymmetry. Once they are detected,
the USSA asymmetry saturates at 79%. Additional possible explanations for the lower USSA
analysing power with respect to the sequential system could be a bad guiding field along the UCN
path or a lower foil ability to analyse the UCN spin, either due to the foil itself or to the foil
height difference in the two setups. The last possible explanation is that depolarisations occuring
in the USSA (because of multiple foil reflections) could decrease the effective analysing power of
the system (see 5.2.4.3).
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Figure 5.17: UCN counting rates (arms A and B) and asymmetry as a function of the emptying
time in direct mode.
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5.3.2 T7 measurements comparison

T1 measurements are performed in order to estimate the longitudinal relaxation time 73. In this
case, it is used to study the influence of the UCN storage on the spin analysing power of the USSA
and to compare USSA performances with respect to the sequential sytem. In this kind of run,
the precession chamber is filled by UCNs during 30s, then UCNs are stored during a time 7" and
finally counted during 50s. The asymmetry as a function of the storage time is shown in Fig. 5.18
for both the USSA and the sequential system.

e ' ' ' USSA | o
Sequential o
USSA: 1, + T fit s
- Sequential: T fit [40:210s]
7% F X i

Asymmetry [%]
N
*
*

68 |- }

66 1 1 1 1 1
0 50 100 150 200 250

Storage time T [s]

Figure 5.18: Asymmetry as a function of storage time for the USSA (red cross) and the sequential
system (blue star) during T1 measurement. The black dashed line corresponds to the USSA data
fit using Eq(5.19). The blue dash line corresponds to the usual 7 fit applied to the sequential
analyser data between 40 and 210s.

With the USSA, a maximum is visible around 7" = 50s and then the T} exponential decrease is
observed for larger storage times. This maximum is thought to arise from a fast UCN component.
An attempt to model the phenomenon has been carried out hereafter.

The UCN spin populations as a function of the storage time are described by:

dN- N. N.
T = s (N = Np) = 25 = 5 (N = Np) — &
dr T Tip ( T ‘L) o Tloss ﬁ( T ‘L) o Tloss

where Ny, are respectively the number of spin up /down UCNs stored in the precession chamber
at a given time T', T} is the longitudinal relaxation time and 7,5 the time constant associated to
wall losses and the beta decay.

Solving (5.13) for a neutron population with an initial polarisation Py gives:

S -

N\L(T) — %efT/Tloss [1 _ PoefT/Tl]
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where Ny is the initial number of UCNs inside the precession chamber.
In order to take into account the energy loss dependence, the number of stored UCNs can be
described with two time constants:

N(T) = NSIOWQ*T/Tslow + Ngaste*T/Tfast (5.15)

Tslow 18 assigned to UCNs with low energies compared to the wall Fermi potential and 7. is
assigned to UCNs with higher energies. The number of detected UCNs as a function of the
storage time is shown in Fig. 5.19. One gets: 7Tgow = 210 + 155 and 7gqe = 59.0 + 8.7s. Using
such an energy partition, the UCN population can be split as followed:

{NT(T) = % [1 + P()eiT/Tl} [(1 - pfast)eiT/TSbW + pfasteiT/TfaSt]

(5.16)
N$<T) = % [1 - P()eiT/Tl} [(1 - pfast)eiT/TSIOw + pfasteiT/TfaSt]

where pr.st is the initial proportion of fast UCNSs.

The UCN population called “fast” has an energy comparable or larger than the Fermi potential
of the DPS in the chamber, around 160 neV. This energy is close to the limit that analysing foils
can handle (330neV in theory i.e. about 130neV in the precession chamber). Because the fastest
UCNSs are too energetic to be analysed by USSA’s foils, the number of fast UCNs detected in each
arm is the same:

3§ . Nfast T N,
Nip(r) = Ny = M) Moot (5.17)
Thus, the USSA asymmetry is described by:
Ay = Na=Ng _ NPT - NPT (5.18)
- Nis+ Np - NSIOW(T) + Nslow(T) + Nfast(T) .
T I tot
Poe—T/Tl
- 1 4+ Phast o—T(1/Trast—1/Tslow) (5.19)

1—Drtast

Using Teast and Tglow extracted from (5.15) as inputs, the fit of the USSA data with the function
(5.19) gives the following parameters (¥? = 0.63):

Py ="T94(9)% T, =1930(90)s prast = 6.8+ 1.3%

The Py and T} values are of the same order of magnitude as previous measurements performed
over the year 2013 (e.g. Py = 72.2 £5.5%, T1 = 2090 £ 2105s). The proportion of fast UCNs not
analysed by iron foils is consistent with MCUCN simulations results [100] which gives an initial
UCN fraction with energies higher than 130neVin the precession chamber (i.e. corresponding
to 330neV at USSA foils level) of a few percents. It has to be precised that the “slow” and
“fast” components do not correspond here to well defined parts of the UCN spectrum. Therefore,
quantitative results of this model have nonetheless to be taken with care. Finally, the asymmetry
decrease due to the fast component is found to be negligible for storage times above 150s, ¢.e. for
typical EDM storage times. In that case, the low USSA height has therefore no influence on the
USSA spin analysing power.

With the sequential system, a larger asymmetry is observed for T' < 50s. It is likely due to
the fast UCN component which go through the analyser, whatever the UCN spin state. As the
sequence starts with the most populated spin state for this set of measurements, this spin state
population is overestimated and thus the corresponding asymmetry.

The most interesting measurements for the comparison between the USSA and the sequential
system are above 150s i.e. for typical storage times in the nEDM experiment. The polarisation
and the number of detected UCN are summarised in Tab. 5.3 for a storage time T' = 180s. During
the USSA measurements, there was no monitoring recorded on West-1. The monitored UCN count
has been therefore extrapolated from measurements surrounding this measurement within a day.
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A [%] Niot NWest—l
USSA 71.9(3) | 4160(30) | 2.07(5)x10° (extrapolated)
Sequential | 68.5(8) | 3020(45) 1.700(13) x 105
Ratio | 1.050(13) | 1.131(33)

Table 5.3: Asymmetry A and total number of detected UCNs N;ot for the USSA and the sequential
analyser with a storage time of 180s. Nyyest-1 is the monitored UCN counts on the West-1 beam
line. The ratio of the total number of detected UCNSs is calculated with the number of detected
UCNs normalised with Nyyest-1-
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Figure 5.19: Number of detected UCNs as a function of the storage time inside the precession
chamber. Dash lines correspond to USSA and sequential system data fits using (5.15).

As visible in Fig. 5.18, the UCN polarisation measured with the USSA is larger than the one
with the sequential analyser by about 5% for T' = 180s. Besides, the number of detected UCNs
is also larger using the USSA by 13%, as shown in Fig. 5.19. The statistical improvement coming
from the USSA with respect to the sequential system is estimated through the variable Av/N and
amounts for 11.6 + 3.7%.

5.3.3 Detected UCNs fraction after reflection in the other arm

In order to measure the probability for UCN to be reflected from one arm and then detected in
the other arm, the configurations of the Fig. 5.20 have been used.

For both configurations, Ny unpolarised UCNs fall down on the USSA after 50s of storage time.
The only difference between the two configurations is the presence of a single analysing foil located
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P=0% N

VI

Ny Np

Figure 5.20: USSA configurations used to determine the reflection probability from the wrong
spin detection arm to the right one. In one case, the two analysing foils are installed. In the other
case, one foil is removed.

in one of the two USSA arms. With two foils, the number of detected neutrons is the same in

both arms:

N
Na=Np = (1~ cabs) (1 + Drer) (5.20)

where €,1,s and pret have been already defined in 5.2.3.3.
With a single foil, less UCNs are detected in the arm A because they are not reflected from
the arm B. Thus, numbers of detected UCNs in arms A and B in that case are:

Ny =1~
VI Yo o2
Np =53 (1+)

Using Eq (5.20) and (5.21) the reflection probability p,e and the UCN absorption fraction egps
are finally determined:

DPref = %—;‘ —1="528+2.8%

N/ (5.22)
€abs = 1 — N—g (2 + Pref) = 5.8 & 1.5%

The UCN fraction absorbed in the aluminium foil substrate is twice larger than the one measured
on the West-2 beam line (2.7£1.3%). It might be due to the UCN energy spectrum difference
between the two setups. Indeed, UCNs are more energetic on the West-2 beam line. As the
absorption cross section varies proportionally to 1/vy,, the proportion of absorbed UCNs in the
aluminium is larger.

The second point is that the fraction of reflected UCNs from one arm to the other (52%) is
larger on the EDM line than on West-2 (about 34%). This may be explained by the fact that a
part of reflected UCNs on West-2 can be lost afterwards, as the West-2 beam line is open towards
the UCN tank. On the contrary, during the emptying below the nEDM spectrometer, UCNs can
be stored between the chamber and the USSA. Thus, UCNs can go upwards to the chamber and
fall back into the USSA where they may be detected.
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5.3.4 EDM run type comparison

The last comparison between the USSA and the sequential system has been performed for usual
nEDM runs. The Ramsey central fringe fitting using normalised NT and Nt is shown in Fig. 5.21.
The normalisation is performed with the number of UCNs recorded in the monitoring position.
The average number of UCN counts is almost symmetric and both visibilities o and ot are
consistent. This shows that both spin states are symmetrically treated in the USSA.
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Figure 5.21: First Ramsey pattern taken with the USSA (in By up configuration).

« [%] Niot Nwest-1
USSA 63.4(18) | 3791(14) | 1.878(5) x10°
Sequential | 59.7(22) | 2692(15) | 1.651(16) x10°
Ratio | 1.062(49) | 1.239(10)

Table 5.4: Visibility o and total number of detected UCNs measured with the USSA and the
sequential analyser for EDM runs. Nyyest-1 is the number of detected UCNs on the West-1 beam
line. The UCN ratio is calculated with the number of detected UCNs normalised with Nyyest-1-

The comparison between the USSA and the sequential system is summarised in Tab. 5.4. With
the USSA, both the visibility and the number of detected UCNs are larger than with the sequential
system. This is consistent with results coming from 77 measurements. However, the statistical
error on the visibility is large, because of the rather low number of cycles (20). The improvement
of the EDM sensitivity is estimated through the variable «v/N and amounts for 18.2+6.1%. The
largest contribution on this improvement is coming from the larger number of detected UCNSs.
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5.3.5 Conclusions

In direct mode, the USSA analysing power is smaller than the analysing power of the sequential
system by about 6.5%. This may be explained by the lower height of USSA analysing foils with
respect to the sequential system analysing foils (25 cm lower). However, in case UCNs are stored,
the USSA spin analysis efficiency is not decreased for storage times larger than 150s, due to the
UCN spectrum softening in the precession chamber. For measurements carried out with such
storage times and UCN energy conditions, the USSA asymmetry is larger than the sequential one
by 2-3%.

From nEDM runs, the visibility and the UCN counts are respectively increased by 6.2 +
4.9% and by 23.9 + 1.0% with the USSA. This leads to an improvement of the nEDM statistical
sensitivity of 18.24+6.1% with respect to the sequential analysis. In addition, the spin treatment is
almost symmetric. During preliminary measurements performed at ILL, the NANOSC detection
efficiencies have been measured to be different by 1.1 4+ 0.4% and the arms transmissions by
0.5+ 1.5%. On the West-2 beam line, the asymmetry for unpolarised UCNs has been measured
to 0.4% in transmission (without analysing foils). When USSA foils are added, no change is
measured. In addition, their analysing powers are of the order of 90% and are equal. Spin-flippers
efficiencies have also been measured and are equal (97%), without influencing the non-active arm.
Since the USSA has shown better performances than the sequential system, with a spin treatment
almost symmetric, it is now part of the nEDM apparatus.

Finally, the USSA design with GEANT4-UCN and its building have succeeded in the produc-
tion of a new simultaneous spin analyser, able to symmetrically treat the two spin components
and also to increase the UCN statistics.

In order to further improve the UCN statistics, the NiMo coating (Vp = 220neV) could be
replaced by diamond or **NiMo coatings which have a theoretical Fermi potential around 300 neV.
The Fermi potential of a diamond coating over a quartz substrate has been measured by means
of cold neutron reflectometry on the NARZISS ° instrument at PSI to be about 305neV and loss
per bounce measurements are planned to be studied on the West-1 beam line. But the first USSA
upgrade will be performed with ®®NiMo. The coating will be performed either at PSI on the
sputtering device or at LPC with the evaporator. Tests are planned for Autumn 2014 or in 2015.

5 . . .
°Test instrument for neutron optical devices.
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In the nEDM collaboration, two groups independently analyse the nEDM data: the French
group (LPC, LPSC and CSNSM) and the PSI group. This chapter presents the analysis performed
by the French team with the 2013 PSI data. The basics of the neutron Electric Dipole Moment
measurement has been already described in 2.2.1. A previous analysis, performed by the PSI team
on 2012 data is presented in [56].

The 2013 data set was collected in August. Even if only 13 runs have been recorded, some
of them are particularly long (three days for the longest one) and the key parameters for a low
nEDM sensitivity were rather good. The precession time was set to 180s with an applied electric
field of 10kV/cm in average. With such a storage time, the final visibility was close to 60% and
the number of mean detected UCNs per cycle was 6650. Using Eq (2.17), the expected nEDM
sensitivity per cycle should be close to 4 x 10724 e.cm. In total, about 2900 cycles have been
recorded during this month, leading to an expected integrated sensitivity of about 8 x 10726 e.cm
for the 2013 data set.

The first part explains how the neutron frequency is recovered with either neutron counts or
with the asymmetry. Furthermore, a study of the raw data selection before the main analysis
is performed. Then, the effect of different methods to estimate the Hg precession frequency is
studied. Then, a study of the neutron frequency extraction procedure is presented, using either
experimental data or simulated one. Finally, results of the 2013 nEDM data campaign will be
presented, summarising the systematic errors budget and the current nEDM sensitivity of the
experiment.

6.1 The neutron frequency extraction

The neutron Larmor frequency is measured via the Ramsey separated oscillating fields method.
The principle of the extraction — as it was performed in the previous stage of the nEDM experiment
[101] — is described in section Sec. 2.2 and in the following section. An alternative method is
described in section 6.1.3.

6.1.1 Cycle definition
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Figure 6.1: Neutron counting rate as a function of the detection time. Colours indicate different
periods of detection given by the main acquisition: monitor (mauve), spin up (red) and spin down
neutrons (blue). The peak visible before the first spin up detection period (¢t ~ 220s) does not
correspond to physical events.
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A measurement of the neutron Larmor frequency is performed every cycle. A cycle lasts 6 min
and defines the following sequence, as illustrated in Fig. 6.1.

First, the precession chamber is filled for about 30s. Then, the switch moves to the monitoring
position and the remaining UCNSs located in guides and the UCN tank are directly going to the
UCN detector. This number of neutron counts is used to normalise the number of detected UCNs
at the end of each cycle. In the mean time, UCNs are stored during 180 s and the Ramsey method
is applied. Finally, the UCN shutter is open and UCNs directly fall downwards to the detector.
During this period, UCNs are sequentially detected.

During a typical run, about 100 - 200 cycles are collected, with regular electric field polarity
changes, according to the following pattern: -04++0-0+... with 12 cycles for both positive and
negative polarities and only 6 cycles without electric field.

6.1.2 Principle

During nEDM measurements, one works around the resonance where the Ramsey curve can be
approximated by a cosine curve. It has been shown that the relative error on the neutron frequency
fn done using this approximation is negligible [102]. Thus, the approximated number of counted
neutrons NT and N+ can be written as:

NN~ NN {1 T ol cos (Wif - d)Ziﬂ (6.1)
v

where Ay = is the width of the Ramsey central fringe, T" the precession time and

T )
Trr the neutron RF pulses duration. The neutron frequency extraction procedure uses the Hg
co-magnetometer frequency fy, in order to compensate for the magnetic field variations along the
run. This normalisation is performed via the variable Af = fo— frrp = %‘g frg — frr with frp the
applied neutron RF pulse frequency. The fit is performed with four working points surrounding
the resonance, as shown in Fig. 6.2. The RF frequency of those working points is calculated via

the previous cycle Hg frequency:

Av

i T pi—1
= — + —(1+£0.1 6.2

where superscript ! refers to the cycle number.
Using Eq (6.1), the number of spin up and spin down neutrons is fitted as a function of Af for
several cycles from the same run (for a given electric field polarity). The following parameters:

N(Ii, agi and qﬁy are extracted (where subscript , stands for average), where ¢, = W% and

N(Ii is the average UCN number at fringe half width for spin up and spin down neutrons. agi is

the average visibility for each spin state over the whole data used for the fit.

The neutron Larmor frequency is derived from Eq (6.1) and is given by:

N _ N(Ii)

(6.3)
Fal' NG

A
fo=frr+ —Varccos (
T

Two neutron Larmor frequencies are extracted using the number of spin up UCNs and the number
of spin down UCNSs. It is also possible to get the average value of f,, directly from the phase ¢>2¢ but
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Figure 6.2: Illustration of the neutron Larmor frequency fit.

the determination of the neutron resonance frequency for each cycle allows some useful analysis
cross-checks.

In order to avoid non statistical fluctuations due to the UCN source, the monitor count Nyon
(currently done during the storage time) is used to normalise spin up and spin down neutron
counts:

N NTNM (6.4)

norm
mon

6.1.3 Alternative method

NT—NY
NT+Nt
instead of the number of UCN counts NT and N¥. The asymmetry is by definition normalised

and therefore does not require any normalisation from the monitoring.

A new technique to extract the UCNs Larmor frequency is to fit the asymmetry A =

For a perfectly symmetric UCN counting, the asymmetry expression is:

A = o cos (772‘5 — gba) (6.5)

However, if the mean number of detected UCNs and/or the visibility are different for the two spin
components, two additional terms A, and § appear. This difference can come from a bad setting
of the counting sequence with the sequential analysis. If the USSA is used (see Chap5), then this
difference can directly arise from different detection efficiencies of the two NANOSC detectors. An
other contribution to § can come from different visibilities for each spin state. Such a difference
can be induced by different UCN depolarisations due to the storage of one spin component above
the analyser during the sequential analysis.
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If one writes:

Nl =N,+D T = d
{a ot Ya = Qo+ with D < N, and d < «,

Ny =N,—D ofi=a,—d
then, at first order in D and d, one gets:

D a2D 9
A~ A — (g COS P — <Na+daa> cos” ¢

Af
Av

é :ﬂfRF_fn

A~ A, — agcosd + dcos? ¢ with ¢ =7
Av

(6.7)

(6.8)

As the working points are set such as frp ~ fun £ %, ¢ ~ +75. Hence, the derivative of the term
§cos? ¢ ~ —§sin 5 cos 5 is close to 0 and this term does not vary significantly with respect to the
term g cos ¢. As a result, the § term is expected to play a minor role in the neutron frequency
fit if deviations D and d are not too large. In a first step, this term can be neglected during
the fitting procedure. It will be shown later that it does not lead to a significant error on the

estimated neutron Larmor frequency (see 6.7.7).

Using the same procedure as described in 6.1.2, A,, aq, § and ¢, are recovered by fitting the
asymmetry curve. An example of the asymmetry fitting is shown in Fig. 6.3 on a full run (for the
positive electric field polarity). Here, fitted terms A, and 0 using the asymmetry are consistent

with expectations.
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Figure 6.3: Asymmetry fitting procedure used to extract the neutron Larmor frequency. In order
to compensate for magnetic field variations, the /2 pulse frequency is normalised by the mercury

frequency.
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In the case of the asymmetry fitting (without the § term), the neutron frequency is then given
by:

fo=frr+ % arccos <%>

a

A A (6.9)

2
ag

A
of = IRF + 3 a7\ OA. T oA T 08,

It will be shown in Sec. 6.7 that with perfect simulated data, both the UCN counts fit and the
asymmetry give the same results. However, with real data, the asymmetry is more robust than
the UCN counts fit, as shown in section 6.2.2.

6.2 Raw data selection

After data collection, the data set is pre-processed in order to keep the relevant runs or cycles
used to extract the nEDM. The number of detected spin up and spin down UCNs and the Hg
measured frequency are essential for the neutron frequency extraction and need to be re-estimated
offline. At the same time, the data pre-processing allows one to put some “flags” in order to have
milestones during the data analysis. For instance, these flags can be used for possible cuts on the
data.

6.2.1 Offline analysis of the detected UCN number

As said in 3.5.1, recorded FASTER events are time stamped. Fig. 6.1 shows the number of
detected UCNs as a function of the time during a cycle. Four periods can be seen: the filling, the
monitoring, the spin up and spin down counting.

The UCN time spectrum in Fig. 6.1 shows an abnormal peak at the beginning of the precession
chamber emptying. Such spikes have been observed for about 1% of the total number of cycles in
the 2012 and 2013 nEDM data. They systematically occur 0.5s after the UCN shutter opening
and correspond to 100 to 500 events detected during 100 ps, contributing to 5-20% of the spin up
neutron counts. The time structure of the QDC distribution shows a first event that occur during
50ns on the 9 NANOSC channels, followed by an exponential decay of the QDC after 10 to 15 s
[103]. The charge of such spike events is located just above the threshold used to discriminate
neutrons and background. The spikes are detected through their high counting rate and their
timing location and the corresponding cycles are rejected. However, it should be possible to take
them into account by subtracting the fake neutron events. Further investigations are ongoing to
find out the source of such events. It has to be noted that the highest spikes (in intensity) are
correlated to the negative electric field polarity and to the UCN shutter opening.

6.2.2 Other cuts

Further data selections (cuts) have been applied before extracting the neutron Larmor frequency.
The cut listing is described hereafter.

Cycles for which the guiding system (valves, switch) did not work properly or the UCN source
failed usually correspond to cycles with a low amount of UCNs. As a result, cycles with less than
100 detected neutrons are disregarded. It is important to note that from times to times, the switch
box did not properly work and was not in its nominal position. As a result, neutrons counts are
still above 100 and pass the cut. These cycles are not excluded yet and therefore, can contribute
to decrease the fit quality.

Cycles with sudden magnetic field variations have also been rejected. An arbitrary threshold of
6.6 pT (jump of 50 ptHz on frg) between the current cycle and the previous one is defined for such
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a purpose. Indeed, a sudden variation of the field during a cycle can not be properly compensated
by the mercury co-magnetometer.

6.2.3 Cuts effects on the y? of the Ramsey central fringe fit

The effect of the cuts in the neutron frequency measurement is investigated through the reduced
x? resulting from the central Ramsey fringe fit (with function (6.8)), noted x2. Results are shown
in Fig. 6.4 for 2013 EDM runs. In that case, the Hg frequency estimated with the signal-to-noise
threshold method (threshold of 50) has been used to extract the neutron frequency (see Sec. 6.3).
Furthermore, the full data set for each electric field polarity has been fitted using the asymmetry
(and not using normalised neutron counts).
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Figure 6.4: Reduced x? of the neutron Larmor frequency fit averaged over all electric field polarities
for different applied cuts.

For most of the runs, the cut effect on y? is negligible. However, for particular runs (7609,
7647, 7650), the effect is very important, lowering ¥? towards 1. The effect of each cut on the
X? is summarised in Tab. 6.1 for each electric field polarity. Results are averaged over 2013 runs
(even if the number of degrees of freedom is not the same).

The main improvement on the ¥? comes from the cut on sudden magnetic field changes,
observed in a single run (7609). The cut on the neutron spikes visible in FASTER data is observed
for the negative electric field polarity for few runs (runs 7647 and 7650). This behaviour is expected
as spikes containing the largest amount of neutron like events mainly occur for the negative electric
field polarity. It has to be noticed that both cuts on huge spikes and on sudden magnetic field
changes are correlated to the negative electric field polarity, perhaps indicating a problem linked
to sparks.
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Field polarity E <0 E=0 E>0
Applied cut <)~<2> - Rem. cyc. <)~(2> - Rem. cyc. <)~(2> - Rem. Cyec.
None 4.22 -0 1.12-0 1.19-0
Low counts 4.22-0 1.11-2 1.19 - 13
Spike 4.18 - 17 1.11-2 1.19 - 23
Spike+ By change 1.16 - 26 1.11-2 1.19 - 23

Table 6.1: Summary of Ramsey fringe fit 2 obtained for different cuts and electric field polarities.
The number of removed cycles (Rem. cyc.) associated to the applied cuts is also shown.

The reduced x? of the neutron frequency fit using all cuts (1.8% of removed cycles) is in average
%% ~ 1.15, which is not consistent with the expected value of 1. No cut has been set neither on
leakage currents (which should help in case of sparks), nor on the UCN switch mismatching
positions. As a result, a possible contribution can arise from there.

Finally, the Y2 of the neutron frequency fit obtained with normalised neutron counts was about
twice as large as using the asymmetry, suggesting a problem of normalisation. As a result, it has
been chosen to only use the asymmetry for the analysis.

6.3 Hg frequency extraction

The study of the Hg frequency extraction procedure is carried out at LPSC [104] in the French
analysis team and also in the Cracow group. The Hg frequency is used to compensate for magnetic
field fluctuations along cycles. The Hg precession frequency, averaging the magnetic field in the
precession chamber, is measured using the so-called two windows method, first introduced by
the RAL-Sussex-ILL collaboration [82]. After applying a 7/2 pulse to flip the Hg atoms spin in
the transverse plane (orthogonal to the main By field), the phase of the free induction signal is
extracted at the beginning and the end of the precession time, as shown in Fig. 6.5. The Hg
frequency is then calculated from the phase difference between the beginning and the end of the
cycle and the number of zero crossings [105].
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Figure 6.5: Hlustration of the two windows method used by the RAL-Sussex-ILL collaboration to
extract the Hg Larmor precession frequency.
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The typical statistical precision of the Hg co-magnetometer on the magnetic field measurement
was about 300 to 400 fT during the 2013 nEDM data taking. This is due to the low Hg transverse
depolarisation time (7p ~ 45s). With T above 90-100s (good Hg running conditions), the
magnetic field precision is rather around 50-100 fT.

The data analysis presented in this section is based on an estimation of the mercury frequency
using a revisited two windows method !. Indeed, because of the low 75 time, the signal-to-
noise ratio of the last window (using the usual method) is too low to accurately measure the
Hg frequency. A solution to avoid this problem is to average the Hg frequency only during
a period with a signal-to-noise ratio above a given threshold. Of course, the method suffers
of a major drawback: the B field is not monitored during the entire cycle. Nevertheless, the
Hg frequency extracted from the newly developed method allows magnetic field variations to
be properly normalised, as illustrated by the neutron frequency normalisation using the Hg co-
magnetometer shown in Fig. 6.6.
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Figure 6.6: Illustration of the correction of magnetic field drifts using the Hg normalisation on
the neutron resonant frequency over a 60 h long run. Error bars, of the order of 22 pHz (~ 800 {T)
for this data set, are omitted for clarity.

Another method is also under development. It consists in fitting the full signal along the
neutron precession. The fitting function is [107]:

A(t) = Age /2 sin (j;Hﬂ_gt + ¢> (6.10)

The two methods have been compared to the former two windows method through the neutron
fit procedure in the section 6.3.1 .

' A similar method was already used and cited in [106].
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6.3.1 Effect of the Hg frequency estimator on the neutron frequency fit

In this part, the quality of the Ramsey central fringe fit is studied as a function of the method
used to extract the Hg frequency. The precision on the Hg frequency has been multiplied by the
factor 6 which takes into account the use of the Hg signal bandpass filters [108]. Again, the Y2
parameter is used to qualify the appropriateness of the fit. In Fig. 6.7, it is shown for all runs,
including the cuts defined in Sec. 6.2.
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Figure 6.7: Reduced x? of the neutron Larmor frequency fit averaged over all electric field polarities
using different Hg frequencies (according to the method used to extract the Hg frequency). Here,
the usual method is the method used by the RAL-Sussex-ILL collaboration to extract the Hg
frequency. The ¥? for the run 7645 with the usual method of about 10 is not shown in this figure.

The new Hg frequencies determination techniques (s/n method and full signal fitting (FSF)
method) clearly improve the neutron frequency fit quality for about half of the 2013 runs. The
s/n method works better than the F'SF one. Tab. 6.2 summarises the mean values of the neutron
frequency fit reduced y? obtained for each electric field polarity.

Method to extract fug <)~<2>E 0 <)~(2>E:0 <)~(2>E 0
Usual two windows 2.02 1.45 3.94
Signal-to-noise>50 (s/n) 1.16 1.11 1.19
Full signal fit (FSF) 1.50 1.18 1.52

Table 6.2: Mean reduced x? of the Ramsey central fringe fit obtained for the three Hg frequency
extracting methods and electric field polarities.

The Hg transverse relaxation time is decreased after each electric field polarity reversal, the
signal-to-noise ratio of the Hg signal tail is lower. This results in a lower accuracy and precision
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of the Hg frequency with the RAL-Sussex method (right after each polarity reversal). As a result,
the magnetic field normalisation performed for the neutron Larmor frequency fit is worse. This is
visible in Tab. 6.2, where the ¥? is less improved when E = 0 than in other cases.

For about 60% of runs, the FSF method and the s/n method give similar results. For the
remaining 40%, the ¥? from FSF are in between the RAL-Sussex method and the s/n method. A
possible interpretation is that the FSF method is not able to properly extract the Hg frequency
when large magnetic field drifts arise along cycles.

As far as is concerned the precision, it should also be noticed that the precision on the Hg
frequency obtained with the FSF method is about 3 nHz larger than the s/n one.

Finally, the most suited method to extract the Hg frequency in 2013 nEDM runs is the s/n
method. The FSF method needs more investigation and the RAL-SUssex method is not well
suited to the Hg running conditions of the 2013 nEDM data. As a result, the s/n method is used
for the nEDM analysis presented later in this work.

The reduced x? problem is still not solved. But a hint to explain this point comes from the
study of the vertical gradient evolution as a function of time along EDM runs. This is the subject
of the next section.

6.4 Effect of gradient variations on the neutron Larmor frequency
fit

In the experiment, the main By field is vertical. It is as uniform as possible but a vertical gradient
remains over the chamber volume. Such a gradient plays an important role in the nEDM analysis
through the ratio R of the neutron to mercury precession frequencies and false EDM induced by
the geometric phase effect of the Hg.

The centre of mass of UCNS is slightly lower than the precession chamber centre by a distance
Ah. This is not the case for the thermal Hg atoms. As a result, UCNs and mercury do not
average the same magnetic field and their frequencies write (not taking into account the transverse
component):

w =32 [Bo% (0:B.) (25~ - an)|

ng = % [BO + <asz> %}
where By is the constant magnetic field at the bottom of the precession chamber and Hcy, is the
height of the precession chamber. Here, it is assumed that the z dependence of the magnetic field

is due to a vertical gradient: B = By + (0.B,) Z. The + sign depends on the gradient direction
with respect to the magnetic field: it is positive for the By up direction and negative for the down

(6.11)

direction.
It results in a shift Afy p. between the neutron Larmor frequency f, and the Hg frequency
normalised by the ratio of gyromagnetic ratios fug.7n/VHg. It amounts to:

Afo.p. = fo— L fug ~ FL2 (AR (9.B.)) (6.12)
VHg 27

Ah has been estimated using the ratio R = J!;—“g during measurements without electric field. The
R dependence on (0, B,) is:

R

_ o m [W@BML} (6.13)

" fag e By

The - and + signs corresponds respectively to By up and By down configurations. The vertical
magnetic field gradient can be varied using two coils in anti-Helmholtz configuration (TTC and
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BTC). This gradient is monitored using caesium magnetometers and Ah is estimated through the
slope of the R versus gradient curves (so-called “R-curves”). In 2012, Ah has been measured at
Ah = 2.35 4 0.05mm [109).

The dependence of the Ramsey fringe visibility on the gradient has also been measured. The
best fit function found in [110] is:

o = aoe_alszzH (614)

where «aq is the visibility with no gradient and a the visibility decay parameter, estimated to be
about 3.5 x 1073 (pT/cm) 1.

For such measurements, caesium magnetometers are essential to determine the vertical gra-
dient. The method used to extract the gradient over the chamber volume - the harmonic Taylor
fit - is studied in the Chap.7. The caesium data is averaged over a cycle, excluding the first and
the last 2s at the beginning and the end of the precession because of the neutron /2 pulse. The
precision on the gradient amounts to about 1 pT/cm. An example of the extracted gradient as a
function of time during a 2013 nEDM run is shown in Fig. 6.8. In this particular run, a general
periodic trend is observed. It corresponds to a 2pT/cm daily variation. Similar variations have
been observed during other nEDM runs.
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Figure 6.8: Average gradient over the precession volume as a function of time during a 60 h nEDM
run (run 7650). It is determined using a set of 12 scalar magnetometers. For clarity, statistical
error bars, at the pT/cm level, have been omitted.

Because of this magnetic field gradient variation, the visibility varies as well as the neutron
Larmor frequency with respect to the mercury one. Since these two parameters change from one
cycle to the other, the neutron fit is impacted by such gradient variations. This may explain the
large measured reduced x?. The influence of gradient variations on the neutron Larmor frequency
fit is investigated using a toy model in 6.7.6.1.

It has recently been shown that this gradient variations are correlated to 0.5° temperature daily
variations of the experimental environment [111]. Thus, gradient variations could be avoided with
a better thermal insulation and stabilisation of the thermohouse.
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6.5 Study of the neutron Larmor frequency precision

Even if the neutron frequency fit is not perfect (> > 1.1), the neutron frequency extraction
method has been further checked, studying the neutron Larmor frequency statistical error given
by the analysis. This study is done using a single run (n° 7650) which lasts 60 hours, representing
the typical mean statistical precision obtained during the 2013 data taking. The study is based
on the comparison between the spread of the quantity f, — %‘g fHg, which does not depend on
the magnetic field (the gradient influence will be studied in 6.7.6.1), and its expected statistical
spread.

First, the neutron Larmor frequency fit is performed with all cycles (with a reduced x? of
1.23) and then the neutron frequency is calculated for each cycle using Eq (6.9). The f,, — J—};‘g fHeg
distribution is shown in Fig. 6.9.

The distribution RMS is equal to the standard deviation of the gaussian fit performed on the

Yo

distribution (within errors). The statistical error of f, — S fHg is equal to 25.3 pHz.
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Figure 6.9: f, — JT“ frg distribution obtained in the run 7650. It is not centred on 0 because of
g
the gravitational shift due to a magnetic field gradient (measured to about 27 pT/cm with CsM).

The expected neutron Larmor frequency precision per cycle is given by (see Eq (2.14)):

1
op
T 9T /NI

with a precession time T' = 180s, a visibility a, = 59.2% and a mean total number of detected
UCNs Nt = 5850. The resulting precision on the neutron frequency is oy, =19.3uHz. The
average precision of the mercury frequency <0 ng> ~ 3.36 ntHz has to be propagated in order to
get the total uncertainty on f, — %‘g fHg-

(6.15)

The total expected uncertainty (given by Eq(2.15)) on f, — ,;’T“g frg amounts to 22.6 pHz. It
has to be compared to the spread 25.3 = 0.9 nHz of the distribution. The apparent disagreement
between the two values can be solved considering that the neutron Larmor frequency fit is not
perfect. Indeed, the re-scaling of the neutron frequency error by the square root of the reduced
x? brings the expected uncertainty on f, — J—};‘g frg up to 25.0 nHz, consistent with the spread of

the distribution. As a result, the neutron frequency precision given by the analysis is validated.
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Nevertheless, the poor precision of the Hg frequency is problematic. It contributes to about
15% of the f, — %{Lg fHg uncertainty while in good running conditions, it should contribute only
for a few percent.

This error is also propagated to the nEDM precision. It is thus very important to identify all
the possible errors leading to a bad neutron frequency fit.

6.6 R auto-correlation

The procedure used to determine the neutron frequency (Sec. 6.1) combines a set of cycles (in
order to measure A, a, and ¢,) from which the neutron frequency is calculated for each cycle
(Eq(6.9)). As a result, the measured neutron frequencies may be correlated. The study of the

neutron frequency auto-correlation has been performed using the ratio R = ff?“, chosen in order
g

to cancel possible magnetic field variations (at first order). The R auto-correlation function C(A%)
is defined by:
R; — (R)) (Rj+ni — (R)))
C(Az‘)=<( i — >)(2J+ (R))); (6.16)
%R

where C(A1) is the auto-correlation between the cycle j and the cycle (Ai+j). An auto-correlation
close to 1/-1 implies a perfect correlation/anti-correlation between points while an auto-correlation
close to 0 means that the points are not correlated. Fig. 6.10 shows the R auto-correlation averaged
over all runs of the 2013 data set. This study shows that the neutron fitting method gives non
correlated neutron frequencies. The R auto-correlation is calculated for each run and each polarity
and then averaged for all the 2013 runs.
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Figure 6.10: R auto-correlation averaged over all 2013 runs. The shaded region has been calculated
with the toy model presented in the next section. It contains 95% of non-correlated events.
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6.7 Study of the neutron Larmor frequency extraction with sim-
ulated data

In order to test the neutron Larmor frequency fitting procedure, simulated data have been pro-
duced and the analysis software has been applied. The goal is to deconvolute possible contributions
of several effects on the fit in order to find out why large ¥? are observed in the experimental data.
Additionally, this toy data can be used as a first level analysis tool to compare the results given by
the two analysis teams of the nEDM collaboration. The next section explains how the simulated
data are produced. Then, a study of the neutron frequency extraction routine is presented.

6.7.1 Data production

The data production method is rather simple: the number of UCNs is calculated for a given
applied RF frequency frp for the 7/2 pulse and neutron frequency f, with:

NN = NN {1 T alt cos <7rfRan>] (6.17)
Av
The electric field direction is changed according to the same pattern as the experimental one: 12
cycles with £ > 0, 6 cycles with £ = 0 and 12 cycles with E < 0 like: +0-0++0-0+40- ... The
duration of the electric field ramping is not included. For the following studies, 10* cycles per run
are generated. Several running conditions have been investigated.

The fit of a typical toy data set is shown in Fig. 6.11.
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Figure 6.11: Example of data produced using the toy model, for asymmetric UCN counting
conditions (2% asymmetry for both the number of spin up and down UCNs and the Ramsey
fringe visibility). A varying gradient of 2 pT/cm has been added to the 20 pT/cm static magnetic
field gradient.
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6.7.2 Ideal conditions

The basic running conditions in the toy model follow. The mercury frequency does not change
from cycle to cycle, i.e. the magnetic field does not vary along the run. The Hg 75 time is not
simulated and the Hg frequency statistical error is fixed to 1 pHz. T'wo values are computed from
the mercury frequency: the 7/2 pulse RF frequency frr and the neutron frequency:

P .
frﬁ_ﬁfﬁg

fhp = 2 fiit £ 54 (1£0.1)

YHg

(6.18)

The visibility of the fringe «,, the average number of detected neutrons N,, the number of
monitored UCNs... are constant. Statistical fluctuations of the number of detected/monitored
UCNs and the Hg frequency are used.

For such ideal conditions, the reduced x? of the neutron frequency fit is 1. The f, — ;’?“g [
precision of precision (standard deviation of its distribution) of 13.040.2 pHz is in agreement with
the expected value given by Eq (2.15) of 13.2 pHz. Finally, the accuracy of the neutron frequency
extraction is —0.15 4+ 0.13pHz. It is obtained via the mean difference between the simulated

neutron frequencies and the extracted one.

6.7.3 B field fluctuations

In order to reproduce typical magnetic field fluctuations, magnetic field variations from cycle
to cycle have been extracted over a three days run via the Hg frequency (run n° 7650). The
distribution of such variations is roughly gaussian, centred on 0 with a standard deviation of
13.5nHz. In the toy data, the Hg frequency is thus randomly varied according to a gaussian
distribution using these experimental parameters. Typical magnetic field changes are shown in
Fig. 6.12 The simulated magnetic field fluctuation is then applied to the neutron frequency.
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Figure 6.12: Hg frequency generated along cycles in simulated data.

With B field fluctuations, the reduced x? of the neutron frequency fit is 1. The f, — Vﬂg‘ fHe
g

precision of 13.0 + 0.21Hz is in agreement with the expected value of 13.21uHz. Finally, the

accuracy of the neutron frequency extraction is 0.10 £ 0.13 pHz. It means that the normalisation
using the Hg frequency is properly performed in the analysis software.
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6.7.4 UCN source production decay

The UCN source production decays along time. It has been included in the toy model by means
of a decay time constant of 2.89 x 106, fitted from the experimental data. Then, non-statistical
fluctuations of the source are also implemented. They amount to approximately 10% counts for a
number of monitored UCNs which is of the order of 8 x 10> UCN counts. These fluctuations are
then propagated to the number of detected neutrons.

For such conditions, the reduced x? of the neutron frequency fit is 1. The f, — -2 fy, precision

1
of 15.5 £ 0.21Hz is in agreement with the expected value of 15.3 nHz. Finally, the accuracy of
the neutron frequency extraction is 0.13 + 0.15 pHz. The same results are obtained with both the
asymmetry and the neutron counts fit. It means that the normalisation of the neutron counts

with the monitor properly works and does not affect the fit quality.

6.7.5 Static magnetic field gradient

As seen in Sec. 6.4, a static magnetic field gradient shifts the neutron Larmor frequency with
respect to the mercury one. As a result, the working points location, calculated from the mercury
frequency (as in the data acquisition), are slightly shifted on the Ramsey fringe, with respect to
the resonance frequency. This shift is set using:

Afo.p. = - (A (9.B.)) (6.19)

where the - and 4+ signs hold for the By up and By down configurations.
In addition, the fringe visibility is modified by the gradient, according to [110]:

o = age (0= B2)l (6.20)

The a parameter is derived from a fit of the 2012 R-curve data giving: a ~ 3.4 x 10~* (pT/cm)".
The static magnetic field gradient used for this study is 10 pT/cm. For such conditions, the
reduced x? of the neutron frequency fit is 1. The f, — J?“g fug precision of 15.6 + 0.2puHz is in
agreement with the expected value of 15.3nHz. Finally, the accuracy of the neutron frequency

extraction is 0.13 £ 0.15 pHz.

6.7.6 Daily variation of the magnetic field gradient

Daily variations of the gradient of a few pT/cm peak-to-peak have been observed during
2013 data (see Sec. 6.4). This variation has been implemented in the toy model by means of an
additional time dependent gradient 6 (0,B;) (t):

5 (0-B) (1) = 2 cos <24>2<7§600> (6.21)
Here, a simple ad-hoc cosine function has been taken to model the observed daily gradient varia-
tions but it could be further sophisticated. For gy = 3 pT/cm, the maximum variation of the shift
Afs. g, is 20nHz. As well as for a static gradient, the visibility varies with the field gradient. For
a 3pT/cm variation and a non-zero static gradient, the visibility change is about 1%. The two
effects are shown in Fig. 6.13 for g9 =10pT/cm. Such a large variation has been used in order to
clearly show the resulting effect on the Ramsey fringe.

In order to meet the experimental conditions, a 2 pT/cm variation of the magnetic field gradient
has been set in addition to a 20 pT/cm static gradient. For such conditions, the accuracy of the
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Figure 6.13: Illustration of a 10 pT/cm vertical gradient variation effect on the neutron frequency
resonance and the Ramsey pattern visibility. A static magnetic field gradient of 100 pT/cm is also
used. The central fringe is globally shifted towards negative values due to this static magnetic
field gradient.

neutron frequency extraction is 0.15+0.15 pHz. However, the reduced x? of the neutron frequency
fit is 1.12. The f, — ,YW—;ngg precision of 16.3 + 0.2 nHz is 6.5% larger than the expected value of
15.3 nHz. This behaviour looks like the effect observed in experimental data. This effect is further
investigated in the next section.

6.7.6.1 Effect of a daily gradient variation on the ¥?

In order to assess the effect of a gradient variation along a run on the Y? neutron frequency fit,
toy data have been produced with different input gradient variations gg, with a static gradient of
20pT/cm. 600 cycles have been generated for each sample. Results are summarized in Fig. 6.14.

As expected, the larger the gradient variation, the larger the 2. For gradient variations of
2pT/cm (as observed in experimental data), the reduced x? of about 1.15 is consistent with the
average Y2 obtained with the 2013 nEDM runs (see Sec. 6.2 and Sec. 6.3). It does not prove
that the gradient variation is the only source of problems for the neutron frequency fit, but it can
explain the measured ¥2.

A possible way to avoid the effect of a slow gradient variation could be to perform the fit on
sub-samples of each run. As a result,the gradient variation is low and the Ramsey fringe visibility
as well as the neutron resonance frequency with respect to the mercury do not change significantly.
This has been tested with the toy model. The pattern used for the electric field polarity changes
is: =0+ 0 — 0+... with 24 cycles for positive or negative polarity and 12 cycles without electric
field.
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Figure 6.14: Effect of a cosine daily variation of the magnetic field gradient on the neutron Larmor
frequency fit quality. The point corresponding to the 2pT/cm gradient variation observed in
experimental data is emphasized.

The averaged resulting x? obtained for different number of cycles used to perform the fit and
for different gradient variations is shown in Fig. 6.15. The number of cycles is a multiple of 24. A
large step is visible when going from 24 cycles to 48 cycles. It means that using smaller samples
may help to remove gradient effects on the fit quality.

6.7.7 Relevance of the § term use

In this part, the relevance of the § term used in the asymmetry fit function (Eq (6.8)) is studied.

In this study, previous conditions have been included to generate the data. Reasonable running
conditions are used: (9,B,) = 20pT/cm, gy = 2pT/cm. In order to determine the influence of
the § term on the fit quality, a 2% asymmetry is added between spin up and spin down detection,
both on the number of counts and on the visibility. This is visible in Fig. 6.11.

Whatever the use or not of the § term, obtained results are the same: the accuracy on the
extracted neutron frequency is of the order of 0.15nHz. Same results have been obtained using
the normalised neutron counts fitting procedure.

Since no improvement has been observed with the § term, it has been chosen to perform the
fit without it.

6.7.8 Conclusions on the neutron frequency extraction

Both the experimental study of the neutron Larmor frequency and the use of the toy model have
shown that the analysis code can reliably extract neutron frequencies, even if some checks are
still not present in the current experimental analysis (e.g. the leakage current or the right switch
positioning). The major improvement of the fit quality comes from the development of a new
method for the Hg frequency extraction. This new technique is adapted to low Hg tranverse
relaxation times. It gives improved results, even without taking into account the entire signal.

It has also been shown that the 2pT/cm gradient variation observed in experimental data
could explain the %2 of the neutron frequency fit.
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Figure 6.15: Map of the reduced x? as a function of the number of cycles used to perform the fit
and the amplitude of the daily gradient variation. Toy data have been produced using a 50 pT'/cm
static gradient.

6.8 nEDM measurement with 2013 data

This 2013 data analysis is based on the work presented in [1, 112]. The neutron Larmor frequency
is extracted using the procedure described in Sec. 6.1, with the asymmetry fit (section 6.1.3).
First, a short overview of nEDM systematic effects is given. Then, the nEDM d}'°** is extracted.

6.8.1 Systematic errors

Using Eq (2.8), the ratio R of the neutron to mercury Larmor frequencies is:

In |(pin By + dn E)|
R=21 — 6.22
fitg  T(ungBug £ dng D) (622)

where the 4 sign corresponds to parallel magnetic and electric fields and the - sign to antiparallel
fields. Here, B, and By, correspond to the magnetic fields respectively seen by the neutrons and
the mercury atoms. Assuming that B, = By, and considering EDMs to first order, one gets:

dnE
MHBH (1 :l: Nan)

R = 6.23
l‘HgBHg
n 2FE n
R~ 4 (dn - Lng> (6.24)
THg thg YHg

where h is the Planck constant.
Then the nEDM is recovered by means of a linear fit of R versus the electric field E. The raw
d, extracted from Eq (6.24) is given by:

Tn
dmeas — d _ meas 625
n n YHg Hg ( )

The measured Hg EDM (which can contain false contributions) propagates to the neutron EDM
itself due to the frequency normalisation.
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In addition, any magnetic field change AB = B — By, correlated to electric field directions
and intensity, results in a false EDM signal (see Eq(2.9)):

S hyn
meas =d, B 2
dy dyn + ol EA (6.26)

Any shift of the neutron and/or the Hg precession frequency linear in the electric field results in
a direct systematic effect (see Tab. 6.3) while indirect systematic effects are due to the technique
used to suppress the geometric phase effect (see 6.8.1.1).

The global systematic effects budget is summarised in Tab. 6.3. The overall systematic error
is of the order of 4 x 1072"e.cm, far below the current statistical precision. A short description
of the largest systematic effects (uncompensated B-drift, geometric phase effect and quadrupole
difference) follows.

Effect Status [x 10727 e.cm)]
Direct effects
Uncompensated B-Drifts —-0.7+£1.1
Leakage current 0.00 £ 0.05
v x E UCN 0+0.1
Electric forces 0+0
Hg EDM 0.02 + 0.06
Hg direct light shift 0 4+ 0.008
Indirect effects
Hg Light Shift 04+0.05
Quadrupole difference 1.3+24
Dipoles
At surface 0+0.4
Other dipoles 0+3
Total 0.24+4.0

Table 6.3: Systematic effects status [110].

6.8.1.1 Geometric Phase Effect (GPE)

The major systematic error comes from the so-called geometric phase effect. For the nEDM ex-
periments, such a relativistic effect appears for particles (Hg or neutrons) moving in the precession
chamber where a vertical electric field is applied and inhomogeneous transverse magnetic fields
are present. This effect is described in details in [113, 114]. The particles movement in the electric
field creates a “motional” magnetic field:

Exv Eugy
=== (6.27)

B’U

L c

An additional transverse field arise from the vertical magnetic field gradient through the Maxwell’s
equation VB = 0 (assuming a magnetic field with a cylindrical symmetry)

(0,B,)r

az z
BYB- = ey (6.28)
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A Aw shift of the particles precession frequency (with respect to wy = vBy) is produced. It is
called the Ramsey-Bloch-Siegert shift [115, 116]:

(vBL)*
Awn VT 6.29
3o — B/ (6:29)
with:
2
B? = (szBz> v Bj) (6.30)
B.) vayrE
= (BB 4 () 4GP v B (6:31)

2
where vy, is the particle speed component perpendicular to the electric field, the only speed
contributing in the product ¥ x E. Through Eq (6.29) and (6.31), it is visible that the frequency
shift Aw has a term linearly proportionnal to E. Because UCNs move slower (adiabatic regime)
than the Hg atoms (non-adiabatic regime), the effect is about 10 to 15 times larger for the mercury
than for neutrons [113] and is transmitted to the false neutron EDM by [114]:

false __ h|7Hg’7ﬂ| <aZBZ> D2

dfigsn = 3902 (6.32)

where D is the diameter of the nEDM precession chamber. This effect, estimated in [117], induces
a false neutron EDM of:

d{i‘gin N 3.8 x 10727 x (0,B,) e.cm

1pT/cm
Fortunately, as the false EDM scales linearly with the gradient and also depends on the magnetic
field direction, it is possible to cancel its contribution using the so-called crossing point analysis,
introduced by the RAL-Sussex-ILL collaboration [1]. This method is described and used in 6.8.4.
However, Eq (6.32) only holds for a uniform cylindrical gradient. In the presence of a localised

(6.33)

magnetic field inhomogeneity, for instance a magnetic dipole located close to the precession cham-
ber, the general expression is given by [114]:

hlymgy
dfﬁésin = Welite 2cg2 nl (xBy + yBy) (6.34)
Such inhomogeneties have been measured during the mapping of the bottom electrode at the

PTB2. The induced false EDM has been estimated to 0 + 3 x 10727 e.cm [118], corresponding to
the “Other dipoles” value in Tab. 6.3.

6.8.1.2 Quadrupole difference

This systematic effect comes from the fact that neutrons and mercury average differently the
magnetic field inside the precession chamber and the use of the crossing point technique. Indeed,
because the neutron Larmor frequency is larger than the UCN wall collision rate (because of the

low UCN speed), UCNs average the modulus of the magnetic field <]§ |> They are able to follow
the magnetic field variation (adiabatic regime). On the contrary, the Hg co-magnetometer, fastly
moving through the precession chamber, probes the modulus of the averaged magnetic field ’(E ) ‘

They are not able to follow the magnetic field variation (non adiabatic regime). This difference
propagates to the EDM through the ratio R:

ot \B) _(VEBEEB) s o355

 fug ‘<§>‘ h B, 2B2

2Physikalisch-Technischen Bundesanstalt (Berlin)
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where <B%> is the average of the squared transverse field and B, ~ By the modulus of the field.
If <B%> is different for Bg and Bé configurations, the false EDM resulting from the crossing point
analysis is:

hynYirg D
dfelse — 12’;CZZZA}L <<B%>¢ _ <B%>T> (6.36)
455 x 107 x ((B3)" = (B3)") ecm
= 1nT?

(6.37)

The magnetic field mapping of the precession chamber during winter shut-down is used to estimate
the squared transverse field difference (<B%>¢ — <B:2F>T> The 2010 measurement for the nEDM

magnetic field configuration gave:

((B%ﬁ - (B%}T) = 0.3 £ 0.50T? (6.38)
The resulting false EDM is thus:

dialse — (1.3 +£2.4) x 10727 e.cm (6.39)

Using vectorial magnetometers, this quantity could be monitored along EDM runs and used to
correct online this important systematic effect (see Tab. 6.3). A preliminary study of such a
monitoring using vector caesium magnetometers is presented in Chap 7.

6.8.1.3 Uncompensated B-Drifts

When a current (induced by HV charging or discharges) flows in a direction correlated to the
electric field direction, it creates a small magnetic field which may magnetise the innermost mag-
netic shield layer. This magnetisation induces a dipole like field, correlated to the electric field
direction. The corresponding gradient change is differently seen by neutrons and Hg because of
their different centres of mass. The gradient difference A (0,B,) between the two electric field
polarities gives a B field difference A (0,B.) Ah, not compensated by the Hg co-magnetometer.
Such an effect has been estimated during dedicated measurements in 2012, giving the induced
false EDM 3:

délse — (—0.7+1.1) x 107%7 e.cm (6.40)

It has to be noticed that measurements have not been carried out as in nEDM measurements, but
during a shorter time with a constant electric field. As a result, the number of electric discharges
is likely different in this measurement compared to EDM data taking conditions.

6.8.2 Raw nEDM extraction

Back to Eq(6.24), the nEDM recovery can be performed through the slope of a linear fit of R
versus the applied High Voltage (HV), such as R = Ry + s.HV. The slope s is equal to:

_
5= 2( . VHgng) (6.41)
dElecthg

where dgjec = 12 cm is the distance between the two electrodes. An example of such a fit is shown
in Fig. 6.16.

3 A recent re-analysis of data from 2010 to 2013 data estimates the false EDM coming from the uncompensated
B-drift to (—0.05 4 0.43) x 1072 e.cm.
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The current limit on the mercury EDM dpg = (0.49 + 1.29 4 0.79) x 10729 e.cm [55] induces
a negligible systematic effect on the neutron EDM:

difee,, = (1.9£5.0+3.1) x 107* e.cm

The ratio R is calculated using the neutron precession frequency extracted for each cycle and
the corresponding Hg frequency estimated by the s/n method (see 6.3.1). The error on the Hg
frequency takes into account the factor 6 coming from the use of the Hg signal bandpass filters
[108].
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Figure 6.16: nEDM extraction via the fit of R versus High Voltage.

For more than half of 2013 EDM runs (7 runs over 12), the reduced x? of the fit is above
4.5. Such x? can not be statistically explained. The reasons for which the relation R = f(E) is
not fully linear is not understood yet. Electric discharges are possible candidates to explain such
non linearity. The study of the leakage current between the shutter opening and closing has to
be performed in order to find possible sparks which could influence the magnetic field during the
precession. Nevertheless, the data analysis has been continued in order to determine the statistical
precision reached with the 2013 data.

A summary of 2013 EDM runs used in this analysis as well as their running conditions are
presented in the appendix C. The expected nEDM statistical error calculated from Eq (2.17) does
not agree with the measured precision. However, if the bad x? of the neutron Larmor frequency
fit and the Hg frequency error (which propagates to the ratio R) are taken into account, the
measured d,, precision becomes consistent with expectations for 5 runs over 13. The remaining 8
runs have a measured precision 11% larger than the expected one in average. Study is ongoing.

Summing all the runs, the total expected d,, sensitivity is 0.80 x 1072 e.cm (by rescaling with
the Hg frequency statistical error and the neutron Larmor frequency fit reduced x? as previously).
The total measured nEDM sensitivity has been extracted as follows. The measured nEDM have
been plotted as a function of R, — 1 (see Eq(6.49)) for By up and By down configurations and
have been fitted by a constant, as shown in Fig. 6.17.
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Figure 6.17: Constant fits of the By up and the By down nEDM data. By up correspond to the
up red triangles and By down to the down blue triangles.

Combining the results for each magnetic field direction, one gets:
dl = (—2.841.4) x 107 Pecm 2 =1.97 (6.42)
dt = (+1.840.9) x 107 %e.cm  x? = 1.08 (6.43)
it results in the nEDM measurement of 2013 data without the GPE correction:

dp = (—0.50 £ 0.83) x 10~ e.cm (6.44)

The measured statistical sensitivity is about 4% larger than the expected one. But this measure-
ment does not account for the geometric phase effect. The GPE correction is done later using the
so-called crossing-point analysis.

6.8.3 Correction of the Earth’s rotation frequency shift

Because the neutron spin precession is observed in the Earth frame and not in a fixed frame, the
Earth rotation adds up or subtracts from the Larmor precession frequency, according to the By
direction. Its contribution to the ratio R amounts to [119]:

n Qrsin A 1 1
51E%)arth -+ 7 T S < + ) (645)
g Bo Ivgl |l

where (07 = 11.6 nHz is the sideral angular rotation frequency of the Earth and A = 47.517° is
the PSI latitude. The + and - signs respectively hold for the By up and By down configurations.
The effect on R is thus:

R=0 ygBarth = M 45 g0 (6.46)
THg THg

This effect has been taken into account to perform the crossing point analysis, presented in the
next part.
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6.8.4 Suppression of the geometric phase effect

The false EDM coming from the geometric phase of the Hg depends on the vertical magnetic field
gradient as well as the R ratio. This common property is used for the crossing point analysis.

Y Ah (8ZBZ>>
R — (1 ——= 6.47
YHg ( BO ( )

One writes:

Where the - and + signs correspond respectively to By up and By down configurations. The
vertical gradient can be expressed as a function of R

YHg By
.B,) = — =1 — A4
(0. B.) ¢<Rn )Ah (6.48)
By . YHg
=F(Ry— 1) — with R, = R—= 6.49
(Ro—1) . (6.49)
As a result, Eq (6.32) gives:
alse h"}/n‘fH D2
Aism = F g5~ Lo = 1) (6:50)

false
Hg—n

sponding to the By up configurations and the curve associated to the By down configurations
have opposite slopes. They cross at the point where R, —1 = 0. For such a point, the false
EDM induced by the GPE is null. This is the so-called crossing point technique pioneered by the
RAL-Sussex-ILL collaboration [1].

Using the value Ah = 0.235+0.005 c;m extracted during the 2012 R-curve measurements [109],
the expected slope sgp of Eq(6.50) can be calculated:

Thus, there is a linear dependence between the false EDM d and R, — 1.The curve corre-

sap = F (6.67 £ 0.14) x 10"*°e.cm/ppm (6.51)

The error bar of the slope comes from the uncertainty of Ah.
The crossing point analysis has been performed over the 2013 nEDM runs as shown in Fig. 6.18.

For both field directions, the slope is consistent with the expected one:

sthp = —(3.743.6) x 107 Pe.cm/ppm ¥ = 2.20 (6.52)
stp =+ (7.8 £ 5.0) x 107 Pe.cm/ppm % = 0.82 (6.53)

Two runs belonging to the By up configuration are off the expected curve (R, —1 ~ —5ppm
and R, — 1 ~ —7ppm), particularly one at more than 30. This is likely related to the problem
observed in 6.8.2, since these two runs belong to the data set with a non-statistical behaviour for
the fit which determines d3'***. Investigations are still ongoing.

As a result, the precision of the slopes is poor and the coordinates of the crossing point are
not precise: Ry —1 = —5.94+ 3.8 ppm and d,, = (—2.3 +3.4) x 1072 e.cm.
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Figure 6.18: Crossing point analysis of 2013 nEDM data. The By up configurations correspond
to the up red triangles and the By down configurations to the down blue triangles.

6.9 Conclusion

From both the experimental analysis and the toy model results, the reliability of the neutron
Larmor frequency extraction has been studied.

Using simulated data, the accuracy of the fit has been estimated to be about 0.15pHz. The
statistical precision is in agreement with the expected one for both simulated and experimental
data.

With simulated data, the reduced x? is equal to 1 using usual running conditions. For experi-
mental data, the average reduced x? of the neutron Larmor frequency fit is larger (Y% ~ 1.15). A
possible explanation supported by simulations has been pointed out. A small and slow magnetic
field gradient variation (with a daily period for instance) deteriorates the fit quality. In the toy
model, a daily sinusoidal variation of the vertical magnetic field gradient with a 2 pT/cm ampli-
tude produces a Y2 ~ 1.14, consistent with observations. A possible way to suppress this effect is
to use smaller data samples, for both the neutron Larmor frequency fit and the nEDM extraction.
However, it has recently been shown that this magnetic field gradient is correlated to temperature
changes [111]. Therefore, a better thermal insulation and stabilisation of the thermohouse would
be more efficient.

During the last stage of the nEDM analysis, it has been shown that the Hg frequency precision
is critical and may significantly degrade the nEDM precision. The collaboration is actively working
to find out the source of the low Hg transverse relaxation time, which is the cause of the low Hg
frequency precision. A new method has been developped, the s/n Hg frequency fitting method. It
is more suited to the bad Hg running conditions than the usual two windows method. However,
a problem with this new technique is not excluded, since it does not average the magnetic field
during the full neutron precession.

Finally, the last part of the 2013 nEDM analysis pointed out a problem for the d, recovery
via the linear fit of R versus E. For more than 50% of EDM runs, the reduced x? of this fit
lies above 4.5, meaning that an additionnal non-expected effect correlated to the electric field
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is present in the data. Further investigations are required. In spite of this important problem,
the 2013 data was analysed. The outcoming result is a preliminary estimation of the nEDM:
dyp = (=2.3+£3.4) x 1072 e.cm.

Vertical magnetic field gradient variations may degrade the neutron Larmor frequency fit.
They have been measured with the scalar caesium magnetometers array. The next chapter is
dedicated to the test and the improvement of methods used to extract magnetic field observables
from caesium data, relevant for the control of systematic effects.
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As seen previously, the Hg co-magnetometer and ultra cold neutrons do not average the same
magnetic field during the free precession time. Combined to a non-zero vertical gradient, this
gives rise to several systematic effects (gravitational shift, geometric phase effect). In order to
determine these systematics, an array of optically pumped scalar caesium magnetometers (CsM)
is used to measure the vertical gradient inside the precession chamber (see 3.4.3.2). The vertical
gradient has also been used in the 2012 R-curve measurements to determine the centre of mass
difference Ah and to estimate the ratio v, /vmyg.

In this section, the different ways to estimate the vertical gradient through the CsM data are
studied. A prospective study for the n2EDM phase is also presented, testing the efficiency of
3D CsM to extract information about the transverse fields, involved in the so-called quadrupole
difference systematic effect.

7.1 Harmonic polynomials series expansion

In order to parametrise the magnetic field inside the precession chamber, a new set of Cartesian
harmonics has been developed [120]. This set of harmonic polynomials can be used to expand the
magnetic scalar potential ¥, solution of the Laplace’s equation in a magnetisation and current-free

region:
VAU (7) =0 (7.1)
such as: i,
W(F) = 3 HaQul(7) (72)
n=0

The magnetic induction B = —VU is then given by:

. By (7) 00 Py, (T
B(T) = | By(7) | = Ha | Pu(7) (7.3)
B.(7) n=1 e (T7)

where P; (7) = —8;,Q,(7) i=x,y,2. The harmonic polynomials P;, (7°) are listed in Tab. 7.1
up to the order 15.

Once the spectrum {H,} is known, i.e. once the #, coefficients are known up to a given
order, it is then possible to perform the harmonic synthesis of the magnetic field (Eq(7.3)) and
to determine the field everywhere in a mapped volume V¢y,.

In the case of the nEDM experiment, the harmonic spectra of the main coils have been ex-
tracted by fitting fluxgate 3D magnetic field maps, performed with a mapper designed and built at
LPC Caen during winter 2013 [121, 122]. The mapped volume is a bit larger than the precession
chamber and includes the caesium magnetometers arrays as shown in Fig. 7.1. This has been
obtained using 5 z planes ({—160,—80,0, 80,160} mm), 2 cm radius steps up to 35 cm with 10°
azimutal steps. The best reduced y? has been found for an expansion of the field up to the fourth
degree, equivalent to the harmonic order 35.

One has now the ability to produce a magnetic field at every position in the mapped volume
and for instance test methods for extracting the averaged vertical gradient over the precession
chamber volume. The presentation of this toy model is the topic of the following section.
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Hn P, (7) Py, (7) P, (7)
Hq 1 0 0
Ho 0 1 0
Hs 0 0 1
Hy T 0 —z
Hs Y T 0
He 0 Y —z
Hr z 0 T
Hs 0 z Yy
Ho % — 22 0 —2xz
Hio 2xy x2 — 22 —2yz
Hii y? — 22 2zy —2xz
Hio 0 y? — 22 —2yz
His 2xz 0 % — 22
Hia yz Tz xy
2 2

Table 7.1: Harmonic polynomials series expansion for the three components of the magnetic field
up to order 15. Higher order polynomials are tabulated in [120].

Heop=12 cm

X‘r

Mapped

super-bottom

Figure 7.1: The blue rectangle corresponds to the mapped volume V¢;, during the 2013 mapping
campaign.
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7.2 Toy model principle

As said previously, from the 3D fluxgate maps, one extracts the harmonic spectrum of different
coils used for the magnetic field homogenisation or for the spin guiding along tubes in the appara-
tus. From these harmonic spectra, the modulus of the magnetic field at caesium magnetometers
positions is produced for a given coil currents configuration. Then, the vertical gradient created
for this field configuration is estimated using the different existing methods (see Sec. 7.3).

Because the total harmonic spectrum is given as an input, the averaged vertical gradient over
the chamber volume coming from the map is calculated:

~ 1
input
@B = [ o.p.av (7.4)
Ve,
~ His+H
(0B )W = — (Ha + Ho) — (25 — 27) e N}fch o
3_.,3 2
(22 — zl) B 3Ry,
+ (H16 + His + Hao) [ Hen 1 (7.5)
4 4 2 .2\ p2
(Z2 - 21) 3 (22 - 21) Rey,
+ (Ha1 + Hss +H - -
(H31 33 + Has) [ Hon 5 Hon
where zo = 80mm and z; = —40 mm are respectively the top and bottom electrodes locations,

Heyp = 120mm is the height of the precession chamber and Reop = 235 mm its radius.

Finally, the gradient estimated by each method <8sz>meth is compared to the input average
gradient through the difference A (8.B.) = (9,B.)™"" — (9. B,)™™ in order to find the best
estimation, giving at the same time the accuracy of each method for a given field configuration.

7.3 Methods used to determine the vertical gradient

Three methods have been used to extract the average vertical gradient (9,B,). Two of them are
based on the difference of magnetic field modulus between two z planes. The other one uses a
parametrisation of the field like the one presented previously in Sec. 7.1.

7.3.1 Top-Bottom averaging

The top-bottom averaging method consists in averaging the field seen by the top layer of caesium
magnetometers and by the bottom one and then in extracting the gradient by subtracting the two
values:

(B)iop — (B)
d
with d = 251 mm the vertical distance between the 2 CsM layers (see Fig. 7.1).

This method is simple and does not take into account magnetometers location in each layer.

Another method, which cares about Cs magnetometers positions is briefly described thereafter.

top

<asz>tb _ bottom (76)

7.3.2 Pairs

The pairs method is basically the same method as the previous one except that only magnetometers
having the same = and y position and occupying two different z layers can be coupled together in
order to extract the vertical gradient.

irs Bo - B ottom
(0:B.)" = <t e > (7.7)
Pairs
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Once again, the position of magnetometers is not fully taken into account. Besides, the full
available information is not used: magnetometers which are not paired are useless for this analysis.

7.3.3 Harmonic Taylor fit of B,

Another method has been initially used by G. Pignol [123] to extract the vertical gradient during
R-curve measurements in September 2012. This method uses the fact that during nEDM data
taking, the magnetic field is mostly vertical in the usual coordinates frame (along the electric
field direction). Using the assumption that transverse components of the field are very small
compared to the vertical component, HE || ~ B,. This means that the modulus seen by caesium
magnetometers can be considered to be approximately the vertical component of the field.

Starting from that point, it is possible to parametrise the measured field by a Taylor fit series
expansion:

||B|| ~ B, = Bo: + gox + g4y + 922 + gm(:c2 — 22) + gyy(y2 - z2) + Jayy + g2z + gy2yz (7.8)

This expansion uses the same spatial dependence as the harmonic polynomials series expansion
presented in Sec. 7.1. The correspondence between coefficients in Eq (7.8) and those shown in
Tab. 7.1 is presented in Tab. 7.2.

Bo: | 9z | 9y 9z 9zz | Gyy | Gwy o Gyz
Hs | Hr | Hs | —Ha —He | Haz | His | Hia | —2(Ho + Hi1) | —2(Hio + Hi2)

Table 7.2: Correspondence between harmonics coefficients and Taylor coefficients up to order 15
(polynomials of degree 2).

The position of each magnetometer being known, one can then fit the field seen by CsM
using Eq (7.8). Indeed, one has at most 16 operating magnetometers, which is enough degrees
of freedom to extract the 9 parameters of the harmonic Taylor series (7.8). Using some of those
fitted parameters, it is then possible to get back to the vertical gradient:

fit _ 22\ oz + gyy)
<8ZBZ>VCh =9z — (22 - 21) Her, (7.9)
Error bars on the estimated gradient coming from the Taylor fit are obtained by means of the
Jackknife estimator [124].

7.4 R-curve gradients reproducibility with 2013 maps

The goal of the toy model is to extract the error done during the vertical gradient estimation.
Before applying this tool, it has to be shown that the reconstructed magnetic field from 2013 maps
reproduces well the vertical gradient measured in real data. For such a purpose, a comparison has
been performed between toy data and experimental 2012 R-curve data.

The different R-curve coils configurations have been reconstructed (with several By maps).
Then, the estimated Taylor fit gradient from the map (9, B,)™" is compared with the gradient
estimated from R-curve data (9,B,)”P. Fig. 7.2 shows the difference between the two estimated
gradients as a function of the R-curve run number.
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Figure 7.2: Difference between the estimated gradients from R-curve data and the reconstructed
map as a function of the R-curve run number.

The mean difference between the extracted gradients, estimated through its RMS value,
amounts to 9.9 pT/cm for By up and to 16.8 pT/cm for By down.

The largest gaps are observed for runs with larger currents in TTC and BTC (coils creating
the vertical gradient), i.e. for larger vertical gradients (~150pT/cm). It could mean that there
is a problem with the reproduction of the field created by TTC or BTC. This is supported by
the fact that residuals coming from the fit of the input BTC 2013 map have an unusual spread of
about 3nT on B,, indicating a bad fit result [125]. This procedure has to be tried again with the
new 2014 fluxgates maps in order to make sure that there is no problem with the map of this coil.

The conclusion of this check is that the online and offline gradient estimations give results
consistent at the 15pT/cm level. The difference can be partly explained by a gradient repro-
ducibility of 6 pT/cm for both By up and and down maps. Another reason could be that, on
one hand, the fit is performed on perfect CsM data (reconstructed maps) and on the other hand,
it is performed on real CsM data, in experimental conditions (CsM offsets due to cross-talk...).
Finally, the reconstruction of the field using the 2013 maps is good enough to test the different
gradient estimations.

7.5 Comparison of the three methods

7.5.1 Comparison in R-curve configurations

For this comparison, only two layers of CsM are used (as used for the 2012 R-curve and nEDM
data taking) even if two super-bottom CsM are available. The difference between the vertical
gradient from each method and the reconstructed map (used as input for the toy model) is shown
in Fig. 7.3 for different gradients / currents in TTC and BTC, and for By up field configuration.
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Figure 7.3: Difference between the estimated gradients and the reconstructed map gradient as a
function of the input vertical gradient.

The difference between the input gradient and the estimated one can be expressed as a function
of the input gradient: .
A(D.B.) = a (9,B.)"™™" +b (7.10)

Fitted parameters values for each method are summarised in Tab. 7.3 for Bg and Bg .

B, B;
Method
evno a[%]  b[pT/cm] | al% b [pT/cm]
Top-Bottom | -0.16(24)  -1.58(33) | -9.10(36)  -0.19(52)
Pairs 11.22(26)  -1.14(36) | -11.15(38)  7.05(56)
R-curve Taylor fit | -4.50(76)  -1.56(56) | -4.45(84) -1.5(10)

Table 7.3: Fitted parameters obtained from Eq (7.10) for each method.

The harmonic Taylor fit is the most accurate method, with the smaller slope. The gap between
the input and the fitted values is lower than 7 pT/cm for currents used for the R-curve analysis,
i.e. for currents in TTC-BTC between -1 and 1 mA. Besides, the non accuracy of the Taylor fit
is consistent with 0 within error bars (see Fig. 7.3), which validates the Jackknife tool to estimate
the statistical error on the gradient.

The map reconstruction has been done for all 2012 R-curve configurations in order to get an
estimation of the gradient uncertainty coming from the harmonic Taylor fit in the framework of
the v,/vmy measurement. Results are shown in Fig. 7.4. The RMS values for By up and By down
configurations are respectively 3.7 pT/cm and 4.7 pT/cm. For the other methods, the difference
is larger, particularly for the pairs method. Thus, even if the precision of the averaging methods
is better than the harmonic Taylor fit, their accuracy is lower.
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Figure 7.4: Difference between the input gradient and the estimated gradient for all 2012 R-curve
current configurations, using the harmonic Taylor fit.

It has to be noticed that the super-bottom CsM (z = —175mm) use decreases the accuracy of
the Taylor fit by a factor 2, down to the same level as averaging methods. This is thought to be
due to a larger fit sensitivity to high order field harmonics because of the large super-bottom CsM
z position. It brings the idea to study the effect of the CsM positioning around the precession
chamber on fit results. This study could help to improve the harmonic Taylor fit method and
could be important in order to choose the CsM positions for further data taking with oILL and
n2EDM.

7.5.2 Transverse field components effect on the gradient estimate

Because the harmonic Taylor fit is based on the assumption that ||B|| ~ B., the effect of a large
transverse field component on the gradient extraction has been studied. The H1B coil brings a
main contribution along B,. The difference of average gradients A (0,B.) as a function of the
B, component created by the H1B coil up to order 15 is shown in Fig. 7.5. The field has only
been produced until harmonic 15 in order to make sure that all B, terms can be fitted during the
harmonic Taylor fit.

The usual largest transverse fields one expects during nEDM data taking are at the 10 nT
level. The studied range is larger in order to see limits of each method in terms of accuracy. The
harmonic Taylor fit gives again the best results, below the 0.5 pT/cm level error, followed by the
averaging methods which are at worst 5 pT/cm accurate for rather large transverse fields of 10
nT (the -11 pT/cm offset for the pairs method is obviously not due to the transverse field itself).
The conclusion of this study is that low order transverse fields are not a problem for the harmonic
Taylor fitting method, but could be problematic for the top-bottom averaging method.
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Figure 7.5: Difference between the estimated gradients and the reconstructed map gradient as a
function of the B, field component strength. The field is only reconstructed using the By coil (up
direction) and the H1B coil.

7.5.3 Harmonic Taylor fitting method improvement

It has been shown in the previous section that the transverse field effect on the gradient estimate
by means of the harmonic Taylor fit is lower than the 0.5 pT/cm level for usual transverse fields.
The remain of the harmonic fit non-accuracy is mainly due to the field contribution of harmonics
higher than 15. Indeed, higher harmonics are not fitted because of the limited number of CsM (12
here). This effect is visible in Fig. 7.6 where is shown the difference of average gradients A (0,B,)
as a function of the last harmonic used to produce the magnetic field. To further emphasise the
effect, a By up R-curve configuration with 1/-1 mA currents in TTC/BTC coils is used as an
example.

The first observation is that the Taylor fit is accurate up to the order 15, the last fitted
harmonics. Then, for harmonics 16, 20 and 31, a clear step in the error is visible. This is
explainable looking at the terms difference between (7.5) and (7.9). In the Taylor fit, 3 harmonic
coefficients for 3™ (H16,H18,H20) and 4" (Hz1,H33,H36) degrees polynomials, contributing to the
mean gradient, are not taken into account. The consequence of that is first to decrease the fit
accuracy, but also to decrease its precision, for instance as visible starting from harmonics 20 with
error bars increased from 2 pT/cm to more than 5 pT/cm. Therefore, a possible improvement
for next steps of the nEDM experiment in the vertical gradient control could be to use more CsM
located on different z layers in order to be able to fit those 6 additional harmonics which have a
non negligible contribution to the average vertical gradient.

To test this possibility, it was first assumed that all CsM located around the precession cham-
ber work but the super-bottom, i.e. 14 magnetometers in total. The additional fitted parameters
are (H16,H1s,H20) and Hsy, increasing the number of fit parameters up to 13. This time, the dif-
ference between the reconstructed map gradient and the fitted gradient does not exceed 3.6 pT/cm
({0, B.)™"™ ~ 120 pT/cm). In average, this difference has been decreased from 4.7 and 3.7 pT/cm
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Figure 7.6: Difference between the estimated gradients and the reconstructed map gradient as a
function of the last harmonics used to produce B.

for respectively By down and By up configurations down to 1.9 and 1.3 pT/cm using the fit with
additional harmonics. It shows that the harmonic Taylor fit can be improved by carefully selecting
the harmonics to be fitted.

7.6 Test of a 3D harmonic fit

The vertical gradient is not the only magnetic field observable which induces a false EDM. The
squared transverse field to the main field direction <Bi> is also the source of a systematic error
during the so-called crossing point analysis (see 6.8.1.2). The false EDM arising from <Bi> is
given by:
2

dfalsc = ]% <<-Bi>i - <Bi>T) (711)
For the moment, scalar CsM which are used can not provide enough information to recover
this transverse component by means of the harmonic Taylor fit. The related systematic error is
currently estimated through the magnetic field maps which are measured each winter shut-down.
Current estimates of <BJ2_> give values at the 1-2 nT? level with precisions of about 0.5 nT?2.

A possible way to get online the systematic effect in the near future could be to use 3D
caesium vector magnetometers [126] and perform a full 3D harmonic fit on the field created from a
reconstructed map [127]. The aim of such a method is to determine <Bi> as accurately as possible
in order to correct precisely the corresponding systematic effect and keep a good determination
of the vertical gradient.

The goal of the following study is to use the same toy model as previously and replace scalar
CsM by 3D vector CsM in order to get an idea of the reachable accuracy on <Bi> using 3D
magnetometers. This time, the fit is performed using the R-curve CsM configuration with two
additional CsM on the top plate in order to have 16 CsM values (to be able to fit 15 parameters).
The fit is performed now on the three field components and not only on the field modulus (|| B|| ~
B.). From the 15 fitted first harmonics, the average field over the precession chamber volume <§>
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is recovered by Monte-Carlo. Then, the average transverse field is recovered by averaging:

— — 2
e gz (BB
BL(T) = B(T) ( Gl ) (7.12)

Then, the average value of B, (7)? over the chamber volume obtained with the harmonic fit
is compared to the value obtained from the reconstructed map itself <Bi)map. In average, the
reachable accuracy given by the fit is about 0.2 nT?2.

At the same time, the average gradient over the chamber volume is recovered through the
15 first harmonics. Again, because (H16,H1s,H20,H31) are not fitted, the accuracy of the fit is
limited, here to about 20 pT/cm.

7.6.1 Improvement of the 3D harmonic fit

In order to reach a better accuracy on <Bi>, it is possible to use the same method as for the
vertical gradient, i.e. by identifying the harmonics at larger orders contributing to the observable
of interest. An example of such contributions is shown in Fig. 7.7 for a By up configuration with
1/-1 mA currents in TTC/BTC (which showed the largest (B3 ) difference of about 0.5nT?).

0.6 T
BO up o

— 0.4

A(B %) [nT?

0 5 10 15 20 25 30 35
Harmonic order

Figure 7.7: Difference between the estimated <Bi> from the 3D harmonic Taylor fit and from the
reconstructed map as a function of the last harmonics used to produce B.

From this study, harmonics Hig, Hoo and Hsz; show a rather large influence on the <Bi>
determination with the 3D harmonic fit for By up configurations (His is also important for By
down configurations). As a result, it shows that these harmonics, already important for the
gradient estimation, have to be fitted in order to estimate the transverse field properly. In order
to fit these additional parameters, one needs more 3D magnetometers around the precession
chamber.

Four virtual additional CsM have been placed around the precession chamber at cardinal
positions, at z = 0, and at » = 300mm. With these magnetometers, one ends up with a total
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of 20 vector magnetometers used to fit 19 parameters. The difference of <BJQ_> between the 3D
harmonic fit and the reconstructed map is shown in Fig. 7.8 for each field configuration used
during R-curve measurements.
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Figure 7.8: Difference between the estimated <Bi> from the 3D harmonic Taylor fit and from the
reconstructed map as a function of the current in TTC/BTC.

The result of this study is that it is possible to reach a rather accurate measurement of
<Bi> — most of the time below the 0.03nT? level — using the 3D harmonic fit, assuming a large
amount of working 3D magnetometers. At the same time, the obtained accuracy on the average
gradient is improved down to 2.0 and 1.2 pT/cm in average, for respectively By up and By down
configurations, with a statistical precision of 4 pT/cm, i.e. at the same level as from the “scalar”
Taylor fit. It shows that it is necessary to determine first which harmonics mainly contribute to
<Bi> for each field configuration before performing the harmonic Taylor fit. Once this step is
done, determinations of both the squared transverse field and the average gradient are accurate
enough to properly estimate systematics in R-curves and nEDM measurements. The location of
the CsM could also be optimised for the field configurations used in these measurements.

7.7 Conclusions

This toy model has shown that vertical gradients measured during the 2012 R-curve campaign are
reproduced using a reconstruction of the field from 2013 maps at a better level than 15pT/cm in
average. From this toy model, the harmonic Taylor fit has been shown to be the best method to get
an online estimation of the vertical gradient in the precession chamber, at the 4 pT/cm accuracy
level. At the same time, this accuracy is consistent with the gradient errors estimated by means
of the Jackknife tool after the fitting process. The accuracy of the harmonic Taylor fit can be
further improved to the 2pT/cm level by selecting additional harmonics at higher orders and
using the full set of available caesium magnetometers. A possible way to fit additional harmonics
without using too many CsM could be to remove low order harmonics which does not contribute
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to the gradient estimation and to find a clever place for each magnetometer around the precession
chamber (for instance using genetic algorithms).

The toy model has also been used to prospect an online determination of <Bi> using vector
caesium magnetometers which could be used for the n2EDM phase. It showed that using at
least 20 vector CsM and fitting the appropriate harmonics, it is possible to determine <BJ2_> down
to the 0.05nT? level, with the same accuracy and precision on the average gradient as using
scalar magnetometers. It gives a perspective towards an estimation of the false EDM due to the

quadrupole difference during the nEDM data taking down to the 1072 e.cm level.



CHAPTER 8

Conclusion and perspectives

The work presented in this thesis is three fold: the design, the building and the test of a new
simultaneous analyser, the analysis of the 2013 nEDM data and the study of estimators of the
vertical magnetic field gradient and the squared transverse magnetic field.

The USSA, a new simultaneous spin analyser for ultra cold neutrons, has been tested. It
has been designed using GEANT4-UCN simulations and built at LPC Caen. One of its initial
goals was to symmetrically treat the two UCN spin states. With the characterisation of USSA
subsystems on the West-2 beam line at PSI, it has been shown that this goal is fulfilled. The USSA
was then installed below the nEDM spectrometer in order to test its performances with nEDM
data taking conditions. This test was also successful: the number of detected UCNS is increased
by 23.9+1.0% and the Ramsey central fringe visibility by 6.2+4.9% with respect to the sequential
analyser. These improvements lead to an nEDM statistical sensitivity gain of 18.2 &+ 6.1%. Since
the USSA tests below the apparatus lasted only one week, this conclusion has to be confirmed
with the 2014 nEDM data. Nevertheless, the USSA is now part of the nEDM apparatus.

This sensitivity gain can be further increased using a coating with a higher Fermi potential, as
suggested by GEANT4-UCN results which predict an increase of the number of detected UCNs
of a few percents using a diamond coating. This estimate is likely underestimated since in the
simulation the USSA is 25 cm too high with respect to the real location in the nEDM apparatus.
Furthermore, it has been shown that 50 to 60% of the UCNs coming from the chamber are detected
with the USSA. A fraction of them could therefore be recovered using a higher Fermi potential.
It is planned to coat the USSA walls with *®NiMo. R&D efforts to perform such a coating will
also benefit other guiding parts of the apparatus. Another coating option is the diamond but
the coating technique is still under development. However, diamond coating samples have already
been produced. The measured Fermi potential is about 305 neV. Tests of its storage properties are
planned (the loss per bounce parameter 1 and the depolarisation probability /). Such a coating
could also be used in the precession chamber and would therefore allow a wider UCN energy range
to be stored.

During August 2013, nEDM data have been collected. The key parameters for a high nEDM
sensitivity were rather good: T' = 180s, N, = 6660, a, = 59.6% and E = 10kV/cm. A part of
this thesis is dedicated to this data set analysis. Such analysis is important since it allows one to
check the data quality during the experiment.

The neutron Larmor frequency estimation has been investigated. An alternative technique
- based on the asymmetry - has been tested using experimental and simulated data. A better
robustness of the asymmetry fit has been observed with respect to the normalised neutron counts
fit. If the switch is not properly positionned for the monitoring, the neutron counts normalisation
does not work while the asymmetry does. Therefore, it suggests that there could be a problem of
switch mispositionnings which are not accounted for in the analysis yet, ending by normalisation
problems. Further detailed investigations are therefore strongly required.

The study of the neutron Larmor frequency fit has been performed with several methods to
estimate the Hg frequency. It has been shown that the choice of the method is indeed crucial to
obtain a reliable fit quality. The RAL-Sussex-ILL method has been revisited. A new technique
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developed at LPSC appears to be more suited since it takes into account the low performances of
the Hg co-magnetometer. The rather low transverse relaxation time of the mercury (T ~ 45s)
led to a poor Hg statistical error (o, ~ 31Hz), which significantly contributes (15%) to the R
ratio. This contribution propagates then to the nEDM uncertainty. Therefore, the collaboration
is actively working on increasing the Hg 75 time. In case the depolarisation time 75 would remain
low, efforts in the Hg frequency analysis have to be pursued at LPSC, as it is currently the most
important contribution to the Larmor frequency fit quality.

In order to further check the analysis, a toy model has been set-up and simulated data have
been produced. A potential explanation for the poor neutron Larmor frequency fit quality has
been found. A small and slow magnetic field gradient variation is enough to deteriorate the fit qual-
ity. Magnetic field gradient variations observed in experimental data have been simulated. The
resulting reduced x? of the neutron Larmor frequency fit is in good agreement with experimental
observations (y? ~ 1.15). Because temperature variations are a possible cause for the variations
of the magnetic field gradient variation [111], a better thermal insulation and stabilisation of the
thermohouse could possibly solve this problem.

The next step was to perform the nEDM data analysis. Even if the measured statistical
precision is in agreement with expectations, the analysis pointed out a problem linked to the
electric field: the fit providing the nEDM value (R = f(HV)) produced a %2 larger than 4.5 for
more than 50% of the runs. This problem - perhaps related to HV discharges - has to be confirmed
and solved for the next nEDM data taking.

With a simple averaging without correction of the geometric phase effect (GPE), the measured
nEDM is d, = (—0.504+0.83) x 10725 e.cm, 4.e. corresponding to a sensitivity of about 4 x
10~2* e.cm per cycle. Thus, it shows that in spite of problems mentioned above, the nEDM

collaboration is able to reach the 2 x 10~26

e.cm sensitivity over 3 years, if the olLL spectrometer
reliably runs for 4 months every year.

For the last step of the analysis, the crossing point technique, the GPE correction is not fully
satisfactory since two runs are off the expected curve for the By up configuration (¥? ~ 2.2).
However, the technique properly worked for the By down configuration (x¥? ~ 0.8). The final

result is dy, = (—2.3 £3.4) x 107 c.cm.

In the last part of this work, estimators of the magnetic field vertical gradient using scalar cae-
sium data have been studied using a ”toy model”. This study, relying on realistic field simulations
from measured magnetic field maps, has shown that the best method to estimate the magnetic
field gradient is the so-called harmonic Taylor fitting method, reliable up to a few pT/cm. A
possible improvement has been proposed, by selecting the most contributing harmonics in the fit-
ting function. Such a technique would allow the magnetic field gradient accuracy to be improved
by more than a factor 2, down to the 1-2pT/cm level. This study was initially carried out in
the framework of the neutron to Hg magnetic moments ratio measurement ,/vHg in order to
estimate the reliability of the harmonic Taylor fit used to extract the magnetic field gradient. The
uncertainty on the ratio has been reduced down to 1ppm, using the 2012 R-curve data [14].

In the n2EDM phase, vector caesium magnetometers localised around the precession chamber
should be able to measure the magnetic field at the pT precision level. They are currently under
development at PSI. A prototype has been installed on the mapper built at LPC and used during
the 2014 winter magnetic field mapping. The toy model has also been used to prospect the online
recovery of the squared transverse magnetic field using such vector magnetometers. The technique
used to estimate the squared transverse field is the harmonic fit in three dimensions. Combined to
the selection of the most important harmonics, it allows the average gradient over the precession
volume to be measured close to the pT/cm level and the squared transverse field with a very good
accuracy of a few 0.01 n'T2. With such an accuracy on the squared transverse field, the quadrupole
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effect could be corrected with an error improved by a factor 10 with respect to the current value,
down to the 10728 e.cm level. Thus, it gives a perspective towards the control of one of the main
nEDM systematics during the n2EDM phase.

The goal of the second phase of the nEDM project is twofold. First, the collaboration aims
at improving the UCN statistics and second at achieving a magnetic field as homogeneous as
possible in the precession volume. The nEDM measurement will be carried out in a double
storage chamber in order to simultaneously measure the neutron Larmor frequencies in parallel
and anti-parallel magnetic and electric fields configurations. The number of detected UCNs will
be doubled with respect to a single precession chamber. Higher electric fields will be applied
thanks to a new geometry of the electrodes. The control of the magnetic field will be achieved
by means of a new multilayer magnetic shield with a shielding factor of about 5 x 10* — 1 x 10,
to lower the field gradient below 1pT/cm. In addition, the n2EDM By coil is being designed
in such a way that it would not induce a magnetisation of the shield [110], providing a better
magnetic field homogeneity. The precession volume will be monitored by a laser based Hg co-
magnetometer. In addition to the external vector caesium magnetometers, two ”layers” of *He
magnetometers above and below the UCN storage volume will be used as gradiometers to control
gradient related systematics. Thanks to these improvements on the statistical precision and
the systematic errors control, it is planned to improve the limit on the neutron EDM down to
4% 10727 e.cm in about 10 years with current performances of the UCN source. If the UCN source
reaches its nominal performances, the 1072% e.cm range will be explored, allowing decisive tests of
new physics scenarios.
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APPENDIX A
Adiabaticity parameter for the
guiding coils system

The goal of this short part is to show how the UCN spin ability to follow guinding fields produced
by the guiding coils system can be quantified. For such a purpose, let us go back to Eq(2.30),
giving the classical description of the UCN spin dynamics in the laboratory frame R,p, in a static

magnetic field:
as = =
Riab

Along the UCN path, the magnetic field becomes time dependent as neutrons move. Locally,
any change of the magnetic field can be expressed as a rotation. In the neutron rest frame rotating
Rueutron With the angular frequency 2, Bloch equations become:

(), 5 (72)
Rneutron ’yn (Al)

=S x (uTL’ — 5)
Eq (A.1) explicitly shows the contribution from the Larmor angular frequency wy and from

the field rotation rate ) = ‘dBE?dt‘. These frequencies are compared through the adiabaticity
coefficient k defined by:

=g (A.2)
1 B?
~ |dB/dt| (A-3)

If the field change is much lower than the Larmor angular frequency (k > 1), then the neutron
spin is able to adiabatically follow the magnetic field. On the contrary (k < 1) the UCN spin
is not able to stay aligned on the magnetic field and depolarisation occurs. k£ ~ 5 — 10 is the
transition between the two regimes. In the experiment, the UCNs polarisation is kept along their
trajectories using smoothly varying holding fields produced by the guiding coils.






APPENDIX B
Adiabaticity parameter equation in
the adiabatic spin-flipper case

The spin-flipper is called ”adiabatic” because the UCN spin adiabatically follows the effective field
in this device. This effective field is the sum of two orthogonal fields. The first one is the static
field 170) = Hy(z)u, coming from the magnetic field used to magnetize the analyser, decreasing
along the spin-flipper area. The other one is the RF field created by the spin-flipper itself, rotating
in the plane perpendicular to ﬁ(;.

Lab frame

UCN .

T
Hy(2)
Spin-flipper
area
Uy
Y >
iy

Figure B.1: Scheme of the magnetic fields used to perform the neutron spin-flip, in the laboratory
frame.

In this part, the spin is treated as classical magnetic moment in external fields. The goal
is to find the equation of the adiabaticity parameter in the case of a particular magnetic fields
configuration. A scheme of the UCN motion is shown in Fig. B.1. The UCN spin is initially
aligned along the static field H 0(z). The RF frequency wgrr of the spin-flipper with a length L
is set such as a resonance between the static and the RF fields occurs in the middle-plane of the
spin-flipper:

Ho(L/2) — ”jF =0 (B.1)
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Hpp(t) Ug, g

Ug, -
£ Ty

liy, (Ho(t) - “i/ﬂ) Uy

Figure B.2: Magnetic fields scheme in the neutron rest frame rotating at the frequency wry around
the H( axis.

In the neutron rest frame rotating at the frequency wgrr around the H o axis (see Fig. B.2),

one has:
— w . .
Heff = (H@(t) — $F> Uy + HRF(t)uxl (BZ)
The UCN spin undergoes a torque due to this field:
.
E = ’ynS X _Heﬁ‘ (Bg)
It can be re-written in the coordinate frame along the effective field as:
s = (= Q

where 2 = %, with 0 the rotation angle between the component along Zz and the effective field
H of- The adiabatic spin-flip can occur only if the adiabaticity coefficient k = % > 1. In order
to determine k, one first needs to determine the value of 2 as a function of the used fields. In
that case, one has:

Heg(t) = Hegg(t) Sin 0 41 + Heg(t) cos 07,

H U wir ) 77 (B.5)
Heff(t) = HRF(t)uml —+ (Ho(t) _ %) .
Identifying the terms along u,; and U, in the system of equations (B.5) gives:
rr(t) f(t) sin 5o
Heg(t) cos § = Ho(t) — “BE
Through the first equation of (B.6), one makes appear €2
dg a}IRF (9Heff . 1
ST - ) T cosd B.
d ( ot o Heg cos 6 (B.7)
_ OHgp cosf  OHysind s

Ot Heg Ot Hgg

At the resonance (middle of the spin flipper), the spin has to be flipped by 6 = /2 to be fully
flipped at the exit of the spin-flipping area. Therefore, the contribution coming from the Hgrp
time derivative cancels and H.g = Hrp. For the vertical UCN speed vy, €2 reads:

dcllﬁlo
92 = [ o (B.9)
Finally, the adiabaticity coefficient is:
k= 'V"Iﬁf (B.10)
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In the case of the adiabatic spin-flipper use, the oscillating and static fields can be described
as:

{HRF(Z) P (B.11)

Hy(z) = B+ Acos %%

This particular field configuration allows the adiabatic spin-flip probability to be calculated ac-
cording to the sine-cosine model [69, 90]:

(B.12)

This spin-flip probability is shown in Fig. B.3 as a function of the adiabaticity coefficient. It shows
that starting from a given adiabaticity parameter, the spin-flip probability is about 100%. As a
result, with appropriate field conditions, neutrons undergo a spin-flip in the UCN energy range.
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20 b

Sine-cosine model
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0 L L
0 2 4 6 8 10
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Figure B.3: Spin-flip probability given by the sine-cosine model.

Experimentally, the spin-flipper produces a linear polarized field with an amplitude Hgp,,
along the guide axis around which the ASF is wound. As a result, the efficient part of the RF
signal contributing to the resonance is lower than the full signal amplitude. Indeed, it is possible to
consider the linear oscillating field as the superposition of two fields rotating in opposite directions
(see Fig. B.4 [92]). One field rotates at the angular speed +wgryp at resonance and the other one
at —wgrr out of resonance. Finally, the effective amplitude of the signal is Hrr, = Hgr, /2.

+.'/J\’,
HRF(t) R HRFL

—Wep
RF HRF()

Figure B.4: Oscillating linear field polarisation decomposition into two circular contributions.






APPENDIX C

2013 nEDM runs summary

The 2013 EDM running parameters are summarised in this appendix, by means of Tab. C.1.

Run | Cycles N, aq (%] HV [kV]
7454 62 5465 62.6+1.9 80
7609 120 4400 61.7£1.8 132
7614 110 4600 61.7+1.4 132
7639 | 550 8100 59.4+0.5 132
7640 84 7700 56.9+1.3 132
7643 200 7300 58.5+0.9 115
7645 228 6300 62.0£1.0 115
7647 | 126 6550 63.6 1.3 115
7648 231 6700 60.4+1.0 115
7650 600 5850 59.2+0.6 115
7666 117 7250 58.6£1.0 115
7673 276 6800 57.6 0.7 120
7674 163 6600 56.6 0.9 120

Table C.1: Summary of 2013 EDM running parameters. The precession time was 180s during
these runs.

Run )234 o, O frg R agip dpye®® )Zfln
[nHz] [pHz] [x107% e.cm]  [x107% e.cm]

7454 | 1.21 | 19.6 4.6  3.84243667(71
7609 | 1.11 | 19.7 0.8  3.84247609(46
7614 | 1.18 | 20.7 1.5 3.84243377(46
7639 | 1.20 | 15.6 2.4 3.84246715(15
7640 | 1.15 | 17.7 2.7 3.84245824(50 4.5 0.4+£5.0 0.13
7643 | 1.00 | 17.4 2.8 3.84245882(31 3.2 6.0 £ 3.5 5.74

(71) 11.2 —124£11.6 -
(46)
(46)
(15)
(50)
(31)
7645 | 1.05 | 16.8 3.5  3.84243230(27) 3.2 58+3.5  4.69
(38)
(30)
(19)
(34)
(23)
(35)

3.8 —8.8+4.3 2.32
4.2 0.5+4.5 8.95
1.6 34+£1.6 6.37

7647 | 1.27 | 17.1 3.1 3.84244399(38 4.5 —1.7+47 4.36
7648 | 1.09 | 17.5 3.2 3.84243225(30 3.2 —3.8+3.5 8.41
7650 | 1.23 | 18.6 3.4 3.84242684(19 2.2 —53+22 0.75
7666 | 1.29 | 17.2 0.7  3.84247139(34 3.9 —-0.7£3.9 6.71
7673 | 0.99 | 18.3 0.9  3.84245125(23 2.3 —-1.6+2.6 0.07
7674 | 1.21 | 19.3 1.2 3.84244439(35 3.5 —09+3.5 0.01

Table C.2: Summary of 2013 EDM precisions on the neutron and Hg Larmor frequencies. The
nEDM statistical precision and the reduced x? of the R vs high voltage fit have been added.
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In addition to Tab. C.1, precisions obtained for the mercury and neutron Larmor frequencies
as well as the precision on the nEDM for each run are summarised in Tab. C.2. azp is the
expected nEDM sensitivity for the run. It is calculated using Eq(2.17) and takes into account
the Hg frequency precision. In addition, it is scaled by the square root of the reduced x? of the
neutron Larmor frequency fit )2?4
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