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Abstract

A permanent electric dipole moment of the neutron violates time reversal
as well as parity symmetry. Thus it also violates the combination of charge
conjugation and parity symmetry if the combination of all three symmetries
is a symmetry of nature. The violation of these symmetries could help to
explain the observed baryon content of the Universe. The prediction of the
Standard Model of particle physics for the neutron electric dipole moment is
only about 10722 ¢- cm. At the same time the combined violation of charge
conjugation and parity symmetry in the Standard Model is insufficient to
explain the observed baryon asymmetry of the Universe. Several extensions
to the Standard Model can explain the observed baryon asymmetry and
also predict values for the neutron electric dipole moment just below the
current best experimental limit of d, < 2.9x107% ¢-cm, (90% C.L.) that
has been obtained by the Sussex-RAL-ILL collaboration in 2006. The
very same experiment that set the current best limit on the electric dipole
moment has been upgraded and moved to the Paul Scherrer Institute. Now
an international collaboration is aiming at increasing the sensitivity for an
electric dipole moment by more than an order of magnitude.

This thesis took place in the frame of this experiment and went along
with the commissioning of the experiment until first data taking. After a
short layout of the theoretical background in chapter[l], the experiment with
all subsystems and their performance are described in detail in chapter[2 To
reach the goal sensitivity the control of systematic errors is as important as
an increase in statistical sensitivity. Known systematic effects are described
and evaluated in chapter[3} During about ten days in 2012, a first set of
data was measured with the experiment at the Paul Scherrer Institute. An
analysis of this data is presented in chapter[d], together with general tools
developed for future analysis efforts. The result for the upper limit of an
electric dipole moment of the neutron is |d,| < 6.4x107% ¢- cm (95%C.L.).

Chapter[d] presents investigations for a next generation experiment, to
build electrodes made partly from insulating material. ~Among other
advantages, such electrodes would reduce magnetic noise, generated by the
thermal movement of charge carriers.

The last chapter summarizes this work and gives an outlook.
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Zusammenfassung

Ein permanentes elektrisches Dipolmoment des Neutrons stellt sowohl eine
Verletzung der Zeitumkehr- als auch der Paritdtssymmetrie dar. Somit
verletzt es auch die Kombination von Ladungsumkehr und
Paritdtssymmetrie unter der Annahmen, dass die Kombination aller drei
Symmetrien in der Natur nicht verletzt ist. Im Rahmen des Standard
Modells der Teilchenphysik wird ein elektrisches Dipolmoment des Neutrons
von 10732 ¢ - em vorhersagt. Gleichzeitig ist eben dieses Modell nicht in der
Lage die beobachtet Asymmetrie von Materie und Antimaterie im
Universum zu erkldren. Erweiterungen des Standard Modells hingegen
versuchen nicht nur diese Asymmetrie zu erkléren, sie sagen gleichzeitig oft
auch grossere Werte fiir das elektrische Dipolmoment des Neutrons vorher.
Diese reichen bis an das momentane obere Limit von d,, < 2.9x 10726 ¢ - cm,
(90% C.L.) heran, welches 2006 von der Sussex-RAL-ILL Kollaboration
publiziert wurde. Das Experiment, mit welchem dieses Limit gemessen
wurde, steht nun am Paul Scherrer Institut. FEine international
Kollaboration hat es sich zum Ziel gesetzt, die Sensitivitdt der Messung um
mehr als eine Gréssenordnung zu verbessern.

Die vorliegende Arbeit fand im Rahmen dieser Bemiihungen statt und
erlaubte es, das Experiment von der Installation bis zur ersten Datennahme
zu begleiten. Nach einer kurzen Erlduterung des theoretischen Hintergrunds
in Kapitel[l| folgt eine detaillierte Beschreibung aller Komponenten des
Experiments sowie eine Abschétzung ihres Leistungsvermogens in Kapitel[2]
Systematische Effekte miissen in gleicher Weise kontrolliert werden, in
welcher die statistische Sensitivitdt verbessert wird. Daher werden in
Kapitel[3| die bekannten systematischen Fehler vorgestellt und abgeschétzt.
2012 wurden wahrend etwa zehn Tagen die ersten Daten zur Bestimmung
des elektrischen Dipolmoments aufgenommen. Eine Analyse dieser Daten
wird in Kapitel[d] vorgestellt und resultiert in einem oberen Limit von
|dn] <6.4x107% ¢~ cm (95%C.L.).

Kapitel[§] befasst sich mit der Entwicklung von Elektroden fiir ein
zukiinftiges Experiment, welche zu einem grossen Teil aus nichtleitenden
Materialien bestehen. Diese haben unter anderem den Vorteil, dass sie
wesentlich weniger magnetisches Rauschen verursachen, welches durch die
thermische Bewegung elektrischer Ladungen entsteht.

Im letzten Kapitel werden die Resultate dieser Arbeit diskuttiert und
zusammengafasst.
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Chapter 1

Introduction

1.1 Motivation

One of the biggest questions in today’s physics is the dominance of matter
over antimatter, the so called Baryon Asymmetry of the Universe (BAU).
Our current understanding of the creation of the Universe starts with the
Big Bang. In the Standard Model of cosmology the Big Bang produces the
same amounts of matter and antimatter. Particles and antiparticles
therefore should have almost completely annihilated as long as matter
density in the early Universe was high enough for the two species to
interact. Yet we live in a matter dominated Universe where almost no
traces of antimatter can be found, showing that at some point a clear
imbalance between matter and antimatter must have developed. Possible
explanations involve the breaking of symmetries like the combined charge
conjugation and parity symmetry (CP) or time reversal symmetry (T) that
are closely linked to a permanent electric dipole moment (edm) of particles.
The small amount of CP-violation that is found in the Standard Model of
particle physics (SM) is insufficient to explain the observed BAU and would
also lead to electric dipole moments that are too small to be detected in
any experiment in the near future. Furthermore, the SM cannot give
answers to other fundamental questions of todays physics like:

e What is dark matter ?
e What is dark energy 7

e Why is gravity so much weaker than the other forces (hierarchy
problem) 7
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Extensions of the Standard Model not only can help to resolve some of these
questions, they can also lead to additional CP-violation and predict electric
dipole moments of particles like the neutron that are close to the current
experimental sensitivity. The search for the neutron electric dipole moment
(nedm), is therefore one of the most promising experiments to discover CP-
violation beyond the SM and help to understand our Universe.

1.2 Symmetries

As this work is describing an experiment, searching explicitly for the breaking
of symmetries of fundamental forces in nature, a short introduction to the
importance of symmetries in physics will be given. The amount of literature
available on this topic already demonstrates the importance of this concept
in theoretical physics. This section is based on the excellent overview article

by F. Gieres [Gie97].

What is symmetry? A physical model is called symmetric under a certain
operation, if its properties are invariant under this operation, i.e. one cannot
tell whether the transformation has been performed or not.

One of the simplest every day examples is the symmetry of a geometric
object; a perfect sphere under the operation of a rotation around the center
of the sphere. If the surface has no special marks, an observer can not tell
if the sphere has been rotated: the sphere is symmetric under the operation
of rotation. This would be an example of continuous symmetry. If we would
now take a cube instead of a sphere, the cube would only be symmetric
for certain angles of rotation and we would have a discrete symmetry. Like
wise a physical equation (law) is symmetric under a transformation if the
observables described by the equation are unaffected by the transformation
(e.g. a change of space time coordinates).

Symmetry in physics The principle of symmetries is one of the major
foundations of modern physics. Not only can symmetries help to simplify
the discovery of the solution to a physical problem, but each continuous
symmetry with n parameters is directly linked to the conservation of n
physical properties, as described in the theorem of Emmy Noether in
1918 [Noel8]. Often the formulation of a physical law is only possible
because of symmetries, as the general structure of a physical theory is
basically determined by its underlying symmetries. For example, the
number of gauge bosons of the strong interaction is determined by the
number of generators of the underlying symmetry group, the SU(3).
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Force C P T
Electric field E —E|—-FE| E
Magnetic field B —B| B | —B
Momentum p P —p | —p
Angular momentum 1 l l —1
Charge density o —0 0 0

Table 1.1: Transformation of observables under C, P, and T

Force cC/p| T |CP|CPT
Gravitation AR A A v
Strong IV v
Electromagnetic | v |V | vV | V v
Weak X| X[ (X)X | v

Table 1.2: C, P, and T symmetry of fundamental forces. The weak force is
the only known interaction to maximally violate P. It also has shown minor
violations of CP (see Sec.|1.3.2)) and therefore also T via the CPT theorem.

In the context of this thesis, symmetries and their behavior under three
discrete transformations are of great importance:

T-Symmetry T : t — —t is the symmetry under the reversal of time.

C-Symmetry C : p — p is the symmetry under the exchange of every
particle with its antiparticle.

P-Symmetry P : r — —r is the symmetry under flipping the spatial
coordinates.

The transformation of some quantities under C, P, and T transformation
is shown in Tab.[L1Il

These symmetries are linked by the CPT theorem, which states that all
laws of physics are invariant under the combined transformation of C,P and
T. Most of the fundamental interactions are symmetric under C,P, or T (see
Tab.[I.2). The weak force is the only known interaction that (maximally)
violates P symmetry as discovered in 1957 by Wu et al. in the decay of ®°Co
[WAHT57], and also CP (see Sec.[1.3.2] for more details).

Broken symmetries As beautiful and useful as symmetries are, the
most interesting phenomena in physics occur actually in the breaking of
symmetries. One speaks of explicitly broken symmetries if the equations
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describing a system are not invariant under a certain symmetry. For an
atom in an electric or magnetic field, additional terms in the Hamiltonian
(Stark and Zeemann effect) will violate its rotation symmetry. Spontaneous
symmetry breaking on the other hand occurs, if the Hamiltonian of a
system has more symmetries, than valid solutions to the Hamiltonian.
While the Higgs mechanism is an example of the latterﬂ the search for the
nedm (or edms in general) is a search for an explicit breaking of T (and
therefore also CP).

1.3 Theory

In the first part of this section a short overview of the theoretical
background for CP-violation, edms, and the BAU will be given. Many
instructive overview articles exist that cover these topics in great detail
(e.g. [DS1I, PROS, [Fukl2]). In the second part of this section ultracold
neutrons (UCN), used in many state of the art experiments searching for an
edm of the neutron, are shortly characterized. More details about UCN
physics can be found e.g. in [GRLII, Tgn90].

1.3.1 The baryon asymmetry problem

If during the Big Bang the same number of baryons and antibaryons had been
produced, most of the matter would have annihilated in the early Universe
and almost only photons would have been left. The dominance of matter
over antimatter is usually expressed in the 7,y = 10'%n parameter which is
defined as

n="8""B (1.1)

Ny

the ratio of the number of baryons (ng) minus the number of antibaryons
(ng) divided by the number of photons (n,) in the Universe. Within the
current models used to describe the creation of our Universe, this ratio is as
small as 7,9 = 1078 [RT99]. This is many orders of magnitude smaller than
the value that has been observed

Mo = 6.15 £ 0.15

using satellite based measurements of the cosmic microwave background like
the WMAPE| mission [K™11]. Preconditions needed to explain this imbalance

I The potential of the Higgs field has more symmetry than the solution of lowest energy.
2Wilkinson Microwave Anisotropy Probe
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have been phrased already by A.D. Sakharov [Sak67] in 1967:

1. Violation of baryon number conservation (B=ng —ng # 0) in order to
change the net number of baryons over time;

2. C and CP-violation so that processes violating B can lead to an
asymmetry in the baryon numbers;

3. A departure from the thermal equilibrium in the early Universe, as in
a thermal equilibrium, CPT conservation would restore the symmetry.

1.3.2 CP-violation in the Standard Model of particle
physics

So far CP-violation has only been found in the electroweak sector. This can
be incorporated in the SM through a CP-violating phase in the CKM]|
matrix, describing the mixing of quark flavors when taking part in the weak
interaction. Although CP-violation also exists in the strong sector through
the ©-term (see Sec.[1.3.5]), no experimental evidence has been found yet for
CP-violation in strong interactions. In 1964 the first direct CP-violating
process was observed in the decay of the neutral K meson by James Cronin
and Val Fitch [CCFT64] when they observed the decay of the K5 state into
two pions with a branching ratio of 2x 1073. More recently CP-violation
has also been found in the neutral B meson by the Belle[AAAT01] and
BaBar [LPT"12] experiments and in the neutral D meson by the LHCb
experiment [AABAT12]. However the amount of CP-violation is many
orders of magnitude too small to explain the observed BAU. This motivates
the search for CP-violation that might come from physics beyond the SM.

1.3.3 Electric dipole moments and CP-violation

The classic definition of an electric dipole moment of a charge distribution
with charge density o(x) is the integral

d:/d?’ng(m). (1.2)

This is a vector and the only existing (axial) vector in a particle is its
spin. Thus an edm, like the magnetic moment, must be aligned with the
spin o, so that

3named after Nicola Cabibbo, Makoto Kobayashi and Toshihide Masukawa.
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docdZ. 1.3
o] (1.3)
Any permanent edm of a particle violates P and T-symmetry and
therefore also CP-symmetry if CPT is a good symmetry of nature. This can
be easily seen if we look at the Hamiltonian of a particle with an electric
(d) and magnetic (1) dipole moment in an electric E and magnetic B field

under P or T transformation
H=-d—FE—pu—B. (1.4)

I o

Looking at Tab.[1.1] it is clear that H violates P and T symmetry if d # 0.

1.3.4 Searches for permanent electric dipole moments
in different systems

The search for permanent electric dipole moments is currently among the
most promising experiments to find new sources of CP-violation. Therefore,
it is not surprising that around the world more than 30 different experiments
are searching for electric dipole moments in different systems. The systems
that are probed for a permanent edm are, besides the neutron, searches
with protons (deuterons), muons, and heavy paramagnetic or diamagnetic
atoms and molecules (see Tab.[L.3). In this context it is important to notice
that only the muon is a fundamental particle. Therefore careful theoretical
calculations are required to deduce the electric dipole moment of fundamental
particles like quarks or electrons from these measurements.

System | Current best edm limit [e - cm]
W] 1.8 x10- 7 95% C.L, [BBBT09]
n | 2.9 x10726 90% C.L. [BDGF06]
19Hg | 3.1 x102 95% C.L. [GSL*09)]
l
l

205T1 | 9 x107% 90% C.L. RCSD02]
YbF | 1.1x10722 90% C.L. HKS*11]

Table 1.3: Current edm limits in different systems. Only the muon is a
fundamental particle. Theoretical models are needed to translate the other
results into upper limits of fundamental particles.

1.3.5 Electric dipole moment of the neutron in the SM

In the SM there exist two different sources of CP-violation that could lead
to an nedm, further also denoted as d,:
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Electroweak Via the CP-violating phase in the CKM matrix, the neutron
can get a very small CP-violating electric dipole moment of the order
of dy =107*? ¢ cm.

QCD In the Lagrangian of the strong interaction exists the QCD vacuum
polarization term, also called ©-term. This term violates P and CP-
symmetry and could result in d, = ©x1071% ¢ cm.

Electroweak interaction The electroweak contributions to d, come from
possible edms of the valence quarks as well as from interactions of quarks
(valence and sea quarks) within the neutron

dy = dk 4 g2, (1.5)

As for the quark sector, possible edm contributions are only possible on
the three loop level. They are of the order of d2"#™ = 10734¢ - cm. Therefore
the dominant factor for d, comes from a two loop weak interaction diagram
shown in Fig.[l.1l This has been calculated to be of the order of d® =
107%¢ - cm [KZ82).

Figure 1.1: Feynman diagram for the dominant contribution of the nedm in the
SM. Here the right vertex is the CP violating penguin diagram [KZ82].

The total edm contribution to the neutron from the electroweak
interaction is therefore only d, ~ 107%2e¢-cm. This is far below any
experimental sensitivity in the near future.

Strong interaction The Lagrangian of the strong interaction contains a
CP-violating term with an angular parameter 0 < © < 27:
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ﬁzﬁcp-l-EQp

2
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Here F),, = 8uAﬁ+8,,AZ+z'[AH, Av] and F;w = 1/2€,05F*? are the gluon
field strength tensor and the dual field strength tensor. The first term Leop
describes the gluons, quarks, and their interactions, the second term describes
the interaction of the gluons with the vacuum. This term corresponds to
E, - B, while Lcp corresponds to E* — BZ. Here E, and B, are the electric
and magnetic-like fields. With Tab.[I1.1] we can see that Lp is odd under P
and T transformations. From dimensional arguments this so called ©-term
would result in an nedm of the order d, ~ © x 1071¢ ¢ - cm [PR05]. As this is
far above the current experimental lower limit of the nedm the only solution
for this dilemma is that the parameter ©, which is an angle an therefore can
take values between 0 and 27, is smaller than 107°. As there is no natural
reason for this parameter to be that small, this issue is referred to as the
strong CP problem.

1.3.6 Extensions to the Standard Model

Although hints for physics beyond the SM have been found] most
experimental tests of the SM are in perfect agreement with theoretical
predictions. Many extensions to the SM, however, introduce new sources of
CP-violation and allow, among others, the explanation of the observed
BAU (e.g. [Pli98]). These extensions predict nedm-values ‘just around the
corner’ and therefore provide a strong motivation to conduct further
searches for electric dipole moments in all accessible systems. For many of
these models the search for edms is providing the most stringent constrains
on parameters, and already the current limits have ruled out many earlier
models.

1.4 Ultracold neutrons

The ongoing search for the electric dipole moment of the neutron is strongly
associated with the deployment of UCN. Almost all modern experiments

4Among the prominent examples being the existence of dark matter, the anomaly in
the Muon g factor, or neutrino oscillations.
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searching for the edm of the neutron use UCN and a short characterization
of their features is given in this chapter, which follows loosely the
argumentations of [GRLII].

As the cross section of reactions with neutrons strongly depends on their
velocity, they are usually classified by their energies. A general overview is
given in Tab.[[.4. Each energy regime can also be translated into a mean
velocity, the de Broglie wavelength, or the mean temperature via

E=—-mv* = = —kgT. (1.6)

This is also illustrated in Figure|l.2]

Name | Energy E | Velocity v Wavelength A | Temperature T’
Ultracold | 300 neV 8m st 50 nm 3mK
Cold | 1meV 500m - s~ 1 3nm SK
Thermal | 0.0254eV | 2.2 x 103m -s~! 0.2nm 290K
Epithermal | 10eV 43 x 103 m -s7! 0.009 nm 77000 K
Fast | 10keV 1.380 x 10m - s~ | 0.0003 nm 77 MK

Table 1.4: Commonly used names for classification of neutrons by energy together
with typical values for energy, velocity, wavelength, and temperature.

v [m/s]

T [mK]

T T T T T T T T T T T T T T T T
0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024

At [nm™]

Figure 1.2: Illustration of (1.6), showing the correlation between velocity v,
energy F, wavelength A, and temperature 71" for neutrons in the UCN regime.
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The low energy and therefore large wavelength of UCN result in unique
properties: They are reflected under all angles of incidence from certain
materials. This allows the building of traps to store these neutrons. Thus
experiments with long observation times, in principle up to the lifetime of
the free neutron, are possible in order to determine the properties of the
neutron with very high precision. Like all neutrons, UCN interact via all
four fundamental forces. Due to their low energy, the potentials describing
the interactions are on the same energy scale as the kinetic energy of the UCN
which leads to effects that usually can be disregarded in neutron physics.

1.4.1 Weak interaction

The weak interaction is responsible for the radioactive S-decay of the neutron.
The free neutron decays within a lifetime of 7, = 880.1 + 1.1 [eaPDGI2[]
into a proton, an electron, and an electron antineutrino:

n—p+e + v+ 782keV. (1.7)

>
oo c

/

/
coc

©

Ve

e

Figure 1.3: Feynman diagram of the neutron S-decay on the quark level. One of
the d-quarks changes into a u-quark via exchange of a W™-boson, which decays
into an electron and an electron antineutrino.

Apart from the spatial distribution of the decay products, described by
the correlation parameters (a,A,B,C) that can be investigated in the neutron

5The world average for the lifetime of the neutron, as published by the particle data
group, changed in the last year by many standard deviations. This is due to the fact that
several experiments gave different results that are incompatible. For an historical overview
and a detailed discussion of recent results see [WGTI].
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[b-decay, the lifetime of the neutron is of great interest. As these parameters
contain information about cosmological models, like the p/n ratio, as well
as precision tests of the SM, e.g. the unitarity of the CKM matrix, many
experiments are performed to measure these parameters (for an overview see
e.g. [DS11]). In the nEDM-experiment the weak interaction is of vanishingly
low interest.

1.4.2 Gravitational interaction

Gravity can normally be neglected in particle physics as it is too weak to
influence any measurement. For UCN however, the gravitational interaction
is of the same order of magnitude as the kinetic energy. The gravitational
potential is given by

Vy = mugh, (1.8)

with m,g = 102neV - m~!. This means that UCN can only rise a few meters
in the Earth’s gravitational field and it is easy to modify their energy by
letting them fall or rise a few meters. This is used in the nEDM-experiment
e.g. to increase the detection efficiency by dropping the stored UCN by ~
1.6m (see Sec.[2.4.7)).

1.4.3 Electromagnetic interaction

The neutron is a fermion that carries a spin of 1/2% and therefore has a
magnetic moment u, through which it interacts with magnetic fields. The
interaction energy with a static magnetic field B is

Vin = —pn B, (1.9)

with g, = 60neV -T~!. In an inhomogeneous field an additional force is
experienced by the neutron. Differentiation of ([1.9)) gives

F,, = —VV,, = +|u,|VB. (1.10)

The sign corresponds to the relative orientation between spin and magnetic
field. The magnetic interaction of UCN is used in the nEDM-experiment to
polarize UCN and to detect their polarization at the end of a measuring cycle
(see Sec.[2.4.8).

Equation @D holds only if the UCN moves adiabatically through the
magnetic field. This is the case if the Larmor precession frequency f;, = 2%3
is much smaller than the change of the magnetic field in the rest frame of
the UCN. Due to their low speed this condition is relatively easy to fulfill for

UCN.
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The interaction of the neutron with an electric field is governed by its
charge. So far the results from experiments searching for the electric charge
of the neutron are compatible with zero and the present upper limit is g, <
1.8 x 107%'e (95% C.L.) [BGKMSS]. This result was obtained a quarter of
a century ago and new experiments are planned to improve this limit by
an order of magnitude [FKL™08, [PSKIT10]. A direct force on UCN due to
an electric charge cannot be investigated with the experiment described in
this thesis. The next higher order, the measurement of the electric dipole
moment, is explained in detail in Sec.[2.1]

1.4.4 Strong interaction

Due to the strong interaction, neutrons and protons are bound within the
nucleus of atoms. The short range of the strong interaction only affects the
neighboring nuclei. The effective potential has spherical symmetry and can
be approximated by a Woods-Saxon potential. It has a depth of about
V.~ —40MeV and scales with the number of nucleons A like
R~ 1.25 x A3 fm. Comparing the binding energy as well as the dimensions
of the potential with the typical energies and wavelengths A of UCN (see
Tab.@, it is worthwhile to note, that these differ by many orders of
magnitude. Therefore it is not possible to use perturbation theory to
describe the scattering process. A ‘pseudo potential’ as introduced by Fermi
describing the nuclear potential with a ¢ function, however, allows the use
of the first order Born approximation. The scattering of a neutron with a
nucleus can be described as a superposition of an incoming plane wave and
a scattered spherical wave:

ezkr

Y =e*" + £(O) - (1.11)
with the angle dependent scattering amplitude f(©). As the wavelength of
the UCN is much larger than the interaction length of the strong
interaction (A > R), no angular momentum can be transferred and the
process is dominated by s-wave scattering. Thus the scattering amplitude
becomes independent of the scattering angle and is described only by the
scattering length a

f(©) = const. = —a. (1.12)

Although it is in principle possible to calculate the scattering length if
the nuclear potential can be described precisely enough, usually experimental
data is used to determine a. If we now consider the scattering with many
nuclei we can simply take the sum of all pseudo potentials of nuclei at the
position r; with the scattering length a; to get
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V(r)= 2;;3 Zaié (r; —7), (1.13)

with the mass of the neutron my. Comparing the wavelength of a UCN with
the lattice of typical condensed matter we see that the resulting wave will be
an interference of all scattered spherical waves and the potential can finally

be described by

V(r) = cull ZNiaia (1.14)

with V; the number density and a; the scattering length of material ¢. In
UCN physics this potential is often referred to as the optical potential as a
neutron with an energy £/ < V will be reflected from certain materials under
any incidence angle like a light beam from a mirror. Often a critical velocity,
Ve, is defined as the velocity that corresponds to v. = 1/2E/my and therefore
represents the maximum velocity of a neutron that can be confined within
an optical potential V.

However, UCN can also be lost when being reflected from a wall. Upon
reflection, the wavefunction of the UCN has a finite probability density inside
the material, from which it is reflected. UCN losses arise from two processes:

1. Upscattering: Interaction processes in which the UCN gets an energy
transfer from the scattering material. Like in the production process
(see Sec.[1.4.5), the UCN will absorb a phonon from the lattice of the
reflecting material. Usually this gain in energy is so large that the
neutron will no longer be reflected by any material wall and thus is not
considered a UCN. The up-scattering probability is described by the
material cross section o, and depends on the wall temperature.

2. Absorption: A UCN can be captured by a nucleus of the reflecting
material. The absorption probability is described by an absorption
cross section o,.

These processes add up to the loss cross section ¢ = o, + 0, which follows
a v~ ! dependency.

To include these losses in the description of UCN scattering developed
above, the optical potential is extended by an imaginary part

mN 2

Ulr) = V(r) — W = hz N, (@ai - 3@-1}) . (1.15)

The ratio n = W/V is a measure for the loss per bounce probability of a
material.
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The strong interaction of UCN plays a crucial role in the
nEDM-experiment. By choosing proper materials (with high V' and low W)
for the nEDM-spectrometer we are able to guide UCN into a storage
chamber and observe their interaction with magnetic and electric fields for
a long time. An overview of material properties used in the experiment is

given in Table[1.5]

Material V [neV] n=W/V[1074
Diamond like carbon (DLC) | 249 + 14 [ABD™07] | 3.1 + 0.9 [ABD™06]
Deuterated polystyrene (dPS) | 161 + 10 [BDH"08] 3+ 1 [BDH™0§]
Deuterated polyethene(dPE) | 214 + 10 [BDH™08] ~ 5 [May9§]
Nickel molybdenum (NiMo) 215 £ 10 [Laul3] 4+ 1 |Goll2
SiOq (quartz) 95 [BDH™T0§] 4+ 1 [BDHT0S]

Table 1.5: UCN storage properties for materials used in the nEDM-experiment.
The real part of the potential V' defines the maximal energy of the UCN that
can be stored. The ratio n = W/V is a measure for the loss per bounce due to
up scattering and capture processes.

1.4.5 Production of ultracold neutrons

As the free neutron decays, the only neutrons available for UCN production
are bound in nuclei and need to be liberated from those. To produce a high
density of UCN, a strong neutron source is needed. There are two different
types of neutron sources in use that create a high flux and can be used for
UCN production: nuclear reactors and spallation sources. The first uses
nuclear fission mostly of uranium 2*°U. The reactor at the Institut
Laue-Langevin (ILL), Grenoble, France is at the moment the world’s
strongest continuous neutron source with a thermal flux of up to
1.5 x 10 em™2-s7'[LI]. Some nuclear reactor types (like the TRIGA
reactor at the University in Mainz) can be pulsed to create high neutron
fluxes for a short time. A possible advantage for many UCN experiments
that store neutrons.

Spallation sources are accelerator based neutron sources. A beam of high
energy protons is shot onto a neutron rich target material like lead or mercury
to create neutrons. This is called a spallation process. The world’s strongest
neutron source of this type is the Spallation Neutron Source (SNS) at Oak
Ridge, USA creating a pulsed neutron flux [Lab]. Once liberated from the
nuclei, the neutrons have to be decelerated into the ultracold regime. The
following exemplary description of the two UCN sources that are closely
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related to the experiment described in this document will give an overview
of the different techniques used in producing UCN.

The PF2 UCN source at ILL

The current version of the nEDM experiment was situated for about 20 years
at the ILL and the current best limit on the neutron EDM was measured at
this UCN source. The reactor based ILL UCN source is a so called thermal
source, that uses the very cold neutrons present in the tail of the Maxwell-
Boltzmann distributed velocity of moderated neutrons.

Neutrons created in the fission process reach the vertical cold source, a
vessel filled with liquid Deuterium (1D3) at a temperature of about 20 K (see
Fig. . After moderation the cold neutrons are extracted vertically via a
12m long curved guide that is coated with Nickel. Fast neutrons and ~v-rays
are not following the curvature of the guide, and only the low energy part of
the neutron spectrum with velocities below 50 m - s~! is guided to a Doppler
shift device: the "Turbine’. It consists of a wheel spinning with 230 rpm and
fitted with nickel coated curved blades that move away from the incoming
neutron beam. Neutrons are reflected and lose momentum as the blades

move away from the incoming neutron beam with 25m - s~*. This technique
was developed by A. Steyerl in 1968 [SNST86].

The UCN source at PSI

The UCN source at the Paul Scherrer Institute (PSI) (see Fig.|1.6) uses a
spallation neutron source to generate neutrons and a solid deuterium
converter to produce UCN. The high intensity proton beam of PSI with an
energy of 590 MeV and a beam current of 2.2 mA is used for the spallation
process. It is produced in a three-stage accelerator complex (see Fig.[1.5)
and is usually meant to produce pions, muons, and neutrons at the
spallation target (SINQ). The full beam can be deflected by a fast kicker
magnet onto the UCN spallation target. The source has a duty cycle of
0.83%, e.g. one proton kick onto the UCN source for 4s every 480s. This is
defined via the integral beam current on target and was originally designed
to give 1% duty cycle. As the beam current of the proton accelerator was
increased since the initial design phase from 2mA to 2.2mA, the duty cycle
was decreased and will further decrease for an upgraded beam current of
2.4mA. This however has no influence on the total sensitivity of the
nEDM-experiment as the UCN production scales linearly with the beam
current [Gol12].

In the spallation target, consisting of 760 lead-filled zirconium alloy tubes,
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Figure 1.4: A scheme of the ILL PF2 UCN source. (1) Vertical cold source, (2)
D50 tank, (3) shutter, (4) neutron guide, (5) turbine. For details see text.
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about eight to ten neutrons per incoming proton are produced. The neutrons
have a broad energy spectrum up to the initial proton energy (O(1MeV))
and are first moderated to room temperature (O(107! eV)) using heavy water
(D2O). They enter a solid deuterium (sDs) crystal at 5K situated in the
center of the DO moderator vessel, about 0.4m above the center of the
spallation target, and will be further moderated towards the cold neutron
regime (O(1meV)).

The actual UCN conversion takes place in the sDo crystal, where cold
neutrons are down-scattered into the UCN regime by phonon excitations
(see below). UCN are then filled into a storage vessel that is coated with
DLC (see Tab.[l.5). By opening (one of) the beam line shutters, UCN can
be distributed to three different beam lines via the NiMo-coated UCN guides.
The optical potential of the wall coating limits the maximum energy of UCN
that can be used in experiments.

Superthermal UCN production The idea of a superthermal UCN
source was proposed in 1975 by Golub and Pendlebury [GP75]. Instead of
acting purely as a moderator in which the neutrons thermalize by
undergoing many scattering processes with single atoms, they can also
excite the atomic grid of the crystal and create phonons.

If a suitable converter like sDs is used, the phonon density overlaps with
the energy of the incoming cold neutron thus leaving the neutron with
almost no energy after the phonon excitation. The reversed process, the
absorption of a phonon by a neutron can be greatly suppressed by cooling
the converter material. = Therefore the UCN never get into thermal
equilibrium with the converter but have a much lower energy: The
deuterium crystal has a temperature of 5K while the UCN are in the
millikelvin regime. More details on superthermal UCN production can be
found in [Liu02].
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Figure 1.5: The PSI proton accelerator producing the 590 MeV proton beam
with a beam current of 2.2mA. (1) Cockroft-Walton cascade (870keV),
(2) injector cyclotron (72MeV), (3) main cyclotron (590MeV), (4) kicker
magnet, (5) beamline towards targets for meson and neutron production (not
shown), (6) UCN source with spallation target.
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Figure 1.6: CAD drawing of the UCN source. The source has a total height
of about 7m. (1) Spallation target, (2) D2O moderator, (3) sDs2 converter,
(4) main UCN shutter, (5) UCN beam line shutter, (6) UCN storage volume,
(7) south beam line towards nEDM-experiment.
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Chapter 2

The nEDM experiment

2.1 The experimental technique

The nedm is determined using stored UCN in parallel (11) and antiparallel
(1)) magnetic (B) and electric (E) fields. A neutron with a magnetic ()
and an electric (d,) dipole moment will in these cases precess with a
frequency f, of

2
fartiny = 3 % B £ duEJ (2.1)

where h is the Planck constant and the plus sign corresponds to parallel
fields. The nedm is extracted from the difference in the precession frequencies
(Afo = farr — fary) of the two cases via

hA fu i (B — Byy)
2(Bn+ Ey)  2(En + Ey)

The precession frequency f, is determined using Ramsey’s method of
separated oscillatory fields. From the most important requirement of
this experimental method can be seen: In our case, the two measurements
(parallel and antiparallel fields) are not taking place at the same time.
Thus it is of uttermost importance that the magnetic field between the two
measurements does not change. For the same magnetic field strength of the
parallel and antiparallel case (Bt = By and E4 = —E})) the last term of

([2.2) cancels, so that

d, = (2.2)

hAf,
dn - —fa

4F
and one directly measures d,,. A small change in the magnetic field can mimic
a nedm due to the neutron’s (relatively) strong coupling to the magnetic

(2.3)

21
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field via its magnetic moment. This triggers not only the demand for precise
magnetometry (see Sec.[2.4.9) and[2.4.10)). Systematic effects are also related
to magnetic field changes correlated to the change of the electric field (see
Sec.|3)).

2.1.1 Ramsey’s method of separated oscillatory fields

The nEDM-experiment is based on the method of separated oscillatory
fields developed by Norman F. Ramseyﬂ. In contrast to the molecular beam
experiments of Ramsey the oscillatory fields are not spatially separated but
in time. The basic steps are illustrated in Fig.|2.1]

|

B, tE

~—
BRF

B, tE

Figure 2.1: Illustration of Ramsey’s method of separated oscillatory fields as
used in the nEDM experiment. For a detailed explanation see text.

Polarized UCN are filled into a storage chamber with their spin aligned
either parallel (Ny,) or antiparallel (Ngown) to the static holding field B,.
For a time ¢, an alternating magnetic field Bgrg is applied perpendicular to

Lfor which he won the Noble Prize in Physics in 1989.
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By. The frequency is close to the Larmor precession frequency of the UCN
fu = 7Bo. Here v, is the gyromagnetic ratio of neutrons that has a value of
about 29.16 Hz - pT~!. The product of amplitude and duration of this field
is chosen such, that the spin of the UCN is flipped by 7/2 and is therefore
called a 7/2-pulse.

After the pulse the neutrons precess for a time 7" > ¢ in the magnetic and
electric field configuration with the frequency given by (2.1)). At the end of
the free precession time a second 7 /2-pulse is applied in phase with the first.
If the frequency of Bgp is exactly the Larmor frequency and if no additional
phase has been built up due to the interaction of an electric dipole moment
with the electric field, the two pulses will exactly add up. The UCN will
end up in a final state with all spins in the opposite orientation compared to
the initial population. The actual precession frequency of the neutrons can
be measured by detuning the applied Brr frequency and measuring one or
even better, both of the two spin states of the UCN (see Fig.. As this
is a comparison of the UCN frequency fi, with the external reference frr, a
precises atomic clock is needed to generate Bgp.

Run 5767
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Figure 2.2: A typical Ramsey resonance pattern as measured in the nEDM
spectrometer. This measurement was performed for T = 30s and without an
electric field applied. The resonance frequency is 30.05731(2) Hz, and the initial
spin state was ‘down’.

Under the influence of an electric dipole moment the pattern in Fig.[2.2]
would shift to a higher (lower) frequency for a parallel (antiparallel) field
configuration. The maximum sensitivity on such a frequency shift of the
neutrons is achieved at the steepest slope of the pattern. Here a small change
in frequency would lead to a large difference in the observed count rate.
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2.1.2 Expected statistical sensitivity

The change in UCN counts as a function of f = f;, — frr for a Ramsey type
measurement close to the resonance for one spin component (e.g. N,,) can
be described as

Nup(Af) = Nop [1 — acos (/T)] (2.4)

with Ny = VmaxtNmin) /2 (see also Fig. where N« ~ 14500 and N, =~
2000), @ = (Nmax=Nmin) /(Nypax+Nin), and the free precession time 7. Looking
at the change in the number of counts as a function of the frequency change
that we would expect from the influence of the edm in an electric field we
see that

N (f) = NyoT'sin (fT), (2.5)
of

has a maximum (9Nw()/of = Ny,aT) at fT = 7/2, so at half of the resonance

as previously mentioned. At this position of the pattern, the sensitivity of

this measurement for a frequency change as a function of a change in the

number of UCN counts is then

of 1
0p = =t ANy =
d * T al\/Ny

N (f)
with the statistical error in the UCN counts of /N,p. As in the experiment
we measure not only Ny, but N = Nyp+ Ngown = 2Ny, (at half the resonance)
a factor of two must be taken into account. In the edm measurement we look
at the frequency difference A f between parallel and antiparallel electric field
configuration and get for the sensitivity of the frequency shift

OAf = \/2(0’f)2. (27)

Using (2.3) we get the sensitivity for an electric dipole moment of such a
measurement

(2.6)

h
o4, = ———.
& S BaTVN

For a repetition of the experiment the sensitivity scales with the inverse
square root of the number of repetitions.

(2.8)
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2.2 History of nEDM experiments

Already in 1950 Ramsey and Purcell discussed that the nedm would be a
signature of T-violation and pronounced a first upper limit of
dy < 3x107® ¢-cm [PR50]. Many improved experiments where triggered
afterwards and increased the sensitivity on the nedm by orders of
magnitude (see Fig.[2.3)).
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Figure 2.3: Over the last half century the upper limit on the neutron electric
dipole moment was decreased by many orders of magnitude (Argonne National
Laboratory (ANL), Oak Ridge National Laboratory (ORNL), Massachusetts
Institute of Technology (MIT), Brookhaven National Laboratory (BNL),
Institut Laue-Langevin (ILL), Petersburg Nuclear Physics Institute (PNPI)).
Until 1980 nedm results shown here were achieved using scattering or magnetic
resonance of cold neutron beams. The results after 1980 where achieved using
stored ultracold neutrons. The flattening of the decrease of upper limits
around 1990 is due to the statistical limitation of current UCN sources. (Data
from [PR50, [SPR57, [SN67, MDBR6T, BMDRG9, ICNS™69, [DMR73, DMP™77,
ABBT80, IABBT 81, [PSGT84, |AT86, ISCPT90, ABBT92, HBG™99, [HP06]).

Up to the 1970s cold neutron beams were used to measure the electric
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dipole moment. A typical setup of such an experiment is shown in Fig.[2.4]
Cold neutron beams can be produced with a high neutron density. However
as the neutrons have a high velocity compared to UCN the observation time
is much shorter. Even more severe is a velocity dependent systematic effect
known as the motional field or v x E effect (see sec. [3.1.2)). In the rest frame
of the neutron the electrical field E is seen as an additional magnetic field

vxX FE
2

l;lnxlg - y (2.9)

which changes direction with the electric field and mimics an edm signal.
The best ever achieved nedm result at a beam of d,, < 3 x 107** ¢ cm (90 %
C.L.) DMP*77] was limited by this systematic effect.
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Figure 2.4: The spectrometer used by Dress et. al. to measure the best ever
achieved cold neutron beam nedm result. The scheme can be taken as a
general example for the idea of a beam based nedm experiment. A beam of
polarized cold neutrons traverses a region with parallel or antiparallel electric
and magnetic fields. The precession frequency of the neutrons in this region is
measured by applying an amplitude modulated magnetic field at each end of
the homogeneous field region (from )

Starting in the 1980s a series of nedm searches were performed at the
Petersburg Nuclear Physics Institute (PNPI), Russia and at the Institut
Laue-Langevin (ILL), France, using stored UCN. The possibility to store
neutrons increases the free precession time from some milliseconds to
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hundreds of seconds and reduces velocity dependent systematic effects like
the motional magnetic field at the cost of drastically reduced neutron count
rates’} The current best limit on the nedm of d, < 2.9 x 107% ¢ cm (90 %
C.L.) [BDGT06], published in 2006, was actually limited by statistical
uncertainties and not by systematic effects.

2.2.1 Current nEDM experiments

Besides the experiment described in this thesis there are at least seven
other collaborations around the world trying to measure the electric dipole
moment of the neutron (see Fig.[2.5). They all aim for an improvement of
the current best limit by at least an order of magnitude in sensitivity.
Although having different approaches on magnetometry or the actual
realization of the experiment like cryogenic techniques, most of these
experiments use a refined method of the room temperature approach that is
described in this work. Essential to most of the experiments is the close
relation with the development of new sources for UCN to increase the UCN
density and therefore the statistical sensitivity.

_ B
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Figure 2.5: Laboratories around the world hosting experiments that search for
an edm of the neutron.

Among the experiments that will try to further improve the room
temperature approach is the n?EDM-experiment, the successor of the

2Comparing the sensitivity of [DMP*77] with the nEDM at PSI with regard to neutron
density and free precession time, one can see, that the average count rate in a cold beam
of 2800s~! is about a factor 1000 higher. However, the increase in free precession time
from about 0.02s to 200s leads to a 300 times higher sensitivity.
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nEDM-experiment, developed within this collaboration. It will feature a
double precession chamber to measure both electric field configurations at
the same time, and optical atomic magnetometers, based on >*He,
199Hg and '33Cs . A similar experiment is being build up in Germany at
the new UCN source at Technische Universitit Miinchen(TUM) [Fie]. This
experiment focuses on "Hg and SQUIDS| for magnetic field monitoring. A
third similar experiment is being developed in Japan [MAH™12| and will be
operated at a UCN source at the Research Center for Nuclear
Physics(RNCP) and later shall be moved to the source at TRIUME in
Canada.

A different class of experiments is the search for an nedm using
cryogenic techniques. Liquid helium is used to convert polarized cold
neutrons to UCN. The measurement of the electric dipole moment is
performed in the very same liquid helium environment. Two different
groups are working on cryogenic experiments. In the United States, a
spectrometer is set up at Oak Ridge National Laboratory (ORNL) [I*07]
that will use small amounts of *He within the liquid He as co-magnetometer
and neutron detector. At ILL in France, the successor of the
nEDM-experiment is developed. The ‘CryoEDM’ experiment [vdG09] will
use SQUID devices for magnetometry and a solid state %Li based neutron
detector. While there are general advantages of the cryogenic approach like
the use of superconducting shields and possible high UCN densities, it is
also technically challenging and time consuming as the cool-down and
warm-up of such large cryostats takes time.

A very different approach is envisaged in a crystal diffraction
experiment carried out at the ILL [FJK710]. This experiment is trading the
long observation time of UCN for the high electric field inside the lattice of
non-centrosymmetric crystals. A cold neutron beam is reflected from a
quartz crystal close to the Bragg condition and the spin rotation due to a
possible edm of the neutron is measured. The sensitivity of the experiment
needs to be improved to reach the same sensitivity as current UCN based
edm experiments and it seems challenging to improve the current upper
limit by a large factor with this technique.

2.3 The nEDM-experiment at PSI

In 2009 the nEDM-experiment was lifted from its stand at ILL where it had
been situated for about 20 years and moved to PSI. It is now situated at

3Superconducting quantum interference device.
4Tri University Meson Facility.
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Figure 2.6: A view into the open nEDM-experiment. The precession chamber
consisting of two electrodes and an insulator ring, is resting on an adjustable
tripod. From the top the high voltage vacuum feed-through and from the
bottom the coated UCN glass guide and the mercury magnetometer system
are entering the vacuum tank. The optical fibers visible belong to the Cesium
magnetometer system.
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N47° 32 11.152” E8° 13 19.535” in the WNAA building next to the UCN
source (see Fig.[2.7). The PSI is an institute that houses large scale facilities,
with a wide range of research topics. Thus it is unavoidable to have some
larger magnets in the vicinity of the nEDM-experiment that will modify the
magnetic field. One of the biggest influences is created by the SULTANH
magnet. It is situated in close vicinity of the nEDM-experiment, just across
the street, and creates magnetic fields up to 12'T. This magnetic field is not
constant, but usually ramps up in the morning and down in the evening.
During this time the magnetic field inside the precession chamber changes
too much, invalidating any measurement.

Figure 2.7: The area west of the PSI next to the river Aare. Marked are the
positions (from top to bottom) of the SULTAN magnet, the main cyclotron,
the UCN source, and the nEDM-experiment. The round building, that contains
a synchrotron source, in the lower left corner can be used for scale: it has an
outer diameter of 138 m.

The coordinate system of the nEDM-experiment at PSI In this
document the coordinate system shown in Fig.[2.8 and Fig.[2.10] will be used.
The origin of the coordinate system is the center of the precession chamber at
the height of the mercury magnetometer readout beam. The x-axis is along

SGerman acronym for Supraleiter Test Anlage
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the readout beam pointing towards the UCN source. The y-axis is along the
cylindrical axes of the vacuum tank, pointing towards the SULTAN magnet.
The z-axis is antiparallel to the direction of gravitational acceleration.

Figure 2.8: Coordinate system of the nEDM-experiment. The origin is in the
center of the precession chamber, at the height of the readout light beam of the
mercury magnetometer.

2.3.1 Operation of the experiment

A typical experiment performed with the nEDM spectrometer consists of a
run that can take between some minutes up to a few days. Each run consists
of several cycles. In each cycle up to 16 different steps are performed.
The steps are the same in each cycle, but parameters like the electric field,
the frequency of alternating magnetic fields, the duration of a step or even
the magnetic field configuration can be changed automatically from cycle to
cycle. Each step can contain up to 14 actions to be taken by the FPGA
based DAQ board. These are defined in a uTimer table. An example of such
a pTimer table is given in Fig.[2.9] It is also possible to define two different
pTimers, that will be executed sequentially in every cycle, dividing each cycle
in two sub cycles (0,1). This way it is e.g. possible to perform an additional
measurement with the Hg comagnetometer after a short UCN measurement,
until the UCN source is ready again.
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Figure 2.9: Operator interface of an exemplary pTimer table as used in the
nEDM data taking in autumn 2012. The check marks in the table activate one
or more of the 14 actions that can be performed by the uTimer. Also the switch
control is embedded into this window (see Sec..

2.4 The subsystems of the experiment

There are several subsystems depicted in Figure[2.10] that are needed to
operate the experiment. A description will be given of all these subsystems,
focusing on their purpose, use, and important performance parameters.

2.4.1 Thermohouse

The thermohouse (see Fig.[2.11]) is used to create a controlled environment
for the experiment.

The demands are to have a stabilized temperature inside regardless of
large temperature fluctuations outsideﬁ, as well as some protection against
dust and other pollutions coming from the experimental area. The
thermohouse is a two-level construction made from non-ferromagnetic
materials, mainly wood. The house is 4.2m wide, 7m deep and 8.8 m high.
Both floors have an individual thermal stabilization system that consists of
an air condition and a feedback system. On the ground floor most of the
electronics and the computers are located. Usually the experiment is
controlled from here. The temperature is stabilized to AT = +1K to

6The surrounding experimental hall is neither insulated nor heated, so it can have large
temperature changes of several K between day and night and even bigger changes between
the seasons. During a cold winter actually several water pipes of the air conditioning
system did freeze!
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S

Figure 2.10: Sketch of the nEDM-experiment, as it is installed at PSI, showing
the most important parts. (01) High voltage vacuum feedthrough, (02) four-
layer magnetic shield, (03) vacuum tank with main magnetic coil and 33
corrections coils, (04) high voltage cesium magnetometer array, (05) high
voltage electrode, (06) insulator ring, (07) ground electrode, (08) photo
multiplier tube, (09) superconducting polarizer magnet, (10) 2**Hg discharge
lamp, (11) ground cesium magnetometer array, (12) vacuum, (13) neutron
switch, (14) spin analyzer, (15) neutron detector.
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Figure 2.11: Comparison of a picture of the thermohouse taken during the
installation of the spectrometer in August 2009 and a CAD drawing of the
thermohouse. The air conditioning channels are not fully assembled. The large
coils of the surrounding field compensation are also visible and highlighted in
green in the CAD drawing.

ensure stable operation of all data acquisition systems, etc. The
spectrometer is mounted on an aluminum support structure and is situated
on the first floor. This is needed to bring the experiment above the UCN
beamline height which is about 3.3m above the concrete floor of the hall.
The upper floor has its own door and can only be reached via stairs and a
small lock, that is used to keep the room clean. It is stabilized to
AT = £0.1K in order to have stable magnetic conditions. A change in
temperature will change the dimensions of the vacuum tank (expansion
coefficient: aa; &~ 23 x 107 K1) together with the magnetic field coils and
the magnetic shield (expansion coefficient: ayretar & 10 X 1076 K1) and
thus the magnetic field.

A set of temperature sensors monitors the actual temperature in the
thermohouse at different locations around the shield. Figure [2.12] shows a
typical overnight measurement of these sensors. The overall spread of the
different sensors is due to an unknown offset of each individual sensor. The
measured temperature stability is actually even AT = 40.01K. The
magnetic field in the center of a cosine-theta coil’] of length [ and diameter

"This type of coil has an equal horizontal spacing along the z-axis of about 2 cm between
turns of rectangular shaped windings.
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a is proportional to B o< [ (I* + a2)_1/2 [BCLIY|. Thus the change of the
magnetic field due to thermal expansion is AB ~ 2 x 1078 uT = 20fT, and
the influence of the distance change between magnetic shield and tank is
one order of magnitude lower. This is below the expected sensitivity of the
experiment (see Fig.[5.1)) and can be neglected.
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Figure 2.12: Typical temperature behavior during one night, measured with an
array of eight temperature sensors and the mean of all sensors Note that
the sensors have unknown offsets so that the absolute temperature reading of
each sensor is of limited significance. A histogram [(b)| of the mean temperature
shows, that the temperature is overall very stable and seems to be dominated
by random fluctuations of the sensors.

2.4.2 Surrounding field compensation

Centered around the precession chamberﬁ, the experiment is surrounded by
six large rectangular coils, as visible in Fig.2.11] The coils are about 8 m
times 6 m in dimension. Each of these has its own power supply, delivering
up to 10 A (x and y direction) or 20 A (z direction) of current, and give six
degrees of freedom to regulate the environmental magnetic field around the
spectrometer. Using a static current in these coils the constant magnetic
field, that is created by the Earth, concrete, and iron radiation shielding of
the UCN source etc., can be compensated, so that the magnetic shield, that
surrounds the experiment, is situated in a very low field. In addition ten

8The center of each coil pair actually differs up to 20 cm from the center of the precession
chamber.



36 THE NEDM EXPERIMENT 2.4

three-axis fluxgate magnetometers (so a total of 30 sensors) are installed
around the magnetic shield. They serve as input to an active feedback loop,
that controls the currents in the six coils. Thus, also changes in the
surrounding magnetic field can be attenuated. The optimization of the
performance of the SFC is studied in another PhD thesis [Fraon].

2.4.3 Magnetic shield and the degaussing system

The magnetic field around the experiment is attenuated with a four-layer
magnetic shield surrounding the vacuum tank. Each layer has a cylindrical
shape with removable end caps to allow access to the shielded area. The
radii of the shield layers decrease from 1.94m, 1.58 m, 1.33m, to 1.15m and
the length decreases from 2.76m, 2.32m, 1.88m to 1.61m. It consists of
a nickel iron alloyﬂ with high permeability. This creates a preferred path
for magnetic field lines, which reduces the magnetic flux within the shielded
area as demonstrated in an exemplary finite element calculation of a magnetic
shield and a permanent magnet in Fig.[2.13]

Figure 2.13: An example finite element calculation of a magnet and a magnetic
shield. The magnetic flux is confined within the high permeability material, the
volume inside the magnetic shield is basically field free. (The calculation was
done using Ansoft Maxwell SV version 3.1.04)

The shielding factor has been measured using the SFC coils to create
known static and dynamic fields, while measuring the magnetic field inside
using a fluxgate magnetometer (Tab..

9Mumetall®, Vacuumschmelze (Hanau).
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Direction ‘ Shielding factor

x 13300(600)
y 1600(20)
z 8600(300)

Table 2.1: Shielding factors for small static perturbations (uT) of the nEDM four-
layer magnetic shield measured at PSI [BKGST09).

To create a low and stable field within the shield it is important to
degauss the magnetic shield, i.e. randomize its magnetic polarization, after
large field changes inside or outside the shield. It has been shown that
otherwise the shield is very sensitive to mechanical influences like vibrations
that can change the magnetic field inside up to O(1nT)[BKGST09]. A
scheme of the degaussing system is shown in Fig.[2.14]

To degauss the shield a laptop with a 16bit DAC card (NI
DAQCard-6036E) produces a sinusoidal signal that is fed to a power
amplifier (ROHRER PA2088A). The shield is magnetized into saturation
using an alternating current of 62 A and 10 Hz in a coil of 14 windings that
is wrapped around all four shield layers. Once in saturation the amplitude
of the current, hence the magnetization in the shield, is slowly reduced with
each polarity change, over 2500 polarity changes. This way the magnetic
domains freeze out in a randomized way. To avoid a small magnetization of
the shield, caused by the degaussing itself, it is important to reduce the
amplitude truly to zero and prevent any DC offset. A transformer between
the power amplifier and the degaussing coil is used to prohibit a possible
DC offset. To further optimize the degaussing result, a set of
potentiometers is installed parallel to the coil serving as a bypass (see
Fig.[2.14). During degaussing the resistance in this bypass is high compared
to the 0.5 of the degaussing coil, so that the current is solely flowing
through the coil. After the degaussing signal has been sent, there is still
noise from the power amplifier going through the coil. If the coil would now
be opened, the noise current at the time of opening would magnetize the
shield. By slowly reducing the resistance of the potentiometers, the noise
current in the coil reduces until it is zero. Now all noise current is flowing
through the bypass and the coil can be opened without the danger of
magnetizing the shield. To monitor the degaussing process the hysteresis
curve M(H) = XxmH of the shield can be checked on an oscilloscope. The
magnetization M is measured using a pickup coil around the inner three
shield layers connected to a low pass filter and an low noise, battery
powered, amplifier. The power amplifier provides a control voltage that is
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Figure 2.14: A scheme of the system used to degauss the shield. An amplifier (1)
is fed from a high resolution DAC converter in a computer that generates the
sinusoidal degaussing signal. A 1:1 transformer (2) is used to eliminate any DC
offset. The secondary transformer coil is connected to the degaussing coil (3)
that has 14 windings and is wrapped around all four shield layers. A bypass
with a potentiometer (4) is used to avoid any magnetization due to amplifier
noise. Using a pickup coil (5) and an output reference signal (6) coming from
the amplifier, the hysteresis curve of the magnetization can be checked on an
oscilloscope (7). The coil is opened after degaussing using a switch (8), to
minimize noise inside the experiment.



2.4 THE SUBSYSTEMS OF THE EXPERIMENT 39

proportional to the output current and therefore also proportional to the
magnetic field (H) created inside the shield. As the degaussing coil
penetrates the shield and can serve as an antenna for magnetic noise it
needs to be opened after the degaussing procedure.

2.4.4 Vacuum and gas system

The experiment is performed in a He atmosphere of O(1072 mbar) to optimize
high voltage performance. A simplified sketch of the vacuum system is shown
in Fig.[2.15] Inside the magnetic shield an cylindrical aluminum vacuum
tank is installed. Four turbo pumps backed by a scroll pump are used to
evacuate the tank to about 2x10~% mbar. The precession chamber (Sec.,
the switch (Sec.2.4.5), and the neutron guides (Sec.2.4.5) form a separate
vacuum system within this tank. The two systems are not fully tight against
each other due to the fact that e.g. the quartz windows for the Hg readout
light beam are only tightened with polytetrafluoroethylene (PTFE) tape.

C

Quartz windows
- for Hg readout

Needle
valve
From UCN
source
02 He
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Figure 2.15: A simplified sketch of the vacuum system of the nEDM-experiment.
The different vacuum systems are depicted in different colors (see text for
details).

A motorized needle valve connected to the tank is used to set a defined
pressure of He or Oy for stable HV operation or discharge cleaning (see
Sec.2.5.3). If the system has to be vented, dry nitrogen from a bottle is
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used instead of ambient air. This reduces the amount of water introduced
in the system and maintains the performance of the Hg magnetometer.

2.4.5 UCN system

The UCN system includes all components used to guide and confine UCN.
These are the neutron guides that guide the UCN between the components,
the UCN switch that diverts neutrons into different parts of the experiment,
and the neutron shutter that closes the precession chamber after the filling
with UCN.

Neutron guides

The neutron guides used in the experiment are made from glass that has been
coated with a nickel molybdenum (NiMo) alloylﬂ. Handling the glass guides
requires great caution as they are very fragile and many guides were actually
damaged during the (un)mounting. However, glass has two advantages with
respect to our requirements:

1. Glass guides have a low surface roughness. In combination with the
NiMo coating that has an optical potential of about 215neV the
guides have a high transmission. This allows us to get a high density
of polarized UCN into the precession chamber.

2. Due to the very small thickness of the NiMo coating of a few hundred
nanometer there is almost no skin effect that would reduce the
amplitude of the oscillating fields used for spin flipping of the
neutrons in front of the analyzing foil and after the superconducting
magnet.

UCN switch

The UCN switch is used to divert neutrons within the experiment. As the
switch is a central part of the UCN system it is of great importance that it
has a high transmission and a low loss rate (e.g. due to slits). The switch
consists of different small guide pieces that sit in a vacuum housing on a
rotating disk. By rotating this disk the different parts of the experiment
can be interconnected. A CAD exploded view drawing and a picture of the

10Nickel has a fairly high optical potential for UCN but is also magnetic and would
depolarize the neutrons. By adding about 15 % of Molybdenum the Curie temperature of
pure Nickel is reduced from about 630 K to below room temperature.
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device are given in Fig.[2.16| The positions/guide pieces are named by their
functionality:

1. Fill, a 90°upwards bend made from aluminum and coated with nickel
vanadium (NiV, with an optical potential of about 220 neV [ADH™10]),
that connects source to chamber. The bend of the fill position has a
small hole of 5mm diameter with an stainless steel insert. Via this
hole a small amount of UCN can fall into the detector. This allows to
monitor the UCN flux during the filling.

2. Monitor, a similar 90 degree downwards bend, that connects source to
detector.

3. Empty, a straight glass guide also coated with NiV, that connects
precession chamber to detector.

Initially it was planned to have a fourth position (the Test position) that
would connect the source to the backside of the switch. This would give the
possibility to have another experiment connected to the same beam port of
the source as the nEDM-experiment. As the place for such an experiment is
very limited, this guide was removed from the switch to allow better vacuum
pumping.

Aluminum inserts are used for the transition between the glass guides
that connect to the switch and have a straight edge, and the movable guide
pieces, that have a curved edge to match the rotating moving disc they are
mounted on. These inserts are coated with NiMo and can be adjusted to
minimize slits between the fixed and movable parts of the switch.

The switch is driven by four non-magnetic vacuum compatible piezo
motors (Nanomotion HR2). A relative encoder with an index position
(MicroE Mercury 1000V) and a motor controller card (Galil DMC-1816)
operating in closed loop PIDE feedback, control these motors. A careful
tuning of a set of parameters improved speed and precision of the
movement as seen in Fig.[2.17]

As the encoder only detects relative motions it is important to zero it using
the index position. The motor controller card has an automatic procedure
to do that. In addition an optical setup using a webcam and a window can
be used to check the correct zero position by verifying the alignment of a
marking in the window and a marking on a mirror on the rotational disc in
the Visual Check position.

In 2012 transmission and storage properties of the switch were measured
in a dedicated setup using unpolarized UCN. All measurements were done

Hproportional integral derivative
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Figure 2.16: Drawing of the Switch@ The different guide pieces as well as the
inserts are visible. The picture of the SWitCh@ shows the open device with the
Test guide piece still installed. This was abandoned later for better pumping

properties.
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Figure 2.17: Position accuracy of the switch in 2011 @ and after optimization
of the PID parameters of the motor controller in 2012@ With correctly tuned
PID values the positioning is as good as + 1 encoder count corresponding to

about £0.95 mrad or +0.13 mm for the fill and monitor and £0.09 mm for the
empty position.
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Position ‘ Transmission
Fill 0.67540.008
Monitor | 0.65440.041
Empty 0.80940.005

Table 2.2: Transmission of the switch in different positions. The errors are purely
from counting statistics.

on the WEST 1 beam line of the UCN source using a 1°B-based Cascade
detector. The following two paragraphs have been also presented
in [BKGS™12].

Transmission properties The transmission of the switch affects the filling
and emptying time as well as the density of UCN in the precession chamber.
The transmission 7" of the different switch positions was measured as a ratio
T = Ns/n, with Ny the neutron counts, integrated over the period of 1 —400s
after the proton pulse, with the switch in the respective position and Ny, the
integrated neutron counts without switch. The transmission values obtained
(Tab. are lower than one would expect, as NiMo glass guides have been
measured to have a transmission of 0.98 m~! [GGI12]. This is especially true
for the Empty position, which is straight and consists of only one NiMo-
coated 100 mm long glass guide and two short NiMo-coated aluminum inserts,
20mm and 35mm in length. After these measurements the inserts, which
account for almost 50 % of the guiding surface, have been polished and
reacoated with NiMo. This might have improved the transmission properties
of the switch but is was not possible to repeat the measurement due to a lack
of time.

Storage properties The storage properties of the Empty position are of
special interest, as during the emptying of the UCN at the end of a cycle, this
position is part of the storage volume. For the measurements the slits between
inserts and guides, needed to move the switch, were reduced to almost zero.
In this condition it is not possible to rotate the switch. However, the result
obtained this way is more likely to describe the quality of the coating and
not the size of the slits.

The storage time was measured for several different variations of the setup
depicted in Fig.|2.18| including and excluding the switch in Empty position,
and with or without the insert in the top lid. Each of the assembled volumes
was filled with UCN (both shutters open). When the highest density was
reached, both shutters were closed and neutrons were stored inside the volume
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From UCN source Shutter 1 Shutter 2 Storage volume
(w. switch in Empty position)
P_ﬂ_ﬂ.|
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Figure 2.18: Setup to measure the storage properties of the switch, consisting of
two shutters, a detector and a storage volume. The latter was always composed
of a 1000 mm stainless steel tube with 66 mm inner diameter, a 300 mm long
NiMo coated glass tube with 73 mm inner diameter and a stainless steel plug
that served as mirror. The storage time was measured with and without the
switch in empty position in between the glass tube and the plug.

behind shutter 2. After different storage times, shutter 2 was opened and the
neutrons were released into the detector. The count rate in the detector
during the filling period was used to normalize the stored neutrons for each
cycle.

In Tab. the loss per bounce y = % has been calculated using a mean
free path A\ = % of a UCN in the storage volume V' with a surface S and a
mean velocity of 7 = 4ms~!. From these numbers one can also estimate the
loss per bounce in the switch alone. As the total loss rate I' = % is given by

I‘tot - I‘ﬁlling—guide + stitch

v

= Mflling—guide T)filling—guide

>\ﬁlling— guide

+ Mswitch )\Lnswitch (21())
switch

with a weighting factor nsuface Which is the probability for a UCN to bounce
in the switch or in the filling guide. ngurface can be estimated with the ratio
of the surfaces in question to the total surface. As pigiling—guide has been
measured in the setup without switch, the only unknown is pswiten. This
result shows that the loss per bounce in the switch is about a factor of four
higher than in a standard stainless steel / glass guide combination. Assigning
this additional losses to gaps in the switch, one would need a gap of about
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Storage volume ‘ A (mm) ‘ 7 (s) ‘ Ltotal X 1073 ‘ Uswiten X 1073
filling-guide 135.3 | 11.2(2) 3.02(5)
add switch (both inserts) | 136.4 | 8.6(2) 3.97(9) 11.7(9)
add switch (one insert) 136.2 | 9.3(2) 3.66(8) 9.9(8)
Table 2.3: Storage  time  (7) and loss per  bounce
(u) assuming a mean velocity of U = 4ms™'  for

different setups. All setups always include the filling guide.

0.75mm to explain the results. This means that the coating of the switch
might have holes and should be redone.

UCN shutter

The UCN shutter closes the storage volume of the precession chamber
towards the neutron guide. In the closed position it should be tight to not
loose Hg or UCN, and in the open position it must have a good
transmission for UCN. The shutter used during all measurements in this
thesis is based on the old Sussex-RAL-ILL design. A plate with a DLC
coated disc (closed) and a DLC coated brass ring (open) is moved so that
either the disc or the short guide piece is aligned with the neutron guide
(see Fig.2.19(a))). To reduce gaps, the DLC coated disc is pressed against
the bottom electrode in the closed position. The nonmagnetic actuator is
driven by pressurized air and situated outside the vacuum tank below the
experiment. A polyether ether ketone (PEEK)™ rod and a vacuum
feedthrough transmit the force to the shutter. The shutter needs about 1s
to open or close fully. Although the design of the shutter has not been
changed, many of the parts in the shutter have been replaced by PEEK
parts to guarantee a nonmagnetic shutter.

For the future a more advanced shutter, build fully from PEEK has been
developed that closes the hole in the bottom electrode not with a simple
disc, but with a plug (see Fig.[2.19(b)). This shutter needs a much more
complicated mechanism, but it fills the hole in the bottom electrode to reduce
systematic effects [BDGT06].

2.4.6 Precession chamber

The precession chamber is the heart of the experiment. Everything else
is built around this chamber in order to create the conditions needed to
perform a high precision measurement inside. The precession chamber stores

12A high performance plastic with good mechanical properties.
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1

(a)

Figure 2.19: A close up view from above of the two existing UCN shutter systems
mounted to the electrode. [(a)| The shutter based on the original design of
Sussex-RAL-ILL. It is shown here in a position halfway between closed (left)
and open (right). @ The newly design plug shutter in its closed position fills
the opening hole inside the bottom electrode.

N !!\ e

w'-’

Figure 2.20: The precession chamber before installation into the experiment.
Two corona rings are mounted onto the electrodes for high voltage performance.
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the neutrons and the Hg during the period of free precession. It needs to
be nonmagnetic at a very high level, and have good storage properties for
UCN and Hg. It is formed by two electrodes and an insulating ring to
create the electric field. The upper electrode is connected to the high voltage
system (see and can be charged up to £200kV. The lower electrode
is connected to the leakage current system and has two holes: The larger one
(inner diameter 73 mm) in the center is needed to fill and empty UCN, the
smaller one (inner diameter 14.5 mm) is used to fill Hg into the chamber. The
electrodes are separated by 120 mm with an insulator ring of 150 mm height
and an inner radius of 235 mm, situated in two grooves in the electrodes.
These components form a volume of mr?h ~ 20810 cm?®. The electrodes are
made from aluminum coated with diamond like carbon (DLC) which has
been proven to have good storage characteristics for UCN and Hg. The
insulator ring is made from polystyrene (PS) coated with deuterated PS and
was developed within the collaboration [Kuz08§|. It has two UV transparent
quartz windows on the side, coated with deuterated polyethylene, for the
read out light beam of the Hg comagnetometer (see [2.4.9). The center of
these windows is located 40 mm above the lower and 80 mm below the upper
electrode.

High voltage considerations For the measurement of the electric dipole
moment an electric field has to be applied to the chamber. To guarantee a
good high voltage performance some design considerations have to be applied
to the electrodes. This can be easily seen with the example of an isolated
sphere of radius r carrying charge (). The electric field created by such a
sphere is simply given as E(r) = ﬁ% Therefore the smaller the radius,
the larger the electric field strength at the surface. Practically this means
for the design of electrodes to avoid all sharp edges and have very smooth
polished surfaces. Sharp edges are avoided inside the spectrometer by the
use of so-called corona rings. These are bent aluminum pieces that have large
curvature and hide sharp edges. All surfaces are either polished, or in the case
of the electrodes, diamond milled to have a smooth, mirror like surface. For
the electrodes the connection towards the corona ring remains problematic.
Due to the coating process of the electrode it is not practical to make the
electrode and the corona ring from one piece. In the original Sussex—RAL-
ILL design, the two pieces where welded together after the coating to avoid
sharp edges. This practice however has the danger of deforming the electrodes
due to the heat stress. This could result in a distorted electric field which
leads to systematic effects (see . On the other hand, a simple screw

connection does not fully shield all edges (see Fig.[2.21]).
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In a new developed design, the connection between the electrode and a
slightly modified corona ring is moved into the groove of the insulating ring.
This has the additional advantage that the two pieces can be insulated against
each other and grounded separately, allowing a position sensitive (inside or
outside the precession chamber) measurement of leakage currents.

Figure 2.21: A finite element calculation (Ansoft Maxwell SV, V3.1.04) of the
original design of the electrodes. In the calculation the maximum possible
voltage of 200kV was used. The transition to the corona ring had a sharp edge
that leads to extremely high electric fields and promotes electric discharges.
As an intermediate solution the existing electrode had been re-machined and
a radius of 15mm had been applied to the connection between corona and
electrode. A new design of the interconnection of corona ring and electrode,
moves this in the groove of the insulator ring.

2.4.7 Neutron detector

All detectors in particle physics are based on the creation of charge. Therefore
uncharged neutrons cannot be detected directly but need to be converted.
For UCN this is realized by a nuclear reaction. An appropriate isotope will
capture a UCN and undergo a nuclear reaction into several charged particles
that can then be detected. The detector used in the nEDM-experiment
consists of nine identical units. This has the advantage that the count rate
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is distributed among these units. During the direct emptying of the UCN
source into the detector, up to 1.75 x 10°s™! UCN per unit are expected,
which can be counted with only 6.2% of pileup events [BKGST10]. Each
unit has a sensitive area of 28 x 28 mm? and they are arranged in a square
pattern. FEach single detector of the modules consists of three parts (Fig.
2.22)):

1. A scintillator stack composed of a °Li depleted layer, followed by
SLi enriched, layer that captures the UCN and transforms the nuclear
reaction products into light.

2. A light guide that transports the light to a PMT. It also ensures that
the PMT has enough distance from the permanent magnet of the spin

analyzing system and matches the shape of the square scintillators to
the round PMT.

3. A PMT that transforms and amplifies the light into a current signal.

The scintillator consists of a stack of 57 um °Li depleted (=~ 0.01% °Li GS30)
and 117 pm °Li enriched (&~ 95%°Li GS20) scintillator. °Li and neutrons
react in the following process:

n+°Li — a (2.05MeV) + *H (2.73 MeV). (2.11)

UCN will pass through the depleted layer of the scintillator before they
will be captured by °Li [Rog09]. Therefore the back-to-back emitted o and
3H particles will deposit almost all their energy in the scintillator. This has
the advantage of a better signal-to-noise separation compared to a single
layer of enriched scintillator material, in which one would loose one of the
two reaction products. It is important to keep in mind that the optical
potential of such a scintillator, is around 100neV [BBLT09] and that only
UCN with energies above this optical potential can be efficiently detected.
Due to the position of the detector 1.6 m below the storage chamber, it is
guaranteed that all stored neutrons have high enough energies (see
Sec. to be detected. The detector is read out by a data acquisition
(DAQ) system called FASTER. It is an FPGA based system developed for
generic nuclear physics experiments by the University of Caen and has been
tested in combination with the neutron detector to be able to handle high
count rates of up to 4 x 105 counts/s [BKGST10].

2.4.8 The neutron spin handling system

In order to measure the nedm one needs polarized neutrons, i.e. neutrons
which all have their spins aligned parallel or antiparallel with respect to a
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(b)

Figure 2.22: @ A face-on picture of the UCN detector. The nine individual
scintillators are visible in the anodized aluminum housing. Overlaid is the
diameter of the neutron guide that covers the individual segments differently.
@ A sketch of an individual detector module and the scintillator stack.

magnetic field. As the UCN source produces unpolarized neutrons, it is an
important task to polarize the neutrons, keep the polarization through-out
the experiment, and manipulate the orientation of the spin with regard to the
holding field. This is achieved by a superconducting polarizer magnet, fast
adiabatic spin flippers and an analyzing foil. To avoid loss of polarization
it is also important to provide good magnetic field conditions and choose
proper materials that have a low depolarization probability per bounce for
all guiding surfaces.

Superconducting polarizer magnet

The first component in the south beam line coming from the source is the
superconducting polarizer magnet (SCM). It consists of a superconducting
solenoid and a central bore at room temperature with a diameter of D =
221 mm. The SCM provides a strong magnetic field that is used to polarize
the UCN (see Sec.[1.4.3). The magnetic field of the SCM can be chosen to
be parallel or antiparallel to the UCN beam line. It has a maximum value
of 5T corresponding to an optical potential of 300neV or a critical velocity
of 7.7m/s in the center of the magnet (see Fig.2.23). UCN that have a
spin parallel to this magnetic field gradient will be accelerated towards the
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center of the magnet, whereas UCN with the opposite spin orientation are
decelerated and finally reflected from the magnetic potential if their velocity
is smaller than the critical velocity. The UCN that are reflected back towards
the source can be depolarized with an RF field to increase their possibility
to pass the SCM in a later attempt. As the optical potential of the guides
and the storage volume of the UCN source is lower than 300 neV the UCN
transmitted through the SCM are nearly 100% polarized. For security reasons
it is unavoidable to separate the vacuum system of the UCN source from the
vacuum system of experiments permanently. This is achieved with a 100 pm
thick aluminum foil in the center of the magnet which has an optical potential
of about 54 neV. The transmission of one spin component through the foil is
increased due to the energy boost in the center of the magnet.
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Figure 2.23: The absolute magnetic field (/B2 + B2+B2, solid line) in the

center of the magnetic bore and the corresponding magnetic potential V,,, =
pn X B, for UCN with antiparallel (- -) and parallel (- -) spin and magnetic
field. The plot shows the simulated field as supplied from the manufacturer.
Measurements of the actual field created by the magnet are in very good
agreement with the simulated data [Piel2]. The aluminum foil that serves as a
vacuum window is installed at 0 cm.
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Guiding field

Non adiabatic field changes along the neutron guides can lead to a
depolarization of UCN. The adiabaticity of a magnetic field can be
described by the adiabatic parameter k. It is defined as the ratio of the
Larmor precession frequency of the UCN, f; and the change of magnetic
field in the rest frame of the UCN, €2

P _ Yo B?

Q  dB/dt

For £ > 1 the change of the field is slow enough for the neutron spin

to follow the magnetic field and the neutrons will not depolarize. Equation

shows that this condition is difficult to fulfill in low fields. A set

of guiding field coils is used to provide a magnetic field suitable to keep

the polarization of the UCN on their way from the SCM to the precession
chamber. The guiding field is descriped in greater detail in [Piel2].

(2.12)

Main field coil and correction coils

Main magnetic field The main magnetic field (Bp) is aligned along the
z-axis of the experiment. It needs to be homogeneous over the volume of
the precession chamber (AB/By < 107?) in order to keep the polarization of
the stored UCN. The By field is created by a cosine-theta coil wound around
the vacuum tank (see Fig.[2.24]) and is largely enhanced due to the innermost
magnetic shield layer. A current of about 17mA creates the magnetic field
of By ~ 1 uT inside the tank.

The current is provided by a highly stable power supply. To avoid current
drifts originating in temperature changes of the power supply, it is installed in
a massive aluminum container which is situated in a thermally insulated box
(see Fig.. The aluminum also reduces any influence of electro-magnetic
noise on the source. The typical relative current fluctuations of the source
at 1000s are around 4 x 10~7, which corresponds to a magnetic field change
of about 400 {T.

Correction coils The vacuum tank and the magnetic shield cannot be
perfectly symmetric with respect to the precession chamber. First, holes are
needed for the UCN guide, the high voltage feedthrough, etc. Second, the
permeability of the shield is not necessarily homogeneous all over its surface.
Therefore the magnetic field created by the main coil cannot be ideal. In
addition to the By-coil, 33 correction coils are placed on the vacuum tank to
correct for inhomogeneities. There are in general four classes of correction
coils labeled with three letter acronyms:
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1“

Figure 2.24: A side view of the vacuum tank with the cosine-theta coil (red) and
some of the correction coils before its re-installation into the magnetic shield at

PSI.

Figure 2.25: @ The aluminum block (diameter = 124.5 mm) containing the By-
power supply inside the thermal insulation. Close up of the power supply
within its shielding. The wall thickness of the aluminum is 18 mm at the top
and the sides and 55 mm at the bottom.
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. Chimney coils (XX K): Small solenoids inside the holes of the shield

needed for inserting the feedthrough for high voltage, the mercury and
the UCN.

. Transversal coils (T X X): Saddle coils wrapped transversally around

the vacuum tank, with a dimension of (500 —550) mm x 860 mm. There
are in total 12 of these coils, three on the top, bottom, left and right
side of the tank each.

. Axial coils (AXX): Saddle coils wrapped axially along the vacuum

tank, with a dimension of (300 — 305) mm x 1530 mm. There are again
12 coils, three on the top, bottom, left and right side of the tank each.

Helmholtz-like coils (HXX): Three Helmholtz like coil pairs at
+150 mm, +300 mm, and £550 mm

Further information about the correction coils can be found in [Qué09].

All th

ese coils are powered by bi-polar temperature stabilized power supplies

able to deliver up to =196 mA of current. The Allan standard deviation
(ASD) [AWJ91] of the power supplies is generally of the order of 107 at

aroun

d 1000 (see Fig.[2.26) which at a typical field of B = 10nT created by

the correction coils, translates to a magnetic field stability of 100 fT.
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e 2.26: Allan standard deviation (ASD) of all eight channels of one of the

correction coil power supplies. Measured at 20 mA current with a 11 € resistor.
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Spin analyzer

To measure the polarization at the end of a cycle a spin analyzing system is
used, that is situated between the switch and the detector. It consists of a
spin flipper and a 25 um thick aluminum foil coated with 400 nm of iron in a
strong magnetic field created by permanent magnets and an iron yoke.

The iron coated aluminum foil inside the magnetic field of a permanent
magnet operates in a way similar to the SCM polarizer, but can be realized
in a much more compact way than a superconducting magnet. The downside
is a lower field and thus a lower efficiency, although the iron foil used has
been measured to have a polarization of 96% [BKGS™12]. The permanent
magnet is creating a magnetic field to saturate the iron layer. Thus, during
the emptying period the UCN will see a spin dependent optical potential
V = Vie & pinB of Viy = (351 £ 14)neV and V4 = (72 £+ 8) neV [ABD™07]
respectively for parallel and antiparallel alignment of spin and magnetic field
in the iron.

Sequential spin counting For sensitivity reasons, a nedm measurement
is performed at a point of the Ramsey curve where an almost equal number
of Nyp and Ngown Will be detected at the end of the cycle (see Sec..
However only one spin state (NV,,) is able to penetrate the analyzer foil.
Thus a fast adiabatic spin flipper is installed above this foil. The working
principle of such a device can be found e.g. in [KGR703]. By turning the spin
flipper on and off, one spin state can be counted in the detector while the
other is stored above the analyzer foil. For all data presented in this thesis
this sequential counting method was applied.

Simultaneous spin counting The UCN spin state that is not counted
during a part of the sequential counting is stored in the volume formed by
the precession chamber, the vertical guide, the switch and the analyzer foil.
The time constant for losses in this volume was measured to be about
20s [BKGS™ 12| resulting in large losses during the spin counting sequence.
By adding a second analyzing system (iron coated foil, magnet, spin flipper)
as well as a second detector in parallel to the first one, both spin states can
be detected simultaneously if the two channels are in opposite state. This
would have the advantage, that less UCN will be lost during the storage
and would increase the total number of counted UCN. Such a simultaneous
spin detector is currently under development [Helon].
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2.4.9 Mercury comagnetometer

The nEDM-experiment uses several magnetometer systems to monitor the
magnetic field. This is important as several cycles are needed to extract the
precession frequency of the neutron with a fit (see Sec.. Any random
change of the magnetic field over time will thus reduce the performance of
the UCN magnetometer. Moreover a magnetic field change correlated with
the electric field directions will influence the measurement of the electric
dipole moment systematically (see  Sec.[3). Therefore  the
Sussex-RAL-ILL  collaboration had wused a mercury magnetometer
(Hg comagnetometer)?] In[GHIT98|] a detailed explanation of the system
can be found. Only a brief summary of the most important points will be
given here. The working principle and all components of the magnetometer
are illustrated in Fig.[2.27]

The magnetometer uses Hg that is polarized using the optical
pumping technique. This is achieved by illuminating Hg vapor in a small
storage container, the polarizing chamber, with circular polarized light from
a 2%Hg discharge lamp. The polarizing chamber is situated in the By field
underneath the bottom electrode. Once polarized, the ?Hg is filled into
the precession chamber after the UCN shutter has been closed. A rotating
magnetic field in the plane normal to the main magnetic field at the Larmor
frequency of the Hg is used to apply a m/2 spin flip, so that the Hg
precesses around the main magnetic field with w;, ~ 7.8 Hz in the 1uT
magnetic field. A circularly polarized readout light beam from a second
204Hg discharge lamp shines through UV transparent quartz windows in the
vacuum tank and the precession chamber and its intensity is measured with
a photomultiplier tube (PMT). From the DC and AC signal measured on
this PMT one can extract the important performance parameters of the
magnetometer:

e The amount of mercury in the precession chamber is determined by the
difference of the DC signal before the filling of Hg and after the filling
but before the spin flip, as the light intensity drops exponentially with
the number of Hg atoms. It is therefore referred to as absorption (A).

e The absorption cross section for polarized light depends on the relative
angle of the Hg polarization (P) and light polarization. Thus the PMT
will measure a sinusoidal signal. From the frequency the mean magnetic
field as seen by the Hg can be determined. The signal will decay as the

13 As the mercury is precessing in the same volume as the UCN it is often referred to as
cohabiting magnetometer or simply comagnetometer.
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Figure 2.27: Sketch of the *Hg cohabiting magnetometer and its components:
199Hg is produced by heating metallic Hg or HgO in the source container (1) and
is filled into the polarizing chamber (2). A 294Hg discharge lamp (3) powered
by a microwave generator together with a thin film polarizer (4) and a quarter
wave plate (5) produce circularly polarized light that is used to optically pump
the Hg in the polarizing chamber. At the beginning of a measuring cycle the
polarized '%Hg is filled into the precession chamber. A rotating magnetic field is
applied to spin flip the mercury. A second °*Hg discharge lamp, polarizer, and
quarter wave plate are used to create the readout beam, that is send through
the chamber. A photomultiplier tube (6) detects the spin dependent absorption
of the precessing "?Hg.
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Hg depolarizes with the time constant Tﬂ and can be described by
I =1y xexp(7L) xsin(fi xt+).

e The (initial) polarization is estimated from the amplitude of this signal.

e The tightness of the chamber for Hg is estimated by the change of the
DC level over the length of the precession time of the Hg. This value is
called leakage time t;, and is a good indicator of the correct assembly
of the chamber, and the proper function of the UCN and Hg shutters.

An example of a Hg signal as seen on the PMT is given in Figure[2.2§
The sensitivity of this measurement depends on the signal (as), which is the
product of P and A, to noise (a,) ratio of the precession signal, the length
of the free precession time (7') and on the signal decay time 7y, that is a
combination of the T2 time and the leakage time ¢ as % = TLQ + i Some
parameters like P and 7, are correlated with the amount of mercury in the
polarizing /precession chamber (Fig.|[2.29)).

The sensitivity of the magnetometer can thus be tuned via the
absorption. The temperature of the mercury source defines the production
rate of 1%Hg and together with the cycle length also the absorption.

2.4.10 Cesium magnetometers

In addition to the Hg comagnetometer an array of optically pumped cesium
magnetometers (CsM) is used to monitor the magnetic field at several
points above and below the precession chamber. This allows us to measure
the vertical gradient of the magnetic field across the precession chamber
which is an important parameter for several systematic effects like the
uncompensated B-drift (see Sec.[3.1.5). Details of the working principle can
be found in [Gré05] and only a short description will be given here.

The magnetic and optical properties of 133Cs are defined by its unpaired
electron and allow to measure a magnetic field. The working principle is
similar to the Hg comagnetometer system. But whereas the
Hg comagnetometer produces a free induction decay of a precession signal,
the CsM can be compared to a driven oscillator. !33Cs in a glass bulb of
2cm diameter is optically pumped using circular polarized laser light that
traverses the bulb under an angle of 7/4 with respect to the quantization
axes given by the magnetic field. This creates a net magnetization along

1The so called transverse relaxation time, that describes the depolarization of the
magnetization perpendicular to the holding field. The relaxation of the magnetization
along the magnetic field is called longitudinal depolarization time and denoted as T'1.
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Figure 2.28: A typical Hg signal as seen on the PMT. This data was not recorded
with the usual DAQ but with a NI-4070 DMM sampling with only 10 Hz.
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Figure 2.29: Performance of the "Hg as a function of the absorption A (the
amount of Hg in the precession chamber). There is a clear dependence on the
polarization P@ and the THg—time@

the light beam. A small radio frequency (RF) field By (t) = Bj sin(frrt) is
used to spin flip the ensemble of polarized atoms, so that the Cs starts to
precess around the magnetic field By with the driving frequency wgr. The
precession will change the projection of the polarization onto the light
vector and therefore lead to a modulated transmission of light. The same
light beam that is used for pumping can also be used to read out the
precession as the transmission through the glass bulb is measured with a
photo diode. Like a classical oscillator the phase and amplitude of this
signal measured with the photo diode depend on the difference between the
driving frequency and the Larmor frequency fr, = vcsBo

of = frr — fr. (2.13)

If applied on resonance (§f = 0), the phase difference ¢ oc arctan(df)
between the applied RF and the measured modulation is 90° and the
amplitude of the modulation is maximal. By measuring ¢, the magnetic
field can thus be calculated.

The laser light beam and the RF-field are aligned parallel to each other to
overcome the systematic effect of the so called projection phase error which
leads to an artificial offset of the magnetometer reading if the magnetic field
was not perfectly aligned by 45° to the light vector.

Laser light is brought to a total of 16 CsM that are installed in the
nEDM-experiment, via a fiber splitter and 31 individual vacuum
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Cs reservoir
Laser light input

Figure 2.30: @ Working principle of a CsM. Circular polarized laser light (1)
passes through a glass cell filled with 33Cs vapor. Small coils (2) generate a RF-
field to spin flip the magnetization (5) that has been built up by optical pumping
with the laser. The precession of the magnetization around the magnetic field
(4) will lead to an intensity modulation seen on the photo diode (3). By
measuring the amplitude and phase relation to the RF-field the magnetic field
can be determined. Photograph of an opened CsM (from [BKGST11]).
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feedthroughs. Six high voltage compatible magnetometers are installed on
top of the high voltage electrode. These magnetometers are connected to
the electronics purely by optical fibers and the edges of their aluminum
housing are shielded with an additional corona plate fixed at the high
voltage feedthrough. Ten CsM are installed below the bottom electrode:
Usually eight CsM are mounted directly underneath the electrode, and two
CsM are screwed onto the bottom plate of these (see Fig.[3.7 for an
example). The horizontal distance between the center of the glass bulb
containing the #3Cs of the high voltage and the ground CsM is 226 mm for
the CsM installed directly under the electrode and 301 mm for the CsM
that are installed below each other.

A typical performance of the CsM is shown in Fig.2.31] The data was
collected in December 2012 following the nedm data taking. At 1000s the
Allan standard deviation (ASD) of individual sensors is around 10~2nT,

while the ASD of the gradient is lower than % nTem ™t
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Figure 2.31: ASD of an example pair of CsM. The measurement was performed
with a pTimer (see Sec. where no mechanical action was applied, but
with a constant change of the high voltage to measure the systematic effect of
uncompensated field drifts.

Offset Although the ASD in Fig.[2.31] shows that relative measurements
with the CsM are precise, the absolute value might suffer from systematic
effects due to e.g. electronic phase offsets. Comparing the measurements of
the CsM in the driven mode explained above, with measurements in a pulsed
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modd™| have shown that offsets of O(10pT) can be expected.

2.4.11 High voltage system

The high voltage (HV) system of the experiment consists of a high voltage
power supply, an 1 MS) resistance, a high voltage vacuum feedthrough, and a
leakage current measuring device. A scheme of the electrical layout is shown

in Fig.

Resitance
| S
w_| ™ L
power T
supply HY
-_ feed-
through
Vacuum
tank

c ¥

Leakage current

OfpghEa

Figure 2.32: Scheme of the HV system that is used to create the electric field in
the experiment.

The return path of the current during charging of the electrodes as well
as during discharges is of great importance. No closed current loops around
the shield should be formed in order to minimize the magnetization that
can lead to systematic effects (see Sec.[3.1.5). Also an uncontrolled current
during a sudden electric breakthrough can influence and damage electronic
components of the experiment. Therefore it is of great importance to have a
proper grounding scheme and a controlled flow of all currents. The vacuum
tank and the outer hull of the feedthrough serves as ground line and are

15Tn this mode a RF pulse is applied only for a short time (O(1ms)) and the decaying
free precession signal of the '33Cs is measured. This avoids a whole class of systematic
effects related to the PID driven RF feedback in the normal mode, but also needs larger
RF amplitudes, which make it unattractive during an nedm measurement.
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insulated from the rest of the system. This is achieved by adding insulating
pieces in all parts that connect the vacuum tank to the rest of the experiment
like neutron guides, magnetometer systems, vacuum connections, etc.

High voltage power supply

A high voltage power supply is needed to create an electric field for the
measurement of the electric dipole moment. The old high voltage power
supply used at ILL was a mono-polar Cockcroft-Walton generator. It was
replaced in 2010 with a modern bipolar high voltage power supply (FUG
HCB 40M-200000), which can deliver up to +200kV at a maximum current
of 200 pA. The maximum ramping speed of the power supply is 1kV - s,
It has an internal controller that can be connected with a RS232 interface
to a PC. The manufacturer guarantees the stability of the power supply to
be better than 2 x 10™* over eight hours in optimal conditions (constant
temperature, humidity, etc.)[FuG]. Measurements have shown that the
performance of the device is actually much better (see Fig..
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Figure 2.33: Long time stability of the high voltage power supply measured over
~13hat —100kV @ The corresponding ASD @ shows that the power supply
actually exceeds the specifications from the manufacturer of 1074 x 100kV =
10V.
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Resistor

A 1M resistor is installed close to the feedthrough. It divides the high
voltage cable that has a capacitanceﬁ of about 100pF -m~! into a longer
piece (~3m) from the power supply to the resistor and a shorter piece (~2m)
from the resistor into the feedthrough. This limits the current in case of a
breakthrough as the capacitance of the cable which is directly connected to
the electrode is reduced.

Feedthrough

A specially designed oil-insulated vacuum feedthrough is used to charge the
top electrode in vacuum (see Fig.[2.34). The main part of the feedthrough
is made from aluminum. Onto a ceramic insulator with rippled surface a
special non-magnetic end piece made of beryllium copper (BeCu) is glued.
The interconnection of the HV - cable with this end piece had to be made
with a specially designed plug. Originally, springs were used to connect the
BeCu end piece with the cable on one side and the electrode on the other
side, to adjust for any dimensional mismatch. A spring however is an almost
perfect coil that is powered with very big currents in the case of a dischargelﬂ
We discovered that the magnetic fields created in the springs can actually
magnetize parts of the experiment (see Fig.. On the oil-insulated side a
special sliding connection has been designed to guarantee a firm connection of
the HV cable to the BeCu end piece. On the vacuum side of the feedthrough
a second connector has been designed to replace the previously used spring
for the connection of the feedthrough with the electrodes. During the setup
of the experiment the feedthrough is lowered onto the top electrode after the
rest of the installation has been finalized. The electrostatic shielding of the
CsM array on the top electrode makes it impossible to adjust the connection
piece during the installation for the various heights of the electrode stack. A
vacuum compatible non-conducting rubber hose and a sliding pin guarantee
a secure contact to the electrode without interference from the outside.

Leakage current measurement

The bottom electrode is not directly connected to ground but to a leakage
current measurement device. The purpose of this is to measure any leakage
current that might flow during a measurement as these currents could
create magnetic fields that would lead to a systematic effect (see Sec..

6Which is quite large compared to the capacitance of the electrodes of only ~ 37 pF.
1"The current for a discharge of the capacitance of 240 pF charged to 100kV during a
time of 1 us will result in a current of 24 A.
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Figure 2.34: CAD image of the high voltage feedthrough. The cut shows the
different connections inside the high voltage feedthrough. Between the high
voltage cable (h) and the BeCu end piece (d) glued onto a ceramic insulator (g)
a spring clip (f) fits firmly into a connector piece (e) that has been screwed to
the end piece. On the vacuum side an aluminum plate (a) is lowered onto the
electrode. A rubber tube (b) and a sliding pin (c) have replaced the previously
used spring and guarantee the electrical contact to the top electrode.
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The current is measured with very sensitive, customized, low noise current
amplifiers (FEMTO LCA-S) with an amplification of 10°V - A~!. Their
bandwidth has been reduced to DC...10Hz and the maximum allowed
input voltage was increased to prevent any damage in case of a sudden
discharge of the high voltage system. To further protect the amplifier from
too big currents that could destroy it, an array of ten transient voltage
suppressor diodes (Diotec 5KP 12A) is installed in front of the amplifier. A
16-bit ADC (NI-USB 6210) digitizes the output signal of the ampliﬁer and
sends it via an opto-insulated USB connection to the PC (Fig.[2.35)). There
are two identical channels, not only for redundancy, but also to be able to
determine where current is flowing using a split bottom electrode (see
Sec.. The amplifier and the ADC have an maximum range of £10V
which corresponds to £10nA. As typical charging currents of the system at
1kV -s7! are on the order of £40nA the system cannot measure them. The
ASD of the system for a typical cycle length of 200s is below 10pA
(Fig.[2.36). It is interesting to note, that the movement of the UCN and Hg
shutter can be detected as current signals. As both of these shutters are
using friction bearings a possible explanation is that the movement is
creating electrostatic charge.
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1212 3

Figure 2.35: The leakage current DAQ with two channels in an electromagnetic
shielded box. The amplifiers (2) are protected with an array of transient voltage
suppressor diodes (1). Both channels are digitized by a 16 bit ADC (3) and
transmitted via an opto-insulated USB connection (4) to a PC.
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Figure 2.36: Typical performance of the leakage current DAQ during an nedm
run for one polarity of the electric field at —8.3kV - cm™!. In the time series
one can see a periodic structure of signals that is correlated with the movements
of the UCN and Hg shutter. Also some small sparks up to —6nA have been
measured. The ASD of this time series@shows an excellent performance of the
device even with the shutter induced spikes, and a slightly better performance
if the spikes are removed from the time series. The spikes do not appear in the
time of free precession which is of interest for the later analysis.
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2.4.12 Data acquisition system

The task of data acquisition is split among three computersiﬂ7 that are
synchronized using a GPS based IRIG B time code and communicate via
TCP/IP protocol with each other. As each computer and each subsystem
creates its own data- and/or log files, a time stamp is attached to each data
point to correlate the data from different data files with each other.

All systems that need to be regularly changed during a cycle/run of a
nedm measurement are controlled by the main DAQ computer (nedm-zeus).
The computer is running Windows 7 and is connected to the DAQ board
via USB. This FPGA based board controls the UCN and Hg shutters, reads
the Hg precession signal from the PMT, and produces all needed
alternating magnetic fields for the different spin flippers (UCN and Hg). To
adapt these spin flipping signals to magnetic field changes, the DAQ
program performs an online fit of the Hg precession signal after each cycle.
Nedm-zeus also controls the UCN switch, the high voltage power supply,
and all pneumatic valves that are part of the vacuum system.

The UCN detector is read out by an independent computer
(nedm-faster), which is running Linux. It records the binary data of all
detected events and does an online analysis of the data with timing
information that it receives from nedm-zeus to calculate the sum of UCN
counts in each step of a cycle. The analysis result is sent to nedm-zeus.

The so-called slow control computer (nedm-mars) runs Labview under
Windows 7 and controls all subsystems that have a monitoring character
via a wide range of buses. Via a USB connection the Cs magnetometer
electronics are configured from nedm-mars and the PC averages the
magnetometer readings it receives. The currents in the correction coils and
guiding field coils are adjusted from this machine and the reading of the
internal current meter of the correction coil power supplies is recorded. A
serial connection is also used to read the vacuum sensors and configure the
electric needle valve needed to generate an O, or He atmosphere inside the
experiment. The light output of the Hg discharge lamps used in the
Hg comagnetometer is controlled via the microwave power in the cavity of
these lamps. The reading of a UV sensitive photo diode measuring the
intensity of these lamps is recorded. It records the data from the leakage

18There are some systems that are still not implemented into this scheme. This concerns
the SC magnet, the laser system of the Cs magnetometers and the degaussing of the
magnetic shield. These systems are usually running all the time with the same parameters.
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current measurement device. The frequency standards from a Rb atomic
clock and the GPS that are distributed within the experiment are logged
using a frequency counter. The SFC system is controlled by nedm-mars. It
reads the fluxgate magnetometers connected to PXI™| crate and calculates
from these readings the currents that the SFC power supplies should send
through the SFC coils. The power supplies are connected via GPIB to
nedm-mars. The ambient temperature is send via a TCP connection from
an MSCB? node.

Each subsystem creates its own data file, usually in human readable
ASCII, and the synchronization between different data files is based on
timestamps, that are using the IRIG B timebase. The data is stored locally
on each of these machines and a backup is saved onto a Network-attached
storage drive (nedm-jupiter) after the end of each run as well as once a day
to a server provided by the PSI AIT where it is accessible from outside PSI
to the collaboration.

A notebook running Windows 7 and Evernote is used as an electronic
replacement of a paper log book. This is available online within the
collaboration.

2.5 Performance and expected sensitivity

The performance of the experiment hence the sensitivity for an electric dipole
moment, depends on several parameters for the different subsystems. A short
overview of these parameters and their influence on the expected sensitivity
will be given in this section.

2.5.1 UCN performance

The statistical sensitivity of the Ramsey cycle is almost purely defined
by the performance of UCN handling. That is the ability to fill a high density
of polarized neutrons into the precession chamber, have them precess without
losing them or their polarization, and finally analyze the polarization with
high efficiency. As almost all of these parameters are time depended it is
perspicuous to formulate as a function of the free precession time 7T,
with the electric field F as a parameter, and include also the number of cycle

YPCI eXtensions for Instrumentation
20Midas Slow Control Bus, developed at PSI.
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repetitions M’ per day and the number of measuring days ngays as

h
2Ea(T)T/N(T)M'(T, E, np, ng)Ndays

o(T,E) = (2.14)

The number of repetitions per day M’ does depend on the free precession
time, the number of polarity changes of the electric(ng) and magnetic(ng)
field and the time that such a polarity change takes. Making some
assumptions, an optimal cycle structure for an nedm measurement can be
developed as well as an estimate of the attainable sensitivity can be made.

The length of a cycle 7' and the proton pulse length ¢, The
precession time is only one part of the complete cycle. Additional time is
needed for filling UCN, filling Hg, spin flips, shutter operations, spin
counting and pumping. This ‘offset’ needs to be added to the free
precession time T to determine the cycle length, and therefore the
repetition frequency of cycles

T =T + tofseet. (2.15)

The times contributing to togse; are constant (see also Fig.[2.9)). Taking
a security margin of 10s between cycles to allow the online analysis of UCN
counts, Hg frequency fit, etc. we end up with Z,geet = 139s.

The UCN source has a fixed duty cycle of 0.83% that has been aproved
by federal authorities (see Sec.[l.4.F]). In addition the maximum length of the
proton beam on target is limited to 6s due to the cryogenic systenﬂ. Using
the Heaviside function (©) the proton pulse length can be formulated as a
function of the cycle length T”(and therefore as a function of T" using ([2.17)))
with the assumption that there should be no time gap between cycles:

to(T') = 0.0083 T O(T.,,, — T') + 65O(T' — T.,.), (2.16)

max max

with 77 . = 65/0.0083. The number of neutrons produced depends on the
duration of the proton pulse. This will influence the initial number of UCN
filled into the chamber and therefore also the number of UCN at the end of

the cycle.

21n principle up to 8s of proton beam on target are possible with the kicker magnet
deflecting the proton pulse onto the UCN target. The cryogenic system however has proven
to be slightly unstable for pulses longer than 6s so this is the limit for operation of the
source.



2.5 PERFORMANCE AND EXPECTED SENSITIVITY 71

UCN number N(T') at the end of the cycle The number of neutrons
N at the end of the cycle depends on the initial density of neutrons Ny and
the storage time constant ¢:

1. The initial density Ny is influenced by the filling time and the number
of neutrons produced in the UCN source. For a filling time around 30s
the maximum density of neutrons is achieved. This has been measured
by varying the filling time and count the neutrons after a fixed storage
time. As this is a property of the geometry of the filling guide, the
optimal filling time is constant. Hence the only influence on Ny is
related to the initial UCN density in the source, that scales with the
length of the proton pulse and thus with the total cycle length Ny =
No(tp) = No(T").

2. The number of neutrons will decay exponentially due to loss processes
(see Sec.[1.4.4) and imperfections in the storage chamber (gaps). The
storage time constants ¢y and ¢, (see below) influence the number of
neutrons after the storage time which is essentially the free precession
time 7.

The storage properties of UCN depend on their energy, due to the
properties of the wall material (see Tab. and the higher wall collision
rate for faster neutrons. This fact is approximated by describing the storage
curve for neutrons with two exponential decays for the f(ast) and the s(low)
UCN

N(T) = Nos(T")exp (t—T> + Nos(T")exp ( tT) : (2.17)
f S

A storage time measurement, that includes a 2 s opening of the Hg shutter
to fill mercury, resulted in Nyg(7") = (14741 £ 1149), Nog(7") = (19041 +
1718) for t, (1" = 480s) = 4s, ty = (35 £6)s and ¢ = (175 £ 13)s (see
Fig..

The initial density No¢(7") and Nog(7") is assumed to scale linearly with
the length of the proton pulse. This has been measured to be true when the
main shutter of the UCN source (see Fig.[1.6)) is not closed, in the context
of a PhD thesis [G6l12]. Thus also the initial number of neutrons can be
formulated as a function of 7" and therefore T’

19041
Nog(T') = to(T"),

yon (2.18)
No(T') = ——1,(T").

4s
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Figure 2.37: Run 5486: Measurement of the storage time for UCN in the
precession chamber. The fit (x?/d.o.f. =6.3/5) yields Nog = (14741 &
1149) UCN, Ny = (19041 £ 1718) UCN, ¢ty = (35+ 6)s and t; = (175 £ 13)s.
The UCN counts are normalized to the monitor counts.
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UCN polarization at the end of the cycle The visibility o depends on
the polarization of the neutrons at the end of a cycle. The 5T magnetic field
polarizes the UCN coming from the source to ~ 100 %. For the sensitivity it
is of great importance to keep as much of this polarization through out the
measurement. Depolarization can occur due to bad magnetic field conditions
and wall collisions. Already during the filling depolarization was observed.

The polarization loss is dominated by the transversal depolarization of the
spins due to field gradients over the volume of the precession chamber. These
gradients can be influenced by adjusting the correction coils (see Sec..
A measurement of the depolarization time (T2) for an optimized field of the
correction coils and B0 up is is shown in Fig.[2.38|
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Figure 2.38: Measurement of the T2 time for UCN. Polarized neutrons are
filled into the precession chamber, and a 7/2 flip is applied. After a free
precession time a second 7 /2 flip is applied in resonance with the first one and
the number of spin 'up’ and ’"down’ neutrons are measured sequentially. The T2
time determined with the fit is T2 = (1015 £ 63) s and the initial polarization
(assymetry) Ag = —0.798 % 0.009.
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Cycle repetitions M (7T, E,ng,ng) Finally the number of repetitions of
cycles is important. We assume that during a day there are in average 16 h
of effective measuring time (taking into account 2 x 2h of SULTAN ramping
up and down during weekdays, degaussing after the ramp, and encountering
minor problems with operating the apparatus). This time is further reduced
by the time it takes to change the electric field direction or the magnetic
field configuration times the number of changes per day (ng and ng). The
time it takes to change the magnetic field is constant and dominated by the
time for degaussing including possible drifts afterwards, and assumed to be
3600s. The time for an electric field change depends on the ramping speed
of the high voltage and on the field strength. For a stable operation without
(smaller) discharges, a maximum ramping speed of 0.5kV - s™! should not be
exceeded. Therefore we get for the number of cycles per day

16 - 3600 s |
Tl
np 3600 s
-l=— (2.19)
ng2 E12cm
LT’O.5kV . s—lj’
and for the total number of cycles M = ngays x M’
Using (2.15) to(2.19) one can estimate the total sensitivity of the
apparatus as a function of the free precession time 7' for a given set of
parameters nNqays, £, ng, and ng. Figure shows this plot for 10, 100,
and 400 days of data taken with an electric field of £ = 8.3kV - cm™! two
changes of the magnetic field per day and three changes of the electric field
for each of the magnetic field configurations.

M/(T7E7nB7nE) :L

2.5.2 Hg comagnetometer

The estimation in Sec.2.5.1] was done under the assumption of constant
magnetic field conditions and neglected the required performance of the
Hg comagnetometer. As the neutron frequency is later corrected with the
Hg frequency, the Hg comagnetometer should work with higher accuracy
than the neutron magnetometer to not corrupt the result. The error of the
corrected neutron frequency is

Afn,corr - ";yn Ang + |Afn| . (220)

Hg

Here vy4is the gyromagnetic ratio of 'Hg which is ~ 7.59 Hz - pT~!. With
the parameters mentioned in Sec.[2.5.1] the neutron magnetometer would
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Figure 2.39: Estimated statistical sensitivity for 10, 100, and 400 days of
measurement as a function of the free precession time. The electric field is
assumed to be 8.3kV -cm™! and the mean T2 time (By up and down with
various gradients) is assumed to be 500s. The maximal sensitivity is reached

for a free precession time of T = 200s.
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have a sensitivity of A f, ~ 2.5x107° Hz, corresponding to AB, ~ 0.9 pT, per
cycle. If the Hg comagnetometer performs a factor ten better, the sensitivity
of the neutron result will be A fy, corr = [/, 0.1 A fu| +|A fu] & 3.5x107° Hz,
an increase of about 40 %. This motivates the cutting of cycles with bad
Hg precision in the later analysis (see Sec.. The sensitivity of the
Hg comagnetometer depends on various performance parameters described
in Sec[2.4.9 The depolarization time will decrease by the influence of the
electric field changes (see Sec.[2.5.3).

2.5.3 High voltage

The high voltage should be, of course, as high as possible as the sensitivity is
linearly dependent. Several factors however limit the high voltage that can be
applied to the system besides the limitations of the power supply itself. The
electric field is limited by the leakage current, which flows over the resistive
storage ring, or more often due to micro discharges. The latter depend on the
assembly of the chamber, particularly the arrangement of the fibers for the
CsM magnetometers on the top electrode, or abrasion from the UCN shutter.
Although very high electric fields above £ = 15kV - cm™! have been achieved
at low leakage currents in the experiment under optimal conditions, and
E ~ 12kV - cm™! has been reached regularly, the electric field performance
during the nedm data taking in 2012 was limited to £ = 8.3kV - cm~!. For
the last runs it had to be even further reduced to £ = 5.8kV - cm™!.

A second issue is the performance of the Hg comagnetometer that
decreases under the influence of polarity changes of the electric field (see
Fig.[2.40)) already observed by [GHIT98]. The only way to recover the
performance is a so-called oxygen discharge cleaning. In this operation, an
oxygen pressure of about p &~ 1 mbar is built up in the chamber, and with a
steady electric discharge a plasma is ignited.

Besides the absolute value of the electric field, also the difference in the
field strength for both polarities is of importance, to suppress systematic
effects that scale with E?. The electric field strength for the two polarities,
measured with the internal voltage meter of the HV power supply, shows
that the difference is below 0.3 %o(see Fig.[2.41]).

2.5.4 Summary

A comparison of the 2012 performance of the apparatus with typical
performance at ILL is shown in Table[2.4l Although the UCN source is not
yet delivering the goal UCN densities, the statistical sensitivity of the
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Figure 2.40: Depolarization time of Hg as a function of the cycle number for
different runs recorded in 2011 for a measurement of the geometric phase of
Hg [Horl12]. The depolarization time is normalized to the maximum for each
run. Every 20 cycles the polarity of the HV was changed leading to a immediate
reduction in 7y, that recovers slowly over the next cycles with constant HV.
The higher the voltage, the more severe is the decrease in the depolarization
time.
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Figure 2.41: The electric field applied during the nedm measurement campaign
of 2012. The plot shows absolute values of the electric field (individual for
each cycle, not a mean electric field over each run, resulting in slightly blurred
symbols for some runs), as a function of the run number for both polarity
directions. Only cycles with an electric voltage above 90kV are plotted to omit
the cycles w.o. electric field. The graph shows, that the same electric field can
be reproduced over many cycles. It also demonstrates that the electric field has
a low asymmetry for the two electric field directions of A|E| = |E4| — |E_| =
(2.00 £ 0.02) V - em ™! which is below 0.3 %o.
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Sussex—RAL-ILL | PSI
Electric field 11 8.3
UCN (end of cycle) 14000 8000
visibility « (end of cycle) 0.453 0.68
Free precession time 130 200
Repetition time 240 360

Table 2.4: The relative sensitivity of the spectrometer at PSI compared to the
experiment at ILL opsi/oy; =~ 1.08 shows, that the nEDM-experiment has
a competitive performance. Improvements in the electric field strength, the
visibility «, and the UCN density can be expected over the next years.

apparatus is comparable to the performance of the
Sussex—RAL-ILL-experiment.



80

THE NEDM EXPERIMENT

2.5




Chapter 3

Systematic effects

As mentioned before (see Sec.[2.1.2) the statistical sensitivity is in principle
only limited by counting statistics. In order to reach the desired goal of
5x 10727 ¢ - cm with 95 % confidence level in case of a zero result or a five o
discovery for an electric dipole moment as big as 1.3x 1072 ¢ - ¢cm, the sum
of systematic effects, leading to a false neutron edm d,, r, needs to be smaller
than

dpp < 1.3x107*" ¢ cm.

In this section an overview of known systematic effects for the experiment
will be given with a focus on the systematics that are related to the creation
of the electric field.

The origin of systematic effects lies in the coupling of the magnetic
moment to magnetic fields.  While any statistical fluctuation of the
magnetic field will just reduce the sensitivity of the measurement and
finally average out, any magnetic field change ABy = Bg+ — Bgq, that is
correlated to the electric field direction could result in an additional term in

(2.3)
measured __ _ Hn — hfyn
d; =dy+dnr=dy,+ —2EABE dy + 1B ABy, (3.1)

from which we can approximate d, ¢ = 2.5x 107 ABge-cm - uT~! for an
electric field of £ = 12kV -cm™!. This electric field will be assumed
throughout the chapter to scale all systematic effects. In other words: A
magnetic field change of the By field that is correlated with the electric field
needs to be smaller than

ABp ~1.6fT =1.6x10"? uT < 1.3x10"* ¢ cm, (3.2)

in order to reach the desired sensitivity goal.

81
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The "Hg comagnetometer is used to correct for the random magnetic
fluctuations and increases the sensitivity of the experiment by an order of
magnitude  compared  to  former  measurements  without a
comagnetometer [GHIT98]. However, the way that neutrons and mercury
atoms are influenced by the magnetic field in the precession chamber is
different due to their different energy. In addition there are effects that only
influence the Hg, creating a false mercury edm dygs which will transform
into a false neutron edm in the same way as a real dy, would

Tn
7Hg

dnf:

)

ngf ~ 3.84 ngi. (33)

The following section is separated into direct systematic effects that
influence the neutron magnetometer creating a false magnetic dipole
moment (d,¢) that is not (fully) compensated with the normalization of the
comagnetometer and indirect systematic effects that create an edm-like
signal in the Hg channel (dpg¢) and only result in a false nedm signal
through the normalization with Hg.
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Effect class | Shift and o | Shift and o
(d/i) | [BDGT06] this work
[1072"¢-cm] | [107%7 e cm]
Leakage currents (Sec.m d 0.0+0.1 0.00£0.13
vxX E
- First order (Sec.[3.1.2) d 0.0£1.0 0.00£1.70
- Second order (Sec.[3.1.2) d 0.0040.02 0.0040.00
Electric forces (Sec. d 0.0+0.4 0.00+£0.00
AC fields (Sec.[3.1.4] d 0.00£0.01 | 0.00%0.00
Uncompensated B drifts (Sec. d 0.0£24 -1.51£1.06
99Hg atom edm (Sec.3.2.1) i | -0.40+0.30 | 0.02+0.06
199Hg light shifts (Sec.[3.2.3) i 3.50+0.82 0.00£0.27
Geometric phase effect
- Dipole fields (Sec.[3.2.2) i | -5.60£6.32 | 0.00£0.00
- Quadrupole difference (Sec.|3.2.2[) i -1.30£2.00 0.56+£0.90
Total -3.8£7.2 -0.95£2.22

Table 3.1: Known systematic effects of the nEDM-experiment. The table lists for
each systematic effect the classification (direct or indirect), the value estimated
by the Sussex—RAL-ILL collaboration, and the current estimations. For the
latter, a possible shift and error on this shift in the case of a known effect, or
just the error in the case of an unknown influence of an effect. Values below
102 ¢ - cm are disregarded, see according section for details.
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3.1 Direct systematic effects

3.1.1 Leakage currents

Material imperfections in the insulator ring might result in a lower
resistivity and create a preferred path for currents flowing from the charged
to the grounded electrode. These leakage currents are a potential source of
systematic effects as they can produce magnetic fields which are correlated
with the direction of the electric field. Current flowing azimuthally along
the insulator ring will create a magnetic field in z direction that influences
the precession frequency f,. This is to first order canceled by the Hg
magnetometer. The remaining source for a systematic error could come
from the different averaging of the field by UCN and Hg, due to their
different velocities. The actual path of the current is unknown and only the
current itself can be measured, and the systematic effect must be scaled
under different assumptions. Several scenarios are studied with the method
of finite elements (FEM). These are a closed loop, and a scenario,
established by the Sussex-RAL-ILL collaboration [BDGT06]. They
assumed a travel of the current over an azimuthal distance of 10cm. For
this case different paths are calculated. The models and the labeling
convention of the calculation is shown in Fig.[3.1

Each of the models consists of about 300000 elements V; from which about
half are within the volume of the precession chamber, each with the full field
information B;. Due to their different velocities, Hg and UCN will probe a
different average magnetic field. While the UCN are slow enough to follow
field changes adiabatically, the Hg is not. Thus magnetic fields due to leakage
currents will be seen differently by the two species. The UCN will precess in
an average field with frequency

Wh = ’YnBUCN - ’Yn\/(B:c + By + Bz>27 (34>

while the mercury will have a precession frequency

wig = Vg Bug = ’YHg\/Bg% + B2 + B2 (3.5)

For each model the volume average of Bycn, Bug, the mean magnetic field

B= : (3.6)

1 n
w2




3.1 DIRECT SYSTEMATIC EFFECTS 85

(c) straight2

Figure 3.1: FEM calculations for different leakage current scenarios: The model
of the inner volume of the precession chamber (green), the conductor for the
current (red) and a color map with the magnetic field B, in a plane at the center
of the precession chamber. A current of I; = 100 pA was used for the calculation.
For the cases@ and the calculation was also done without the conductors
on the planes of the electrodes on top and on bottom as a comparison (loop0
and straight0), as the influence of these currents should in principle cancel
each other. Not shown is the background volume that defines the boundary
of the model and had about twice the size of the precession chamber volume.
(Calculations were performed using Opera version 13.0)
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as well as the volume average of the gradient

Vo, =x;&y;=y;
|1 Y B, — B,
G, = |- i L 3.7

over the inner volume of the precession chamber has been calculated. The
results can be found in Tab.3.2l

Bz By Bz EUCN BHg Gz
Model | 107t | 10711 1077 1077 1010 10~

wT] | [wT] [T [WT) wT] | [wTem™]
10 0.64(1) | 0.11(5) | 0.049(1) | 0.286(2) | 0.2011(5) 0.2(3)
11 0.68(8) | 0.68(8) | 0.127(2) | 0.73(1) | 0.2017(8) 0.2(3)
s0 0.35(1) | 0.01(1) | 0.021(1) | 0.130(2) | 0.0224(1) | 0.01(6)
sl 0.97(6) | 2.13(6) | 0.100(2) | 0.57(1) | 0.0050(6) | 0.02(5)
s2 0.81(5) | 1.94(6) | 0.085(1) | 0.491(8) | 0.0076(6) | 0.01(5)

Table 3.2: FEM calculations for different leakage current paths (I=loop,
s=straight, see Fig. and a leakage current of 100pA. The calculation
result shows that the components B, and B, which could enhance a geometric
phase effects are small compared to gradient fields usually applied in the nedm
measurement (see e.g. Sec.{4.4.2).

Without the Hg comagnetometer the magnetic field change B, would
according to , result in a false edm of the neutron of up to d, s = 0.50 x
10727 ¢- cm for the model loopl and for the more likely assumption of the
model straight2 the false edm would be d,; = 0.06 x 10727 ¢- cm. Due to
the correction with the Hg magnetometer this effect cancels out in first order
and only the difference AB = Bycn — EHg and the average gradient G, in
combination with the center of mass offset Ah between Hg and UCN will
create an uncorrected field By = AB+ AhG., that will result in a systematic
effect smaller then

dor =0.13x10"* ¢ cm,

for the model loopl with an typical center-of-mass offset of Ah = 0.3 cm.

3.1.2 v x FE effect

The principles of special relativity for UCN moving through an electric field
FE result in an additional magnetic field B, g in the rest frame of the UCN,
perpendicular to the motion. Thus, under certain conditions, this field could
add up to the main magnetic field By and create a systematic effect via
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vxX E
B,xp =7 <Bo - B > ) (3.8)

C

1
with v = (1 —v?/c?)"2. This was actually limiting the sensitivity of nedm
experiments using cold neutron beams. Two points will reduce the effect in
the case of stored UCN by orders of magnitude:

1. The particles stored are strongly non-relativistic particles with vyen <
Vg K C.

2. Unlike the geometric phase effect (see Sec.|3.2.2)) only an ordered motion
like a shift of the center-of-mass or a rotation of the UCN within the
chamber will result in a net effect.

First order

In principle two ordered motions of the UCN in the chamber are imaginable
that would result in a field B,«g aligned with By: an ordered net rotation
due to specular reflections of UCN on the walls, or a change in the center of
mass due to heating or cooling of the UCN ensemble during storage.

Rotational motion Any net rotational flow of the UCN in the storage
chamber together with transversal components in the electric field E,[| could
create a magnetic field that is aligned with Bjy:

Brot - Uy X Er
ovxE T .

2 (3.9)

Specular reflections on the wall of the insulator ring could maintain any
initial net rotational flow v; of UCN within the chamber. In principle the
same amount of UCN should move clockwise and counter clockwise through
the chamber resulting in no net ordered motion. In addition, any departure
from this symmetry will be diluted by diffuse scattering of UCN. Monte Carlo
simulations for different diffuse scattering probabilities and different initial
net rotation, show that the mean velocity vy, averaged over the free precession
time, is below 7, = 0.03m - s ! for a rather extreme and unlikely scenario
(see Fig.[3.2).

Results of FEM calculations showed, that the transversal electric field
components due to the different shape of bottom and top electrode is about

!Only a radial symmetric component will add to this effect, as contributions from a
field such as E = Ex would cancel out.
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Figure 3.2: Monte Carlo simulations of the average translational velocity as
function of the free precession time for different simulation parameters: ‘%
diffuse’ is the amount of diffuse scattering on the walls of the insulator ring. ‘%
whirl” characterizes the amount of ordered motion of the initial UCN ensemble
used for the simulation. The straigt lines are the average net velocity over the
time period 6---200s. The first six seconds are disregarded as in the actual
experiment, this time is needed to prepare the Hg-comagnetometer.
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E, = 0.001 E [Kuz0§|. Assuming v, = 0.005m -s™' we end up with a false
edm of

dot = 1.69x10"* ¢ cm.

A short delay of some seconds of the first spin flip for the UCN could help
to reduce this systematic error.

Center-of-mass shift If the energy spectrum of the UCN changes during
the storage time, the center-of-mass of the ensemble will move parallel to
gravity. Together with a misalignment of the magnetic field with respect to
gravity by an angle ¢) and a misalignment of the electric field with respect to
gravity by an angle ¢ (see F ig. this could create an additional magnetic
field

vx FE
2

B = siny B?, ; = sin sin g (3.10)
The tilt of the field with respect to gravity is influenced by the alignment
of the electrodes and the By-coil. The electrodes are aligned with a bubble
level with a resolution of 0.3 mrad. After the initial alignment additional tilts
due to e.g. the closing of the tank have to be expected. Measurements of the
precession chamber tilt with a laser (see Sec.[3.1.3) have shown, that the
weight of an average physicist climbing into the tank, lead to an additional
tilt of the electrodes of 1 —2mrad. Thus we can assume that ¢ < 10 mrad
when adding additional weight to the front by closing the vacuum tank and
the shield. The vacuum tank has been aligned using a theodolite and fixed
markings on the tank. However, as the floor of the thermohouse, on which
the theodolite was positioned, is not very stable and the magnetic field is
not purely created by the coil but is influenced by the magnetic shield and
the correction coils, we assume a tilt as large as ¢ < 100 mrad. The change
of the center-of-mass has been measured via the change in R = f,/ fu, for
different storage times and gradients. The average velocity of this movement
is

Ah(t=0)—Ah(t=T) 1mm

~ =5%x10"*m- s~ %
T 200s O ms

v =

With these values the resulting field is as small as BY% = 7x 1073 uT
resulting in a false edm of

dos =0.16x10"*" ¢ - cm.
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Figure 3.3: A change in the energy spectrum of the UCN during storage could
lead to a center-of-mass shift along the gravitational axis (zaxis). Together
with a misaligned electric and magnetic field this could lead to an additional
magnetic field B,xg. In this example for By 7| E the electric field is tilted by
an angle ¢ towards the yaxis, and the magnetic field is tilted by an angle ¢
towards the x axis. Note: If the two fields are tilted with respect to gravity in
the same plane, there is no systematic error from this effect.
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Second order

Apart from the direct influence of ordered motion, any motion perpendicular
to By will increase the magnitude of the magnetic field

32
B= ,/Bg+ngEmBo+ﬁ. (3.11)

Thus a change in the magnetic field correlated with E is given by

02
B2 = F”;@’&AE?. (3.12)

As this effect is not proportional to E but only to E? a false edm could
only occur if the absolute field strength is different for the two electric field
polarities. Measurements of the voltages show that |[E™| — |E~| < 0.001E
(see Fig.. The faster moving Hg atoms are more influenced compared to
the slow UCN. Assuming a velocity of v,, = 150m - s~! for the Hg atoms at
room temperature we get B9, ~ 5x107'2 uT which is completely negligible.

3.1.3 Electric forces

A deformation of the chamber due to electrostatic forces could lead to
additional systematic effects as it would increase the transverse electric
fields as well as the tilting angle between the electric and magnetic field,
thus increasing the v x E effect (see Sec.[3.1.2).

The force between the two electrodes with the surface S = 0.26m?, a
distance [ = 0.12m apart, and with an applied voltage U is given by

_EoUQS
o2

(3.13)

under the assumption of a perfectly homogeneous field without edge effects.
To measure the influence of electrostatic forces, the tipping of the electrode
stack under the influence of different weights has been measuredﬂ Masses of
m = 10...1140 g are used to simulate electrostatic forces corresponding to
electric fields of £ = 2.9...31.2kV - em~!. The relative tilt with and without
weight was measured with a laser beam, bouncing off a mirror fixed to the
upper electrode and registered with a photo diode after passing through an
optical chopper (see Fig[3.4)).

2The force from a mass on the top electrode is of course different from electrostatic
attraction of the two electrodes as it pushes the whole precession chamber down. Thus
the measurement can be looked at as an upper limit.
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%

Figure 3.4: Measurement of the tilt of the electrode stack under the influence of
different weights (m). A laser beam bounces off a mirror mounted on the top
electrode. Any tilt of the top electrode or the precession chamber as a whole,
would result in a change of the position Az of the laser beam. The distance
l1 = 4437 mm and Iy = 4369 mm have been measured using a laser rangefinder.

i

Ax=co r At
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A tilt of the upper electrode or the precession chamber as a whole will
result in a change of the position of the laser beam on the photo diode Ax.
Thus the chopper plate will cover the beam At later or earlier with respect

to the trigger signal of the chopper which can be measured with a scope (see
Fig.[3.5).

Tek Fim Trig'd M Pos: 0.000s CH2 Tek M~ Trig'd 1 Pos: 0,000s CURSOR
- b d ]
Coupling Type

' Limnit —
s ouc
200MHz
~1 EEO0
Yolts/Div 2+ ] 4 Tt .J.t‘uu_usq
g / Coarse] Lk t! ze 178 He
TRy
Probe =
wmm“/ i 360us
Yoltage ol

Ineert
Dff]

CH2 1.00% M 50.0us CH1 .00 CH2 200my M 10.0us CH1 .7 200m'
13-Feb-1310:13 13-Feb-13 1105 933,3947Hz

(a) (b)

Figure 3.5: Scope screen shots of the chopper trigger (CH1) and the photo diode
signal (CH2). The width of the photo diode signal due to the finite diameter
d of the laser beam is shown in @ The delay of 110 us between fully open
and fully closed corresponds to d = 3.3mm. A different time scale was used in
Vibrations of the setup lead to a jitter in CH2. To measure the time delay,
a persistence of 5s was chosen, and the width of the averaged signal is used
as the error of the time delay. To avoid movement and reduce the jitter to a
minimum, the weights were placed onto the electrode from afar using a pulley.

If the chopper frequency w as well as the radius r on which the beam hits
the chopper plate is known, the distance Ax is simply

Az = rwAt, (3.14)
and the relative tilt « is
Ax Ax rwAt
2a0=— &S a~ = . 3.15
T T Y L L+h (3.15)

The error of the chopper frequency is negligible, the error of the length
measurement due to alignment errors is estimated to be 10 mm. For the
error of r the laser beam diameter of 3.3 mm, and for the timing error the
width of the signal of the photo diode over 5s is taken. The results of the
measurement are listed in Tab.3.3 The tilt is minimal even for electric
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Mass [g] | E equivalent [E - cm™'] | Ao [mrad]

10.2 2.9 0.00£0.02
99.8 9.23 0.00=£0.02
1040 31.2 -0.02£0.02

Table 3.3: Measurement results of precession chamber tilt due to weights,
simulating electrostatic forces. The measured angles lead to a d,, s below the
SM predictions for dy.

fields much greater than what is achievable in this experiment, resulting in
a
dps < 3% 107 ¢- cm

far below SM predictions for the nedm.

3.1.4 AC fields

Any ripple of the high voltage power supply would result in an alternating
magnetic field within the precession chamber. A oscillation frequency of
this field close to the Larmor frequency of the neutrons could influence the
precession due to a Bloch-Siegert shift (see also Sec.[3.2.2) for a detailed
explanation).

The test protocol of the HV power supply (see Fig. states an overall
ripple of V' = Vjsin(wg.t) of Vj = 1V,g,. This translates into a current of
I = *2sin(w,et) with R = 1 M. The magnetic field lines inside a capacitor
(in our case the precession chamber) will form concentric circles and the field

strength is given by (see Fig.[3.6))

B, = %5—;% $in(Waet). (3.16)
Let us assume a homogeneous distribution of the UCN over the radius of the
chamber, and up to 10% difference in the ripple for negative and positive
electric fields (allthough the test protocol does not show a different ripple).
Thus the difference for both polarities in the radius averaged magnetic field
is AB,y = 1.5x 10712 T. This field would generate a shift of the precession
frequency away from the Larmor frequency wq of
('YHABTO)Q
Aw = Sn — 2 (3.17)
For the ripple being maximal at w,. = 50Hz due to the frequency of the
power grid, the shift will be Aw = 5x 10! Hz, resulting in a false edm of

dys = 0.002x 107" ¢ cm.



3.1 DIRECT SYSTEMATIC EFFECTS

10
+
o BrO
1 -8B
t
l
|
|
\
107} 1
!
\
\
— N
= AN
= AN
m \\\
AN
SN
10" \\\\\\ 1
10_12 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25
rm]

Figure 3.6: Magnetic field strength due to charging currents of the electrodes
as a function of the radius within the precession chamber. The two lines
correspond to a ripple of V;" = 1V and V; = 0.9V. Under the assumption
of a homogeneous distribution of the UCN over the radius of the chamber
(R = 0.235m) the mean magnetic fields are E;ro =1.6x107"T and B,, =
1.45x1071 T,
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3.1.5 Uncompensated B drift

For an electric field direction, currents due to charging or smaller discharges,
will flow in a preferred direction which is reversed together with the electric
field direction. These currents will produce magnetic fields that are correlated
with the electric field direction. Unlike leakage currents (see Sec.[3.1.1)) these
magnetic fields will not occur during the measurement, as charging is done
between cycles, and a cut is applied to data for currents exceeding a certain
limit during the measurement (see Sec. However, despite the fact that
great care has been taken in the choice of materials within the experiment
not to be ferromagnetic, it is possible to create a small net magnetization.
A likely candidate would be the magnetic shield, close to the feedthrough.
Let us take a closer look at this example to estimate the size of this effect:
A dipole m creates a magnetic field at the position r of

to [3re (rem) —m
By, = 10 1
W Y < 7|3 ) ’ (3.18)

with 7, = =. The innermost shield layer has a distance of about L = 55cm
from the center of the precession chamber. Thus the magnitude of the field
in z direction created by a dipole m = mZ in this shield layer close to the
high voltage feedthrough will be

po (2m Mo
Bap~— | — | = : 3.19
W g ( L3 ) 2 L3 (3.19)

To first order the magnetic field created by the dipole will be canceled
due to the normalization with the Hg magnetometer. Due the center-of-mass
offset Ah ~ 0.3 cm between Hg and UCN however, the two species will see a
slightly different By;, of

3AR
AB = Bdip(D + Ah) — Bdip(D) ~ BdipT ~ 0016Bd1p (320)

Therefore a dipole correlated with the electric field of e.g. m = 0.25x10~7 Am?
will lead to an uncompensated magnetic ﬁeldﬂ of AB = 0.016x30fT ~ 0.5fT
resulting in an false edm according to of dy s = 1.25x107" ¢ - cm, which
should not be exceeded.

This field difference AB over the vertical distance Ah corresponds to a
vertical gradient of the magnetic field of AG = AB/an ~ 1x107*nT - cm™1.
With the CsM we have a method to measure the vertical gradient
independently. It is therefore possible to operate the experiment in a mode

3Hence the name of this systematic effect.
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in which the electric field is frequently reversed, and the CsM are used to
find any correlation of the change in the vertical gradient AGcgy with the
direction of the electric field. Under the assumption that the gradient as
seen by the CsM is the same as the one seen by the mercury and the UCN
(see Sec.[C] for an argumentation of this), the false edm can be estimated as

Py
dn,f: 7

™
ABy =

Uncompensated B drift measurements 2011 A first set of data using
four CsM was recorded in 2010 [Becll]. Because of limited statistics the
result of this measurement could not exclude a false edm due to high voltage
correlated gradients of d, s = (2.8 £ 8.9) x107%" ¢- cm. The experiment was
therefore repeated in 2011 with a slightly changed timing and more CsM
to improve on this result. The magnetic field of By ~ 1020nT was kept
constant. The high voltage of the system was regularly changed between
U = £110kV corresponding to an electric field of £ = £9.17kV -cm™! at a
ramping speed of 1kV -s~!. The field changes followed a 4+ — — + — 4+ +—
pattern to compensate for common gradient drifts up to second order. For
each polarity the voltage was kept constant for 30 s to measure the magnetic
field with an array of 12 CsM sensors: Four on top of the top electrode and
8 below the bottom electrode (see Fig. forming gradiometers.

From each of the gradiometers the magnetic gradient was calculated as

B S op B S ottom
GCSM — C M,t 19 C M,b tt , (322)
d
with the distance distances d between the sensor pairs of d = 23.5---31 cm.

Finally the difference of the gradients with respect to electric field direction
AG = Gy — Gear (3.23)

for different gradiometers was calculated to estimate the systematic effect

according to (3.21).

Results In September 2011 a first data set of two days and 554 polarity
changes was taken, and a second in December 2011 of nine days and 2570
polarity changes. For the December data also the direction of By was changed
for about half of the data. A plot of the time series with the data actually
used for the analysis (after removing e.g. SULTAN ramps, see Sec. for
the different data sets is shown in Figure[3.§ Table[3.4] gives an overview
of the results obtained from this data. Combining the 2011 data with the
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Figure 3.7: Setup of the CsM array for the measurement of the uncompensated
B drift. Four sensors above the top and eight below the bottom electrode
form gradiometers (1 - 5, color coded) with vertical distances between them of
d=235...31cm.

results from 2010 one gets as result for the false edm due to high voltage
correlated gradient changes of

dos = (—1.51 4+ 1.06) x 107*" ¢ - cm.

Remark on this kind of measurement The measurement of the
uncompensated B drift as described above might not be fully sensitive to
the systematic effect as it could happen in the actual nEDM-experiment for
the following reason: A short time of constant electric field was chosen for
the measurement, matching the sensitivity performance of the Cs
magnetometers at that time (minimum of the ASD). However this is
different from the situation in a nedm measurement, in which the electric
field will be kept constant for thousands of seconds. The chance to have
small electrical discharges, as well as the number of discharges, will increase
with this time. Thus, in the measurement as described above, mainly the
influence of the charging current has been measured.
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Figure 3.8: Time series of the gradient changes measured in Septemberl@' and
December|(b)] and[(c)] Not all CsM were giving reliable data at all times, thus
not all gradiometers are used for the analysis (compare Fig. for the naming
convention and color coding). Error bars are omitted for clarity.
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September December December
By-up By-down By-up

AG, [107*nT-cm™] | —=0.104+0.19 | —0.194+0.11 | —0.04 £ 0.11

AGy; [107*nT-em™] | 0.0640.12 | 0.1240.07 | —0.06 £ 0.07

AG3 [107*nT-em™] | 0274043 | 0.264+0.13 | —0.06 £ 0.14

AG, [107*nT-cm™!] | —0.09 £ 0.36 - -

AGs [107*nT-cm™} - 0.10 4 0.17 -

AG, [107°nT-cm™] | 0.19 £0.52 1.6+£0.3 | —0.46 4+0.07

dos  [10727 e cm] 0.9+25 82+ 1.6 —-1.9+0.3

Table 3.4: Mean gradient changes correlated to polarity changes in the electric
field for the different data sets. As not all CsM were working all the time, not
all gradiometers are contributing to all data sets. AGy, is the weighted mean of
the individual gradiometer channels (for labeling convention see Fig.. For
estimating the false effect an electric field of 12kV - ecm™! and a center-
of-mass offset of Ah = 0.3 cm is assumed.

3.2 Indirect systematic effects

3.2.1 '"Hg atom edm

Recent measurements have shown that the intrinsic EDM of *Hg is as small
as dig = (0.49£1.290 +0.764y5¢ ) x1072% ¢ - cm [GSLT09]. Hence the indirect
systematic effect due to dyg is only

dyt = (0.0240.06) x 107*" ¢ - cm,

which is negligible and makes Hg an almost ideal comagnetometer.

3.2.2 Geometric phase

One of the major systematic effects has its origin in the so called geometric
phase effect that occurs for particles that move through inhomogeneous
fields. As the effect increases for particles on closed trajectories it is of
utmost importance for our experiment that uses stored particles. A detailed
explanation of this effect for trapped particles in a cylindrical trap with a
uniform gradient can be found in [PHST04]. A description for arbitrary
fields has been developed within the collaboration [PR12].

The origin of the geometric phase in the nEDM-experiment lies in
transverse field components B, = B, that are perpendicular to the main
magnetic field aligned with the z-axis, By. There are two main
contributions to B :
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e A gradient in the main magnetic field 9Bo:/a. will directly produce a
transversal field due to the Maxwell equation VB = 0

aBQZ r
By, = - ( 9 ) 3 (3.24)

which is of the order O(Byy) = 1073 uT for typical gradients during
an edm measurement (9Bo:/o- ~ 10nT - m~ ') and a trap radius of R =
107t m.

e The movement in the electrical field will create a motional magnetic
field that is perpendicular to the electric field, thus perpendicular to
By

Exwv
2

that is of the order O(B,;) = 107 / 107° uT for typical speed in

our chamber of v & 100 / 1ms™! for Hg / UCN and electric fields of

E=105V.-m™.

BUJ_ =

, (3.25)

e Transverse fields due to leakage currents are many orders of magnitude
smaller (see Tab.[3.2)) and can therefore be neglected.

Hence we get

(3.26)

9z )2 c?

0By, \r FE xuv
BL:BOL+BvL:( 0) + .
A particle moving through the chamber will therefore see a time dependent
transverse field B, = y,w,. In the rest frame of the particle rotating with w,

we thus get a precession frequency wy, of

w =/ (mBo + ) + (1BL)°. (3.27)

Transferring back to the lab frame we see that the precession frequency is

Wy, = \/(wo + wr)z + (/YnBL)2 — Wy, (328)

with wy = 7, Bp. The shift Aw = wy, — wy is called the Ramsey Bloch Siegert
shift and is in first order given by

<7nBL)2

Aw ~ .
v 2(wo — wy)

(3.29)

With (3.26) we see that
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Bi = (BoL + Bu)z
aBOz

—B§L+Bvl+ B

%TE, (3.30)

where the last term is linear in E and the geometric phase therefore mimics
a true edm value. Due to the higher mean velocity of the Hg atoms inside
the trap, the false effect is an order of magnitude higher for Hg atoms as for
UCN. In[PR12] the false edm of Hg for a cylindrical trap with diameter D
in a uniform gradient has been derived to be

hﬁ)/l%lg D2 aBOz '
32c2 0z

dyg = (3.31)

Measurement of the geometric phase for Hg

The geometric phase effect of Hg was measured in 2011 [Horl2]. The
electric field polarity was alternated every 20 cycles between 8.3kV - cm™!
and —8.3kV -cm™! and the difference in the precession frequency of the
mercury Afp, = fugt — fugr, was measured. The experiment was
repeated for different gradients G = aaBZ created with two correction coils
(BTC and TTC in anti Helmholtz configuration). The gradient was
estimated using the average of the CsM on the top electrode minus the
average of the CsM below the bottom electrode. The result is shown in

Fig.3.9 A linear fit of (3.31) to the data gives

8BOz)
0z
for By down. For By up the result is

g =(9.94+£0.25)x10* e-cm - nT~" - m, (3.32)

aBOz
0z

g £ ( ) =(—9.96+0.33)x107* ¢-cm - nT ™' - m. (3.33)

Crossing point analysis

In contrary to an electric dipole moment the geometric phase scales linearly
with the vertical gradient of the magnetic field. This allows us to make a
first order correction and extract the true edm with the so-called crossing
point analysis as it was introduced by the Sussex—RAL-ILL-collaboration
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Figure 3.9: Geometric phase measurement of the Hg comagnetometer as a
function of the gradient. The gradient has been measured using the CsM
(from [Hor12]).

([BDGT06]). With the center-of-mass offset Ah between Hg and UCN the
vertical gradient can be expressed as a function of the frequency ratio

R:ff_;%: oi%gagzzu%fag;? (3.34)
With , and we get for the false edm of the neutron
dy g = dgif + diF
= 04 & gl g DX(R ~ Ro) (3.35)
= d)'P + k(R — Ry), (3.36)

with the + sign corresponding to By down/up. Ry is the ratio of the
precession frequencies at zero gradient, normalized with gyromagnetic
ratios and is usually close to unity. However, there are effects that will shift
Ro away from one (Sec.[3.2.2). Measuring the edm for different gradients
and thus different values of R, one gets two slopes for the two By directions
when plotting dy meas. = dn + dn ¢ as a function of R. At the crossing point
of the two slopes dy = 0 and one is left only with other systematic effects.
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() .

However, any effect that changes drgl’f independently of R or changes R but
does not create a false edm according to (3.36) will lead to a false effect
that is not considered by this crossing point analysis.

dn,meas

R-1

Figure 3.10: Illustration of the crossing point analysis. The value dy meas. iS
measured as a function of R. Ideally, all geometric phase effects cancel and one
is left only with other systematic effects effects due to a local dipole (w. d) and
a quadrupole difference (w. q) at the crossing point. For details see text.

Local dipoles

Local dipoles will create an additional gradient (and thus additional vertical
field components), independent of the gradient in the main field and thus
independent of R [HP06, PR12]. This is not included in and will
enhance the geometric phase effect due to the average gradient created by
the dipole

Mg 50Bo:  aw [ OBYY
o=y () o
As the dipole field does not change when changing the B directions, the two
slopes in Fig.[3.10] are shifted upwards and result in an remaining false edm
dyfa.

The electrodes, used in the experiment, are sent to
Physikalisch-Technische Bundesanstalt (PTB) Berlin to be surveyed every
year during the winter shutdown of the proton accelerator. Possible dipoles
due to magnetization of the electrodes are measured there. After the 2012
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edm measurement campaign, the measurement revealed as strongest
magnetization one of the titanium screws, used to attach the high voltage
corona ring to the top electrode. The magnetic signal corresponded to a
dipole of m ~ 22nA - m? or 0.02nT - cm® which would result in a false edm
of

dyt = (0.000 £ 0.004) x 10~*" ¢ - cm.

Quadrupole fields

Any transverse magnetic field B, that does not create a vertical gradient
is seen by the UCN as they will follow the field adiabatically while moving
through the chamber. An example of such a B, is a quadrupole field of
strength ¢ aligned with the z-axis (B, = —qz ,B, = qy). Due to their
high velocity, the Hg-atoms will not see such a field when averaging over the
precession chamber. Such a field will shift the ratio [PHST04]

2

B
RI~R+—=, (3.38)
AB?

with Fi ~ ¢°R? the mean vertical magnetic quadrupole field. This changes
Ro which moves the slopes in Fig.[3.10] to the right. If the quadrupole field
is different for the two By directions a false edm due to the quadrupole field
B, remains

Py YieD?  /—2 —2
12?3(;?@}1 <BM —Big ) ‘ (3.39)
Scanning the field inside the vacuum tank with a flux gate
magnetometer, between measurements, has so far been the only way to
determine the quadrupole component of the By-field and reduce it with the
correction coils. The development of multi-beam vector cesium
magnetometers [BKGST12] could give an online measure of this value in the
future. From the R-curve analysis of the 2012 edm data taking (see
Sec.|4.4.2) a quadrupole difference of Ei,i - Eiﬁ = (=5.5£8.9)nT? and a
center-of-mass offset of Ah = (3.0 £ 0.2) mm could be extracted. This
would correspond to a false edm of

dn,fq -

dys = (0.56 £ 0.90) x 107*" ¢ - cm.

However, a malfunction in the CsM-electronics might have provoked an
unknown systematic error in the CsM data used for this result (see
Sec.. A comparison with the results of the 2013 magnetic field
mapping, should help to clarify these measurements.
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3.2.3 Mercury light shift

Non resonant light absorption from the circularly polarized 2**Hg readout
light beam will influence the precession frequency of ""Hg due to its
interaction with the electron shell that will broaden and shift the energy
levels in the atoms. A theoretical description as well as an experimental
study of light shift effects can be found in [CTDRT72]. There an effective
Hamiltonian is formulated to describe the interaction of the light beam
with the atom, which can be interpreted in our case (assuming perfectly
circular polarization) as a fictitious magnetic field along the direction of the
light beam k:

Bls X Bls(l,w)k. (340)

The magnitude of this magnetic field depends on the intensity of the light
I and its frequency w. A component of By along the By field can be the
result of a misalignment of the readout beam by an angle { or reflections
of a divergent light beam. The change in the precession frequency fu, =
Vg Bo £ Vg sin(¢) Bys is not dependent of the electric field and thus will not
directly contribute to a false edm. However, as the influence of the light shift
is opposite for the two By directions a false effect will remain in the crossing
point analysis (see Sec.[3.2.2). As the systematic effect can be reduced by
reducing the magnitude B or aligning k with respect to By, two steps are
taken to reduce light shifts:

e On a short time scale an improved optical system has been implemented
in 2012, that allows a better alignment, thus reduce (, and reduce the
divergence of the beam.

e On a longer time scale a UV laser system will be installed to replace
the 2“Hg discharge lamp. The narrow laser line width and a good
frequency control will allow us to reduce Bjs [Feron].

With the new probe light optic the systematic error has been estimated to
be as small as [Reb12]

dur = (0£0.27)x107*" ¢ - cm.

High voltage induced light intensity shifts

The Sussex—-RAL-ILL-collaboration observed a linear dependency for the
light intensity of the Hg readout light with the electric field [Doy04]
I = I(F). This could lead to a direct systematic effect due to (3.40) for
unequal magnitudes of E. For our setup the dependence of light intensity
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with the electric field could not be confirmed. The systematic error arising
from intensity shifts in the light level was found to be smaller than

dor =0£0.04x107%" ¢ cm.
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Chapter 4

Data Analysis

This chapter will focus on a possible strategy for data analysis and some first
results of nedm data taken in November 2012.

4.1 Analysis strategy

The data analysis is performed separately by two independent analysis
groups. The first group consists essentially of collaborators from LPC
(Caen), LPSC (Grenoble), and CSNSM (Orsay). The second group
comprises collaboration members from PSI (Villigen), ETH Ziirich,
University of Fribourg, and Jagellonian University (Cracow). Inside the
groups, subtasks are then distributed among the members of each group.

The work presented in the following sections is part of the second analysis
group. Within this group it was decided to concentrate on the use of the
commercial software MATLAB for the analysis.

4.1.1 Preprocessing the data

As mentioned in Sec.2.4.12] the data of each subsystem is written to an
individual ASCII data file. Data files greater than 10 MB are split into
separate files. For the analysis the different files need to be collected,
synchronized, and combined based on their timestamps. As an experiment
is organized usually into runs and cycles (see Sec. this defines a
natural structure for organizing the data. Figure@.l| shows an illustration of
the processed data structure. Per run a binary MATLAB file is created
containing general information about the run, like the run number, the
pTimer(s)] and a (1 x number of cycles)-structure array that contains the

Tt is possible to define two pTimer (0,1), that will be executed after each other.

109
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data of all subsystems for each cycle. In addition already during the import
of the data, some analysis is performed. This includes e.g. comparing the
set and reached positions of the switch for each cycle, averaging slow
control data that is taken every second over the period of free precession or
integrate the neutron counts over dedicated time periods of each cycle
defined by the puTimer. The data of the neutron detector is saved in a
separate binary file, as the data of a whole run is several 100 MB large.
Only the integrated UCN counts are stored in the main file.

4.1.2 The nEDM data plotter

Once the data is imported into a MATLAB compatible structure, it is useful
to have the possibility of quick visualization. An easy to use multi-purpose
tool with a graphical user interface was written to look at trends, stability,
correlations, etc. The functionality is described in the caption of Fig.[4.2]
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runnumber.mat
——runnumber
—— wTimer (0,1)
——UCN free precession time (0,1)
——Hg free precession time (0,1)
——CsM setup
— Data — l
(1) (9)
—.time -= —.time -=
—.<HV> -a —.<HV> -a
= .hgfitfq—l = .hgfitfq—-
_ CsM ::::) _ CsM ::::)
EEEN EEEN
- .<CS|V|>(- Em -)1)(m - .<CSM>(I mm I)1xm
runnumber _faster.mat
runnumber
Fasterdata 1
Fasterdata 2
'l—Fasterdata q
Figure 4.1: Illustration of the data structure after the import into MATLAB.

The general layout is defined by the separation of any experiment into runs
and cycles (1 to ¢). For each run two files are created. Information concerning
the whole run, e.g. the information on the steps of each cycle in the uTimer,
are stored as variables in the first file. Based on the time stamp, the different
data files are then sorted into the cycle structure and stored with their name in
the Data structure array. In addition, data that is recorded n-times per cycle

(vacuum, CsM, temperature, ...

precession (symbolized by <>) for each cycle.

) is averaged over the time period of the free
For performance reasons, the

UCN detector files (faster) are stored, separated for each cycle, in a second file.
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Figure 4.2: Screen shot of the nedm data plotter. (a) Select working directory

where imported data is stored. (b) Drop-down menu to select a run. (c¢) Timing
information used for the averaging and correlation parameters of currently
plotted data. (d) Selection of data to be plotted. Simple mathematical
operations (+ — X /) as well as a normalization to the mean of the selected
data is optional. Also the sub-cycle can be selected. (e) Two sliders allow the
selection of limited number of cycles to be plotted. (f) Nonlinear fitting of the
currently plotted data. (g) Plot window showing the result. (h) Drop-down
menu to select the plot type: xy-plot, xyy-plot, histogram (only first y data
set), Allan deviation (only first y data set). The hold option allows to plot
different data sets or different runs together. (i) Exporting the results as an
ASCII or image file.
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4.2 Blind analysis

In most fields of modern science it is nowadays common to blind the analysis
of an experiment. Particularly in medical science, where in a clinical trial of
new drugs, not only the patient but also the ones who apply a new medicine,
do not know if they administer a placebo or not (so-called double blind
test). The reason for this effort is to reduce any bias of the experimenters
conduction of the experiment towards their own expectationsﬂ

In modern nuclear and particle physics the method of blind analysis has
become common since the last decades. Most past particle physics
experiments have been conducted open and were therefore susceptible to
bias: An experimenter who already ‘knows’ the result of his experiment
during analysis, e.g. because he remeasures a value that is known with a
certain precision, might unconsciously influence his analysis to achieve the
expected results. Two possible factors of human bias are to apply cuts to
the dataset with the knowledge of how the cuts influence the final result
(selection bias) and to disregard systematic effects, as one might stop
looking for them once the result agrees with expected result (ending bias).

An example in the field of physics is the measurement of the speed of
light (c). Figure[d.3) shows the history of the measured values of c. It is
clearly visible that during certain periods in time, all measurement results
were in agreement with measurements made before rather than with the real
value. Although this can be no proof for biased analysis it gives a strong hint
towards it.

4.2.1 Common methods of blind analysis

Following [KR05] a short overview of common blind analysis techniques is
given that are used in particle physics experiments. The principle idea in all
methods is to hide certain aspects of the data until the analysis method is set.
Thus the result of the analysis should not influence the analysis itself. Only
after the analysis is completed, the hidden aspect of the data is revealed, and
the data is unblinded. This certainly makes the analysis more difficult, and
also it might become more difficult to cope with unexpected results.

(i) Hidden signal box In this method the data, as a function of one or
more experimental parameters, is divided into two subsets: the signal region
which is hidden and the sidebands, which are analyzed immediately. This

2Many articles concerning blind analysis give the very instructive yet amusing example
of Clever Hans (Kluger Hans) [Pfull].
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Figure 4.3: History of measurements of the speed of light together with the
real value. It is conspicuous, that measurements seem to rather agree with the
value measured before, than with the real value (especially in the measurements
around 1930). From [KRO5].
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is a feasible method if the signal region is well known before hand. Also
the expected background in the signal region must be known as a result
of the analysis of the side bands. This is usually the case in experiments
searching for rare decays. Once the signal region is unblinded, the estimated
background is compared with the events found.

(ii) Hidden answer methods The method of hidden answer separates
the analysis of the data from the numerical value that is the result of the
data analysis. This is in general possible if a certain parameter is measured
with high precision and the parameter does not depend on the number of
observations. This can be achieved for example by hiding a certain parameter
of the detector, providing that the experiment can be performed without
this knowledge and that the parameter can be obtained later on. For most
experiments this simple approach is not possible. In this case it is possible to
add an additional (random) offset to the data to hide the real result. Usually
a Gaussian distributed offset with a standard deviation big enough to cover
e.g. theoretical predictions and an additional random sign is a reasonable
approach. If not only the numerical result, but also the distribution of the
data should be hidden to avoid bias, in addition to an offset an asymmetry
might be added to the data. In this case great care has to be taken in
constructing the blinding to not make the data analysis impossible. If the
final physical result can be only obtained by several analysis results that can
be obtained by independent analyzes, the data might be split. Independent
groups can perform an individual analysis on a specific subgroup of the whole
data set and add an offset to their intermediate result for communication
among each other. Only at the end all final results are combined to get the
physically meaningful result.

(iii) Adding or removing events If the result of an experiment directly
depends on counting the number of events, it is possible to add artificial
events, remove a certain part of all events or even do both. If events are
added it is important that they are as alike as possible to the real signal.
This can be done by simulated events or by adding a real signal to the
detector. The added events are tagged and only removed after the analysis
has been completed. Of course a good simulation or a source of signal like
events that can be tagged is not always available. In this case it is also
possible to remove a certain percentage of all events, so that the deriving
of a meaningful result is not possible. This might even be preferable, as by
adding events some bias can evolve for the case, that less events are detected
despite the fact that some have been added by hand. By the combination,
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adding and removing events at the same time, it remains unknown which
effect is bigger and possible bias is reduced greatly.

(iv) Data prescaling By analyzing only a subset of the whole data set or
by applying analysis methods only on Monte Carlo data, a majority of the
data set can be hidden. This requires of course that either the subset of data
selected for the analysis is a good representation of the whole data set, or that
the Monte Carlo simulation is trustworthy enough to base the analysis on it.
A further drawback is that only the biased adjustment of cuts, enhancing
non statistical background fluctuations, can be suppressed. The search for
systematic effects is not addressed. If the data set is big enough it is however
possible to divide it into several pieces that can be unblinded bit by bit.
The prescaling has to be done unbiased, it must be a good representative of
the whole data set and the size must be large enough to develop an analysis
strategy but small enough to not bias the complete data set. Usually if the
prescaled data set has a considerable size of the total data set, it should
be disregarded for the final result. This blinding method can of course be
combined with one of the earlier mentioned methods.

4.2.2 Blinding the nedm experiment

The measurement of the mnedm is particularly susceptible to bias.
Depending on the belief of the person analyzing the data that either the
electric dipole moment is given by the SM (and therefore zero within the
sensitivity of the experiment), or the data gives a hint to physics beyond
the SM, one could be inclined to tune the value of the nedm to be zero or
not. The problem of a blind analysis for the nedm is that it must be
possible to still investigate (unknown) systematic effects, which are in
principle at the same level as the nedm value. Of the above described
methods for blind analysis only the hidden answer method and the data
prescaling method seem to be appropriate for the nedm experiment. The
figure of merit of the experiment is a frequency shift correlated with the
electric field. Thus any hidden parameter or added offset needs to be
correlated with the electric field in order to mimic a true edm.

The most simple approach would be to blind the value of the electric field.
Care must be taken that the electric field strength cannot be determined from
the charging current measured with the leakage current DAQ. However, as
the nedm is so small only a big offset in the electric field would lead to a
proper blinding, which leads to a psychological issue: as the sensitivity is
correlated to the electric field strength, it is hard to make people believe that
the experiment was running at a lower electric field.
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The only other parameter that could be hidden is the frequency of the
UCN and Hg comagnetometer (The CsM do not need to be considered as they
are not exposed to an electric field). Any offset (random or fixed) would need
to be correlated with the electric field. The UCN and Hg channels can be
analyzed independently as well as combined, and might make it necessary,
to add an ‘artificial’ edm in both channels. In addition, a random offset
might not only mimic an edm but also systematic effects. It seems however
plausible to simply add a constant artificial edm of considerable size (e.g.
1.005x 1072 ¢~ cm) to the Hg channel. It would shift the Hg precession
frequency and due to the corrections also the nedm result away from zero.
Even if the value of this artificial result can be determined from the neutron
channel, it will be limited by statistical fluctuations of the magnetic field and
therefore not be very precisd}

Finally it is always possible to analyze only a subset of data that has a
statistical sensitivity above the current best limit. Care must be taken only
in the selection of the data subset as it needs to be a good representative
for the whole dataset. In particular changes or upgrades of the experiment
(implement a new UCN shutter, use a laser based Hg readout system, etc.)
need to be considered. Of course this would only prevent a certain
statistical bias and some systematic studies might only be performed after
the unblinding.

It should be stated here that a blind analysis is no guarantee for a correct
result (nor does an open analysis need to be false). Also the analysis does not
need to stop if after the unblinding an unreasonable result is achieved. A non
blind analysis could always be performed later on, and both the blind and
open analysis result can be published together with a possible explanation of
what has lead to the wrong blind analysis result.

4.3 nedm data analysis

In November 2012 a first set of edm dataﬁ was taken with the spectrometer
at PSI. The data set is not large enough to have a discovery potential yet,
but the per-cycle sensitivity of the apparatus was excellent. The data is of
highly valuable to gain experience in operating the apparatus and train data
analysis algorithms. The data set recorded was not blinded. Over a period

3This holds only if the CsM can not be used to correct magnetic field fluctuations.
4 Actually a single run of six hours was recorded in December 2011 just before the yearly
shutdown of the proton accelerator.
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of 14 daysﬂ, a total of 24 runs with 2362 cycles have been recorded. Half
of the data set was recorded with By up, the other half with By down. In
addition the TTC and BTC correction coils were powered with currents of
(0, £250, +500) wA to measure at gradients of O(+10nT - m™'). The electric
field was altered ina +++4+0——— — — — 0+ ++ (or reversed) pattern where
each of the symbols (+ 0 —) represents seven to eight cycles, so that a typical
run consisted of about 100 cycles and had a duration of about 10h. The net
sensitivity of the data, after applying cuts (see Sec., adds up to

oq, = 1.28x107% ¢ cm. (4.1)

To determine d,, from the data a series of steps has to be performed first
to extract the neutron frequency f, and from that the frequency difference
with respect to the electric field polarity.

4.3.1 Extraction of neutron counts

The FASTER data acquisition system, connected to the neutron detector,
records a binary datafile for every cycle. For every charge event that exceeds
a validation time (charge over threshold of 3mV) of 6 ns this file contains two
integrated charges of the event (integration time 0...8ns and 8...200ns),
referred to as QD(ﬂ gates. Each entry gets a time stamp relative to the
starting time of the file. The data file not only contains UCN events but
also low charge events due to e.g. Cerenkov events in the acrylic glass light
guides. The separation between UCN and background, at the moment done
in a simple cut on the QDC value of the second gate is shown in Fig.[4.4]

The FASTER DAQ has a non-extensible dead time of 74, = 80 ns [Fon12].
For a constant count rate a dead time correction for each channel can be
performed according to

M
(M X 7'5115/75)7

N =~ 4.2
— (1.2
with IV the real UCN counts, M the registered UCN counts and t a time

interval of ¢ < 0.5¢ during which the count rate can be assumed to be
constant. As the count rates currently do not exceed ~ 40000s~ !, the dead

5The actual data recording period was 17 days, including 3 days during which the
proton accelerator was switched off for maintenance.

6Charge-to-Digital converter.

"The time binning of the analysis script is adaptive, to divide a given pTimer step into
an integer number of intervals ¢ but also to have as few time intervals as possible to save
computing time.



4.3 NEDM DATA ANALYSIS 119

Run 6200.1

IS

Counts

IN

0 1 2 3 4 0 1 2 3
Charge [channel x 104]

IS
N
w
S

Figure 4.4: Double logarithmic plot of the QDC distribution of the nine UCN
detector channels. The red distribution, below the threshold is accounted as
background, the blue distribution as Signal.

time correction is usually below 3 %o. So far no pile-up treatment is performed
in the analysis which might become necessary when higher count rates are
achieved in the future.

After the mentioned corrections are performed the relevant UCN counts
of different steps of the uTimer of each cycle are summed up (see Fig..
Two timestamps are written to a separate log file, containing the start of the
FASTER file (ExtEvU 0) and the start of the cycld| (ExtEvU 1). With this
time difference and the timing information of the uTimer it is possible to sum
up all events that occurred during the single steps of the uTimer and allot
the summed up counts to the different UCN counting periods ‘monitoring’,
‘spin up’, and ‘spin down’.

4.3.2 Cuts

A series of cuts was performed to select reasonable data out of the data set
recorded. The cut criteria are based on systematic considerations, hardware
malfunctions, or statistical considerations:

8More precisely the command to open the main neutron beam line shutter which marks
the first action of any cycle with the intention to count neutrons.
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Run 006310. 5
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Figure 4.5: UCN time series of a typical nedm cycle. Plotted is the summed count
rate of all nine detector channels. During the first 30s UCN are filled into the
chamber. The small increase in the count rate is due to the monitoring hole in
the fill position (see Sec.. During the free precession time of 200s UCN
from the source are directly guided to the UCN detector. Around ¢t = 240s,
the stored UCN are emptied into the detector with the spin flipper above the
analyzer switched on for 30s. The different UCN counting periods that are
integrated are marked with: o-‘monitoring’, A-‘spin up’, v/-‘spin down’.
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Leakage currents produce a systematic shift of the magnetic field
(see Sec.[3.1.1)). Thus any data with a measured current above 1nA is
rejected.

If the switch is not in the correct position during the emptying period,
the storage time above the foil will change, influencing the measured
polarization due to the spin sequence. The usual position accuracy is
1 encodercount(e.c.) &~ 1 mrad (see Fig.[2.17). Therefore all cycles with
a position error bigger than 1 e.c. are considered as a switch malfunction
and are rejected.

Cycles with large changes in the By-field are disregarded, as these
occur usually when the SULTAN magnet is ramping. Cuts are
performed on changes between two consecutive cycles by looking at
the difference between fﬁg — Iflfgl > 30 uHz and deviations from the
average field of the run larger than 150 pT.

Significantly lower numbers in the UCN counts mean usually that the
UCN source, or one of the valves towards the experiment did not work
as expected, or that the network connection between the Faster-PC and
Zeus-PC was interrupted (see Sec.2.4.12). Therefore cycles with less
than 50 UCN and cycles with a deviation of the monitor counts larger
than three standard deviations from the run averaged monitor counts
are rejected.

The performance of the Hg comagnetometer needs to meet the
specifications defined in Sec.2.5.2] in order to effectively correct the
UCN magnetometer from magnetic field changes. Thus the result of
the online fit (which is used for this analysis) is used as a cut
criterion. Cycles which have a y?/dof greater than two or smaller
than 0.5 as well as cycles with an error on the fitted fu, larger than
5 uHz are removed from the data set.

To find reasonable values for the criteria concerning the

Hg comagnetometer and the By-field, the x?/dof of the Ramsey resonance
fit was studied. With the values stated above, 27 % of the data was
rejected. 80 % of the cycles that were rejected do fulfill one cut criteria (see
Fig.|4.6), showing that the choosen criteria are relativly independent. Most
cuts are related to the performance of the Hg comagnetometer as shown in
Figure[d.7] This also becomes apparent when looking at the cycle number of
the cut cycles. The histogram in Fig.[1.8 shows that cycles around number
30 and 80 are more often rejected. This coincides with the polarity change
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of the electric field that reduces the Hg comagnetometer performance (see
Sec.|2.5.2)). Hopefully more data can be accepted when using an offline fit of
the Hg precession data.

80

701

60

50+

* 40

301

201

No. of cuts

Figure 4.6: Most cycles that were cut, fulfilled only one or two cut criteria.

4.3.3 Correction of the data

The raw data is affected by magnetic field drifts and fluctuations of the
neutron flux. These flaws however can be corrected wusing the
Hg comagnetometer and the UCN monitor counts. The effect of these
corrections is shown in Fig.[d.9 The analysis in this work is performed
using the online analysis results of the Hg precession frequency which is
based on the fitting method described in [GHIT98]. The raw Hg precession
data is stored and can be reanalyzed at any time.

4.3.4 Extraction of the neutron frequency

Close to the resonance, the central fringe of the Ramsey resonance curve can
be approximated with a cosine function. Comparison to numerical results
have shown that the relative error in the resonance frequency due to the
approximation is below 2x 1077 [May98] and thus is negligible. The number
of neutrons in the different spin states at the end of a cycle is described in
this approximation as:

i av, fn - fl
N = N7® {1 F oy Cos (WTRF : (4.3)

with the average number of neutrons N#'& = W at the end of the
Nmax—Nwin the visibility of the Ramsey resonance, f, the resonance

Nmax min

cycle, a =
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Figure 4.7: Visualization of the number of cycles cut by different criteria. Clearly,
the Hg online fit together with the choosen cutting limits is the most influential
cut. Using offline fitting of the Hg data might reduce the number of discarded
cycles.
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I
0 50 100 150 200
Cycle no.

Figure 4.8: Histogram of the cycle number of cycles that have been cut. The
general trend of lower entries towards higher cycle numbers is expected if one
keeps in mind that most runs have less than 100 cycles. The peaks around cycle
30 and cycle 80 correspond to the polarity change of the E-field that leads to
a decreased Hg performance. Also the current magnetic field is unknown when
starting a run, leading to a rejection of the first cycle.
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Figure 4.9: Example of the influence of corrections on data quality. Plotted is
the corrected (o) and uncorrected ([J) data for magnetic field drifts with the
information of the Hg comagnetometer@, and the correction of UCN counts
using the UCN monitor informatior@ The respectively other correction is
preformed. The improvement is best seen by comparing the standard deviations
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--) and uncorrected (- -
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-) data set. The fluctuations are (on
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Figure 4.10: Illustration of cosine approximation fit. For details see text.

frequency of the neutrons and fip the frequency of the applied spin flip
in cycle ¢ and the width of the resonance v = m as illustrated in
Fig.[£.10] In addition also the asymmetry A between Ny, and Ngown counts

is fitted to extract the neutron frequency:

. Ny+ N} i
A= N Ni Ao—l—acos( Jo UfRF). (4.4)

For the rest of the document, the fit performed to the corrected data to
extract the neutron precession frequency, is called ‘Ramsey fit’. It is
performed on the whole data of each run, as well as on parts grouped by
the electric field status (+0—).
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4.3.5 Extraction of the electric dipole moment

The last step in the analysis is the extraction of the measured edm of the
neutron. The simplest method to extract the frequency difference Af, =
fuTt — fuTl would be a simple subtraction of the two values obtained from
the fit of the Ramsey resonance. In order to also make use of the data taken

without electric field, a different approach was used. As we can see from
(2.1) fu shifts linearly with the electric field strength, thus a linear fit of

2 A
(E) = %dnE =mkE, (4.5)
results in a slope m from which d,, can be extracted as d,, = mTh An example
is shown in Fig.[4.11l This method can also be used to extract dp,, with the
average frequency fu, at different electric fields, calculated in the individual
runs.
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Figure 4.11: Extraction of d, with a fit of fn(E) and frg(E). The neutron

frequency is a

combination of the fit results of Nyp, Naown, and A.
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4.4 Combining different runs

After performing the analysis steps above, a database is created, containing
all data and results from the steps above. This database can be further
analyzed and interpreted. In the following section we will look at some of
the results and give a first upper limit of d, that has been measured at PSI,
which also is the first result of the nEDM-experiment since [Kne09].

4.4.1 Statistical analysis of the Ramsey fit

It is important to understand if the cosine approach is a good
representation of the data, or if additional systematic errors are hidden in
the data, that would lead to a wrong result. This can be done e.g. by
looking at the distribution of the residuals of the Ramsey fit or by checking
the distribution of y?:

Residuals The residuals (UCN counts) of the Ramsey fit to the complete
run should be normally distributed if the fit is a good representation of the
data. The statistical moments (mean, skewness, and kurtosis) of a set of n
residuals r; are defined as

1 n
= =S 4.6
mean : 4 = ;r (4.6)
1N )3
skewness :y; = & Lo (;“z #) : (4.7)
o
1N )
kurtosis : 7o = & Lo (:z #) -3, (4.8)
o

with o the standard deviation of r;. A negative/positive skewness means
that the distribution is asymmetric towards the values smaller/larger than
the mean. The kurtosis characterizes the amount of data in the center or
among the shoulders of the distribution. All three moments should be zero
for a normal distribution. An overview of these values for all runs is shown
in Fig.[4.12]

The distribution of the statistical moments of the residuals can be
compared to the output of the MATLAB randn function. This function
produces normally distributed pseudorandom numbers for which the
statistical moments were calculated. The results are compared in Tab.[4.1]
It is obvious that residuals are not fully normal-distributed. Some runs
have statistical moments much larger than zero (see Fig.[4.12)). These are
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Figure 4.12: Mean, skewness and kurtosis of the Ramsey fit residuals @ and a
zoom of these value The different symbols show the results for the fit of
Nup(2)), Naown (V) and the asymmetry(()).
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6204, 6271 (switch malfunction and an ill log file was created on which a
cut could be made) and 6326 (magnetic field change which passed the
selected cut criteria). Excluding these runs from 7, 77, and 77 brings the
values closer to expectations, but they are still incompatible with zero.

H 71 V2
Nup 4.313.3 0.80.4 ~0.06+0.15
Naown _5.544.6 0.340.2 -0.0940.13
Asym. 0.0004-0.0005 | 0.4340.25 | -0.0494-0.114
Ny * 1.0340.15 0.5540.31 | -0.02340.111
Nown™ -1.0340.16 0.234£0.19 | 0.007+0.116
Asym.* -0.00010.00003 | 0.48+0.31 | -0.060.14
randn(100x20) | 0.005£0.02 | -0.008+0.10 | -0.022.%0.061

Table 4.1: Statistical moments of residuals and MATLAB randn of size
(cyclesxruns). Calculated is always the mean of the distribution of the
statistical moments. The values with asterisk are calculated without runs 6204,
6271, and 6326.

x? distribution The distribution of the x? of the different Ramsey fits can
be compared to the x? probability density function defined by

v—2 _z
Tr 2z e 2

pdf,(z) = m, (4.9)

for v degrees of freedom (dof). Here I' is the Gamma function. For each run
Nyp, and Ngown, as well as the asymmetry are fitted for the three electric

fields conditions (+,-,0). So in total each run has six plus three y? values.
As all fits have a different v;, they were normalized to the mean 7 of all fits

2
2=2tig (4.10)
v;

A histogram of this quantity was then fitted with (4.9)) (see Fig.|4.13)). The
normalized x? values from the Ramsey fits are roughly distributed according

to (4.9). However the vg, one obtains from the distribution, is different from
v obtained from the individual dof.

4.4.2 R-curve measurement

As mentioned in Sec.[4.3] a small part of the data was measured at zero
electric field. This data can be used to determine the ratio of precession
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Figure 4.13: y? distribution of the Ramsey fits. The result of the fit yields a
different vg; than the 7 used for the normalization. For the asymmetry @ we
get vgy = 29 and ¥ = 23. For the Nyp, Ngown fits @ the difference is vg = 34
to v = 23.

frequency of Hg-atoms and UCN. Figure[d.14] shows the data for both
By directions together with a linear fit. Using one can see that from
the linear fit the center-of-mass offset between UCN and Hg can be
extracted. With

R=Ryg+t — =b 4.11
0 B, 0= +m X x, ( )

we can extract
Ah = +m g, (4.12)

n

with the plus (minus) sign for By-up (By-down). Taking the average By-field
of all runs used for the fit one gets

Ahy, = (3.0 £ 0.1) mm,
Ahgown = (3.0 £ 0.3) mm,
Ah = (3.0£0.2) mm.

away from unity can be studied.

Also the shift of Ry = (f—“)G w | He
=0

ng Tn
Attributing the difference to a quadrupole field one also has a measure of the
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systematic effect described in Sec.|3.2.2| From the fit to the data we get

Roup = (1.0000241 4 0.0000008),
Rodown = (1.0000228 4 0.0000019),
ARy = (1.34£2.1)x 107

Rewriting (3.38)), the difference AR corresponds to a quadrupole field AB
of

AB, =B\, - B, =4AR,B:. (4.13)

With By, = 1.030uT, the average magnetic field magnitude of all
measurements, this results in a quadrupole difference of

AB® = (=5.5 £ 8.9)nT>.
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Figure 4.14: R-curve extracted from the subset of the 2012 nedm data set
measured without electric field. Only runs with working CsM were used, as
these were used to extract the vertical gradient. The linear fits f(z) = mxx+b
to the data results in my, = 1.13(5) x 107 °m-nT~ !, by, = 3.8425424(4),
Maown = —1.1(1)x 107> m - n T~} and bgown = 3.842537(1).
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4.4.3 Neutron and ""Hg edm for all runs

Figure[d.15(a)| shows the value of d, as a function of the run number. As
already seen in Sec.[1.4.1] the runs that gave a bad fit result (6271 and 6326),
also lead to a large error on d,. A weighted average of all runs result in
dy = (0.240.9)x107?° ¢ - cm. The same analysis can be performed with the
Hg channel alone (see Fig.[4.15(b)|). Here the weighted average of all runs is
dig = (—0.6 £0.2)x107?° ¢ - cm. It is interesting to notice that the run 6271
also has the largest error in the Hg channel.

4.4.4 Crossing point analysis

The value above now should still contain the geometric phase effect for the
Hg comagnetometer. The average gradient extracted with the CsM (see
Fig.4.14) is G = 1.57nT-m™' and the maximum gradient is
Guax = 15.3nT - m~!. From the measurements of the geometric phase (see
Sec.[3.2.2)) one expects this gradient to result in an average false effect of
dy, = 0.15 x 107% ¢- cm, and a maximum of d, = 1.5x1072% ¢- cm. Thus
the crossing point analysis described in Sec.[3.2.2] is applied to the data set
and the measured d, is analyzed as a function of R. Figurel[d.16| shows the
data and global linear fit with a common value for the absolute slope, but
different intercepts.

The fit result of k¥ = (1.02 £ 0.62) x 10% ¢ - cm is, within the errors, in
agreement with the theoretical slope from of k*he® = 1.54x10"2 ¢ - cm.
At the crossing point of the data taken at By-down and Bp-up of R — 1 =
(—2.8 4+ 1.5) x107° the nedm is

dy = (1.42 4+ 2.54) x10"* ¢ - cm.
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Figure 4.15: The extracted edm of the neutronl@l and 1(‘%’Hgl@l for the different
runs.
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Figure 4.16: Measured nedm as a function of the relative frequency shift between
UCN and Hg-atoms. A global linear fit with a common slope |k| but different
intercepts is performed to the data.
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4.5 Results and discussion

The results of the analysis are summarized and discussed in the following
section.

Technical remarks The data taken in November 2012 suffered from two
technical issues, that might influence its quality. Due to a firmware error in
the CsM-control electronics, the amplitude of the spin flip signal applied to
the sensors became distorted and was not a perfect sine function. In general
the absolute value of the CsM is known to some 10pT. The distorted RF
could however not only lead to an unknown offset in the CsM readings, but
also might influence the precession frequency of the UCN and the Hg-atoms.
The malfunction was only discovered in the middle of the data taking, and
thus the data after run 6310 was taken with the CsM switched off. About 60%
of all runs where recorded with the CsM electronic switched on. As the effect
on the actual CsM values is hard to estimate, in the analysis the error on
the CsM measurements itself is assumed to be as small as usual. The results
however might have an unknown systematic effect, and the interpretation
might be incorrect.

A second issue concerns the applied m/2-pulse for the UCN in the
precession chamber. The gating module inside the main DAQ board (see
Sec.[2.4.12)) malfunctioned and produced an unwanted envelope around the
UCN sine spin flip signal. Using a simple relay the shape could be recovered
as depicted in Fig.[4.17] However a mechanical relay is always suffering from
contact bounce and the timing is not as precise as with purely electronic
devices. The relay used was measured by opening and closing it more than
50000 times. The relay needs about (1.3885 £ 0.0001)ms to open and
(2.4767 £+ 0.0003) ms to close, so the 7/2-pulse is actually not 2s but only
(1.9989118 = 0.000004) s long, which is a deviation of 0.5%c(see Fig.[1.18).

Results R, extracted from the subset of data taken with zero electric field,
as a function of the magnetic field gradient, measured with the CsM was
analyzed. The linear fit to the data had a large x?/dof of 5.7 for By-down and
2.2 for By-up. This could be due to technical difficulties the CsM firmware
created at that time. With this fit the center-of-mass offset of UCN and
Hg-atoms was determined to be Ah = (3.0 £ 0.2) mm. Also the quadrupole

difference could be estimated to be AEi = (=5.5+8.9)nT?. If this value
is confirmed by magnetic field mapping with a fluxgate and vector CsM
magnetometer, the systematic effect arising from this, is one of the major
systematic errors. However, the field can be optimized using correction coils.
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Figure 4.17: Usage of a relay to gate the UCN spin flip signal in and out. The
two screen shots show the 2 s long RF signal used for the 7/2-pulse for the UCN
as measured with a scope in parallel to the coil. The gate module of the DAQ
board@ produces a distorted signal. Using a mechanical relay to cut out the
middle of a longer signal results in the desired shape.
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Figure 4.18: A function generator turned the relay on and off, used for the
7/2-pulse of the UCN, every second. The time delay between the signal of
the generator and the actual opening or closing was measured for more than

50000 cycles. The relay needs (2.4767 + 0.0003) ms to close (shown here) and
(1.3885 £ 0.0001) ms to open.
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For the sensitivity of the present data set, systematic errors as appraised in
Sec.[3} are insignificant for the total error.

A simple averaging of the edm over all runs results in dyy = (—0.6£0.2)x
107 ¢-cm and dy, = (0.2 £0.9)x1072° ¢+ cm. This value can be compared
to the last result that was achieved in 2007, with the nEDM-experiment still
at Ill. In that measurement a simple average of data collected gave a result
of dy = (0.17 £6.57) x 107?° ¢ - cm [Kne09] from a data set of three days.

Analyzing the values of d, as a function of R resulted in a slope of
k = (1.02 £ 0.62) x 1072 ¢ - cm which is in agreement with the theoretical
expectations of k™ = 1.54 x 1072 ¢-cm derived from (3.36). At the
crossing point, this translates to an edm of d, = (1.42 £ 2.54) x107?° ¢- cm
and together with the systematic effects listed in Tab.[3.I] the final result is

dy = (1.43 £ 2,544, £ 0.024) x 1072 ¢+ cm, (4.14)

which corresponds to an upper limit of |d,| < 6.4x107% ¢- cm (95%C.L.).

Discussion This result is not fully satisfactory, as the reduced x?
of the linear fit is surprisingly large. This seem to point to the fact, that
there is a remaining unknown systematic which was missed in the analysis.
Looking at Fig.[1.15(a)| one can see that there are several runs with |d,| ~
(1.0 £0.1) x 1072 ¢~ cm. An example is run 6289. Figure[d.19] shows the
leakage current and the high voltage data for this run. Apart from the
usual peaks in the leakage current data that are expected due to ramping
and shutter movements there are additional peaks. This could be a hint for
discharges that influence the magnetic field in a way that is not compensated
with the Hg comagnetometer (uncompensated B drift). The fact that for the
last third of the data taking the electric field of only £ = 8.3kV - cm™! had
to be reduced by another 30 %, is also a sign that the HV conditions were
not ideal.

Moreover the whole data analysis is performed with the online fit results
of the Hg comagnetometer signal. Any error in the frequency extracted
could result in the observed problems like the non-Gaussian distribution of
the Ramsey fit residuals, the large x? in the R-curve fit and the nedm result.
The relative error however would need to be of the order O(107°), which is
not very likely. It is anyway interesting to redo the analysis once the offline
analysis of the Hg comagnetometer data is ready.
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Figure 4.19: Leakage current and high voltage of run 6289. Apart from the
expected peaks for the ramping of the HV and the shutter movements, there
are other events. In particular the signals between midnight and 3 a.m. could
be a series of short sparks that might have influenced the magnetic field. The
10 Hz filter in the leakage current could suppress sparks on a shorter time scale.



Chapter 5

Non-metallic electrodes

This chapter will describe the investigations made in order to build
non-metallic electrodes. The term ‘non-metallic’ can be misleading and will
be explained. Of course electrodes need to be conductive in order to be
charged up and create an electric field that is required for the measurement
of the edm. At the same time, any conductor will create noise due to the
thermal movement of charge carriers. To diminish this noise, the amount of
conducting material (metal) has to be reduced. A possible solution is to
create a composite structure from an insulating material that defines the
shape and the mechanical properties of the electrode and a thin conducting
surface layer. This is referred to in the following as non-metallic.

5.1 Motivation for investigating non-metallic
electrodes

Johnson-Nyquist noise Any form of random magnetic signal or noise
will influence the measurement of the nedm. As the noise is not correlated
with the direction of the electric field no systematic effect or false edm
arises from it. However, the sensitivity of a magnetometer is limited by the
environmental noise.  Figure shows the sensitivity of the UCN
magnetometer as a function of the counted UCN according to ([2.6)).

In the design goal of the n?EDM-experiment, the sensitivity of the UCN
magnetometer will be of around o(B) ~ 0.2pT. A comagnetometer like
19Hg (or possible external magnetometers like superconducting quantum
interference devices (SQUIDs), 33Cs, or 3He magnetometers) need to be
about a factor 10 better in order not to lose the sensitivity of the UCN
magnetometer due to corrections for magnetic field drifts. In the following,

141
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Figure 5.1: Sensitivity of the UCN magnetometer per cycle as a function of the
UCN counts at the end of a cycle with 200 s free precession time and o = 0.7.
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magnetic noise of

B, < 0.02pT/vHz

will be the noise limit that should be achieved. At this sensitivity level the
intrinsic Johnson-Nyquist noise (JNN) coming from conductors close to the
magnetometers can limit the sensitivity, as numerical calculations showed
(see Sec.[5.2). The metallic electrodes are a fundamental part of the
experiment and their distance to the Hg and UCN magnetometer is not
adjustable at will. Thus reducing the noise is only possible by changing the
material composition.

Magnetization Apart from noise considerations, ferromagnetic and
paramagnetic impurities are more common in metals than in e.g. organic
polymers, due to the production process. A measurement of magnetic
properties for different materials can be found e.g. in [SJBT09]. Materials
with ferromagnetic impurities (e.g. Fe or Ni) can be magnetized during the
experiment by currents related to the creation of the electric field (see
Fig.. Systematic effects like the uncompensated B drift (see Sec.
are directly related to magnetization of material close to or even within the
precession chamber. These systematics can be suppressed by a carefull
selection of materials like carbon fiber reinforced plastic (CFRP) as
measurements showed (see Fig.[5.3)).



144 NON-METALLIC ELECTRODES 5.1

0.5 ,
—CuBe
0.4f - - CuBe after HV operation |
- - -CuBe after magnet
0.3t
=
£ 0.2 III
3
o 0.1
<
0 L
-0.1
-0.2 : : : :
0 200 400 600 800

Position [mm]

(b)

Figure 5.2: @ Shows a CuBe piece of the original high voltage system that
connected the feedthrough with the top electrode. @ Measurements in a
gradiometer (see Sec.E[) showed that this piece got magnetized after several

weeks of high voltage operation. Exposing it to a permanent magnet (B =
1.3 T) gave an even stronger signal.
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Figure 5.3: Magnetization of PC and CFRP: After a first measurement in a
gradiometer (see Sec. the samples were exposed to a permanent magnet
with B ~ 1.3 T. Carbon fiber reinforced plastic (CFRP) is less influenced by
the magnetic field than polycarbonate (PC).



146 NON-METALLIC ELECTRODES 5.2

5.2 Numerical calculations of
Johnson-Nyquist noise

The source of noise that has its origin in all metallic parts of the
experiment is called Johnson-Nyquist noise (JNN). It was discovered first
by J.B. Johnson in 1927 [Joh28] when investigating the noise of amplifier
tubes as a dependence of the connected amplifier and one year later
theoretically explained by N. Nyquist [Nyq28]. In their initial work they
found that a resistor at a temperature 7, with the real part of its
impedance R(w) = R(Z(w)), connected to an amplifier with a transmission
function Y (w) showed a mean square noise current of:

2 2T [
= —

dw R(w)| Z(w)[?, (5.1)

™ Jo

with the Boltzmann constant k. Thus the noise they measured was a simple
function of the resistance and the temperature of the conductor connected
to the amplifier, and independent of shape or material. This current will
create a magnetic field that will influence the sensitivity of magnetometers
as used in edm experiments. In connection with biomagnetic measurements
using SQUIDS, several papers developed models to describe this magnetic
field for different geometric shapes. The phenomenological model for infinite
conducting slabs, developed by [VP84], not only agreed with measurements,
it also formed the basis for later work e.g. [NMK96, MT05]. A script]l] was
developed based on [VP84] using numerical integration to calculate the noise
of the electrodes in the nEDM, and n?EDM-experiment. In the following the
general concept of the model is recapitulated shortly.

Let us consider a volume with a conductivity o at a temperature 7" that
can be divided into small volume elements AV = AzAyAz (see Fig.[5.4). In
the case of a shortened resistor for a frequency interval A f becomes

o 4KTAf

i , (5.2)
j R;
for the mean current in direction j = [z,y, 2] of the volume element AV.
The resistivity R; in e.g. a-direction is given as
11 1 Az
R,=——=— . 5.3
cA  oAyAz (53)

"'Wolfram Mathematica, version 7.0.1.0
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One can now define a current dipole P; = i;Aj in each AV and with ([5.2))
and (5.3)) we see that the mean square current dipole is

P! = A2* = 4kToAfAV = P2 = P, (5.4)

Using Maxwell equations it is in principle possible to find a transfer function
g;(r,7r’, f), i.e. a Green’s function, so that

By(r) = g;(r. 7", [)P. (5.5)
However, g can be derived analytically only for certain geometries, like an
infinite slab. Under the assumption that the JN currents in all AV are

uncorrelated, integrating over the volume of the conductor will result in the
RMS spectral density of the magnetic field noise of

B, . = Ei— dV'4kTo /A / 2 5.6
=\ 2% = /V oA flg (v, f)[2. (5.6)

5.2.1 Results of numerical calculations

In the following section results will be presented that were obtained with
the Mathematica script (see Sec.[F]) based on the model described above.
Calculated is always the JNN perpendicular to the slope
B,. = V2B,, = V2B, [VP84]. The dependency of the JNN on different
parameters like distance, thickness, or conductivity of the slab are
investigated. In all examples a temperature of 7' = 293K and a relative
permeability of pu/ug = 1 is assumed.

Comparison to measured data

The electrodes used in the nEDM-experiment are regularly investigated at
the Physikalisch-Technische Bundesanstalt (PTB) Berlin. In the highly
magnetically shielded room [BHKS0I] a SQUID system can be used to
measure magnetization in the electrodes due to e.g. electrical discharges. In
2011 also the JNN was measured with this system as a function of
frequency. This data can be used as a comparison with the calculations (see
Fig.|5.5). The results obtained with the Mathematica script agree with the
measurement in amplitude and shape. Thus the following calculations can
be trusted as well.
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Figure 5.4: A volume V (like the top electrode) is divided into infinitesimally
small rectangular volume elements AV. To each of these elements a current
dipole P due to JN current is assigned. For certain simple geometries and
under the assumption of uncorrelated P, one can integrate over the volume to
calculate the mean magnetic noise using a Green’s function.
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Figure 5.5: Comparison of a JNN calculation (solid line) and data measured at
PTB Berlin.

Distance dependency

As expected, the JN noise of a slab reduces with the distance to the slab (see
Fig.|5.6)). Thus mainly the electrodes are of concern for noise considerations.
In all current designs the vacuum tank is less important in terms of noise,
but might be considered depending on the position of local magnetometers.

Thickness dependency

The idea of non-metallic electrodes is to reduce the thickness of the metallic
layer. Figure[5.7 shows the calculated spectral density of JNN as a function
of the thickness of an aluminum slab at a fixed distance of 1 mm. The noise
can be reduced, as expected, if the slab is thinner.

Conductivity dependency

The conductivity of a conductor like aluminum is many orders of
magnitude higher than that of a typical insulator (see Fig. due to the
reduced mobility of the electrons. Thus any insulating material can be
neglected with regard to JNN considerations.
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Figure 5.8: JNN for different materials of 25 mm thickness at a distance of
1mm. The conductivity changes over many order of magnitude from aluminum
(oa1 = 103S-m™1), over CFRP (ocrrp ~ 1079S-m™1) to glass ceramic
(ogk ~ 107 S.m™1) and PEEK (opggk ~ 10716S-m™1).

Calculations for the n?EDM-experiment

Noise for magnetometers outside the precession chamber In the
n’EDM-experiment, the implementation of a *He magnetometer is discussed.
Close to the electrodes it shall measure gradients over the precession chamber
for several cycles. A crude picture of the situation in the n?EDM-experiment
using a 3He gradiometer is depicted in Fig.. Also marked is the position
of infinite slabs, that were calculated to estimate the JNN coming from the
vacuum tank and the electrodes.

The result of the calculation (see Fig. shows, that the main influence
of the noise is coming, as expected, from the electrode. If the electrode can
be replaced with a non-metallic one, the noise situation would improve. The
vacuum tank as a source of JNN is less important in the scenario presented
here. This might change if the design of the experiment changes, and a non-
metallic vacuum tank (e.g. CFRP coated with Cu) might be needed. For
non-metallic electrodes with a thin metallic coating on the micrometer level,
the noise can be expected to be lower than 0.02pT/ v/Hz, which is acceptable
for the designed sensitivity of the experiment.

Noise inside the precession chamber The precession chamber is defined
by the two electrodes and an insulator ring. The electrodes dominate the
noise contribution for UCN and '""Hg. To estimate the noise experienced
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Figure 5.9: Simplified sketch of the n?EDM-experiment. The double precession
chamber (black) is situated in between two electrodes on ground potential. Next
to the electrodes a 3He-cell will be positioned. At typical distances (d1 - d4) of
the 3He-cell to the vacuum tank and the electrode, slabs have been calculated
to estimate the noise in the magnetometer.
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Figure 5.10: JNN experienced by the He magnetometer in the n?EDM-
experiment. At the precession frequency in a B = 1 uT field of fi, ne ~ 30 Hz
the noise is dominated by the electrodes. With non-metallic electrodes their
noise is on the same level as that of the vacuum tank.
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by UCN and '*"Hg inside the chamber, the noise over the chamber has been
averaged over the height 2z in the chamber, so that

B, = By(2) + B,(0.12 — 2). (5.7)

The results for a 25 mm and a 20 pm thick electrode are shown in Fig.[5.11]
Using metallic electrodes the noise is more than thirty times higher than
acceptable at the precession frequency of 1%Hg of about 8 Hz in a 1 uT field.
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Figure 5.11: Mean noise according to (5.7) for metallic and non-metallic
electrodes.

5.3 Research and development

The electrodes together with the insulator ring form the precession chamber.
Thus stringent requirements are made to the material and the surface of the
electrodes to allow a reliable measurement. A non-metallic electrode will be
a composite of different materials: A nonconducting substrate will define the
shape and the mechanical properties of the electrode. A thin metallic layer,
that can be charged to create a uniform electric field. Finally a diamond-like
carbon (DLC) or diamond coating is needed to guarantee good UCN and Hg
properties of the surface.
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5.3.1 Substrate

The insulating substrate from which the main body of the electrodes is
machined needs to be:

e Nonmagnetic: In order to be used within the experiment any material
needs to be nonmagnetidﬂ to reduce systematic effects.

e Vacuum compatible: The electrodes represent a considerable amount
of the surface within the vacuum chamber. To maintain a clean high
vacuum environment, the out-gassing of the electrodes needs to be at
least comparable with DLC-coated aluminum from which the current
electrodes are made.

e Machinable: The surface must be smooth in order to create high electric
fields (see e.g. [SGKO03]) and the material must be machinable to create
the desired design of the electrode. Also a robust electrode is preferable.

e Heat-resistant: During the high voltage conditioning in the experiment
and in the coating process, resistive heating in the conducting layer
can be expected. First samples made from acrylic glass (upper working
temperature (UWT) 75°C) melted after several hours of conditioning

(see Figl5.12]).

Figure 5.12: Acrylic glass (left) and CFRP (right) samples, coated with 20 pm
Cu, after several hours of conditioning. The acrylic glass sample partly
melted and the Cu layer de-laminated, while the CFRP only shows microscopic
damages in the metallization (the black spot in the CFRP sample has a diameter
of about 0.1 mm).

2Very weakly para-, or diamagnetic.
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Material Gp2p [PT]
Epoxy (EPO 752, Axon) 1800(1100)
Epoxy (Durapot863, Cotornics) 21(18)
Eltimid (Handtmann) 30(4)
Graphit 62(14)
CFRP (Briithlmeier) 20(10)
CFRP (PaukoPlast) 37(15)
PEEK (Ketron®, Quadrant) 31(14)
PEEK (TECAPEEK®, Ensinger) 60(20)
Glass-ceramic (Macor®, Corning) 50(20)
Glass-ceramic (Robax®, Schott) 30(10)
Glass-ceramic (Zerodur®, Schott) 40(20)
Borosilicate glass 150(10)

Table 5.1: Gradiometer measurement of different materials that were investigated
as substrate for non-metallic electrodes. The peak-to-peak value of the gradient
as function of the cart position is listed. The error on each measurement is
based on the reproducibility between forward and backward movement of the
cart. The background of the cart itself, Gfﬁp = 12pT, has not been subtracted
from the measurements above.

Several types of material classes have been tested: Epoxy, plastics
[polyether ether ketone (PEEK), carbon fiber reinforced plastic (CFRP)],
and glass ceramics.

Magnetic properties The magnetic properties of potential materials were
tested in the gradiometer at PSI (see Sec.. In Tab. the peak to peak
value of the gradient as a function of the position is listed.

Apart from the epoxy (EPO 752), which has been colored black using
iron oxide, none of the tested materials showed a clear magnetic signal.
Particularly CRFP, Durapot863, and Robax seem to be promising
candidates. However the mechanical properties of Durapot863 (brittle) do
not meet our demands.

Outgassing To measure the outgassing of different materials, samples have
been placed in a vacuum chamber and pumped for several thousand seconds.
The outgassing rate per surface S is defined as

ApV

Ql: AtS’

(5.8)
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with the pressure change Ap over the time At in a volume V. The tested
materials can be compared to the empty, stainless steel, vacuum chamber
in which they are placed for the test. Results of these measurements are
listed in Tab.[5.2l CRFP showed the worst vacuum properties if it has no
metallic coating. Assuming a surface of the two electrodes for the n2EDM of
S =4 x (7r?) = 2 x 25°7em? ~ 3926 cm?, and a volume of the storage
chamber of V = 20000 cm?, during the time of free precession where the
chamber is not pumped a outgassing of @; = 10~ mbar - 1- (s - cm?)~! would
result in a pressure change of

_ QiSAL

A
P="y

=4 x 10" * mbar, (5.9)

corresponding to a mean free path of the order O(1072m). This is
about the same as the mean free path of a UCN in the chamber in vacuum
and thus will influence the storage timeﬂ and reduce the sensitivity.
Also the high voltage properties will be influenced in this pressure regime
(see Sec.. However, the experience with the dPS storage ring showed,
that baking at 60degC can reduce the outgassing by an order of
magnitude [Kuz0g]. As all tested materials withstand temperature well
above 100°C, the outgassing results do not exclude any of the tested
samples.

Machinability Producing a complex form like the electrodes is especially
easy with CFRP where a mold can be machined to high precision. The surface
roughness of a CFRP test electrode has been measured using a profilometer
(Hommel T1000E). The mean roughness R, = 0.4 um is worse than the
currently used diamond milled Al electrodes (the company doing the milling
guarantees R, < 0.01 um). However this is in principle still acceptable for the
electric fields used in the experiment. Also PEEK has been used for different
constructions within the nEDM-experiment (e.g. a new UCN shutter was
designed and build using only PEEK) and has shown good results. The
surface can also be diamond milled with a roughness of R, < 0.03 um on
samples of (50 x 50) mm?. Based on the experience gained with the quartz
insulator ring and the glass guides, brittle glass-ceramic is not a material
of first choice. The handling of these components lead to a lot of damaged
surfaces.

3and also the depolarization time, if polar molecules are outgassing.
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Material outgassing after
10000 s pumping

(o]

Empty chamber 3x1078
CFRP 2-3x107¢
CFRP (sputtered) 2-3x1076
CFRP (galvanic) 1 x 1077
Glass ceramics 0.8-1x1077
PEEK 7x 1077
PEEK (galvanic) 2 x 1077
Graphite 4 %1077

Table 5.2: Vacuum properties of selected materials to be used for non-metallic
electrodes. As the vacuum properties are greatly influenced by the surface,
measurements have been repeated for plastic material after coating with a
metallic layer. ‘Galvanic’ refers to a galvanically applied Cu layer of 20 um
thickness , ‘sputtered’ to a 200 nm thick layer of NiMo, Ti, Cu, or Al

5.3.2 Metallic coating

The metallic coating of the substrate should be thin enough to reduce JNN.
However, a thicker coating can help to improve vacuum properties. Also the
surface resistance in the case of an electric discharge is lower. Two methods
of metallization have been tested that have been proven not to influence the
magnetic properties of a substrate:

1. An electrochemical deposition technique (galvanization) of Cu
developed by Galvanic Wadenswil [Feu|. The typical thickness of the
Cu layer applied in this process is 20 um.

2. Sputtering of NiMo, Ti, Al, or Cu in facilities within the collaboration
(Mainz and PSI). The thickness of these coatings is in the 100 . .. 500 nm
range.

Both methods result in an evenly conducting layer.

5.3.3 DLC coating

The current Al electrodes are coated with DLC. It has a high optical
potential, a low loss probability (see Tab., and a low depolarization
probability of 3 = 0.8 x 107® per wall collision [Fie05]. Also the Hg
magnetometer shows reasonable performance (depolarization times of
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Thne > 200s have been achieved in the current precession chamber) with
DLC coated electrodes. It is thus desirable to have also non-metallic
electrodes coated with DLC to preserve these good qualities. The coating is
done by the Fraunhofer-Institut fiir Werkstoff- und Strahltechnik by means
of a physical vapor deposition (PVD) [Fra]. The process consists of several
steps: first a discharge cleaning of the samples is performed, then a 10 nm
thick chromium bond coat is applied. The ionized carbon is then applied in
several steps, each step at a lower accelerating voltage.

5.4 Test samples

To investigate the feasibility of non-metallic electrodes, test samples of about
10 x 10 cm? surface have been produced from different substrates and with
different coating techniques for the metallic coating. In total three batches
of samples were then coated with DLC. The samples in the first batch were
made from low tech plastics (PC, acrylic glass) and melted during the coating
process. This led to the initial requirement for the substrate to be heat-
resistant, hence this batch was not considered further. The last batch was
coated with slightly altered coating parameters: the initial carbon layer was
applied at a lower accelerating voltage to reduce thermal stress on the sample
and its metallic coating. Images of the coating results can be seen in Figs.[5.13
to[p.16] The DLC coating batch number is given as (B2) or (B3) below each
sample.
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Figure 5.13: DLC coating on CFRP samples from PaucoPlast [Pau] (left) and
Brithlmeier [Bru] (right). A 500nm thick layer of Al (top) and Cu (bottom)
was sputtered onto the samples.
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(d) B2

Figure 5.14: DLC coating on CFRP samples from PaukoPlast. The metallic layer
applied by sputtering is: 100 nm Ti @, 200 nm Cu|@§|7 150 nm NiV (The
upper) half of each of the three samples was in addition coated electrochemically
with 20 um Cu. Unfortunately this process damaged the initially sputtered
metall layer at the edges opposite to the Cu layer (see Fig.|5.17)). Sample
was coated electrochemically with 20 pm Cu.
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(d) B2

Figure 5.15: Graphite samples Without@ and Withl@l a layer of 20 um Cu.
The DLC coated glass ceramics, metallized electrochemically with 20 um Cu,
are Robax and Zerodur@ Sample broke in half during the transport
back after coating. Half of the surface of all samples with Cu layer had been
bead-blasted to improve the sticking of the DLC coating (see Sec.@.
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Figure 5.16: Coating results for different PEEK samples. The smaller samples
were diamond milled before they were metallized with 500 nm Al and 500 nm
Cu[(b)] respectively. Sample[5.16(c)| had an untreated rough surface and was
coated with 20 um Cu. Sample@ is made from Eltimid and was also coated
with 20 pm Cu.
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Figure 5.17: Example of the damage of the sputtered Ti layer due to the
electrochemical process. The NiV sample was influenced more, the Cu sample
less than the Ti sample.

Summary of test sample results From the experience gained, some
conclusion for further developments can be made:

Substrate All tested substrates were nonmagnetic and usable in the
vacuum environment of the nEDM or n?EDM-experiment, although
e.g. CFRP probably needs to be baked if the conducting metallic layer
is not thick enough. As CFRP can sustain up to ~ 150°C, which is
the lowest of all considered materials, it seems to be sufficient for the
DLC coating process and the use in the experiment. Experiences with
brittle materials in the experiment (quartz insulating ring, glass
guides), as well as during the coating tests presented here (broken
Robax sample (see Fig. showed, that the handling of glass
ceramics is not easy. Thus plastics like PEEK and CFK are
preferable. Both of them seem to be equally suited as material for
non-metallic electrodes, if produced in injection molding technique.

Metallization Both metallic coating techniques resulted in nonmagnetic,
conducting surface layers, that could be used as electrode. While the
electrochemical coating results in a thicker, hard-wearing layer, the
adhesion on the substrate is not as good as sputtered samples, as the
DLC coating showed. The combination of a sputtered intermediate
layer and an electrochemical added Cu layer did not improve the
adhesion.

DLC coating The process of DLC coating can easily destroy the
metallization of samples. Particularly the electrochemical layers,
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although showing good coating results, de-laminated (see e.g.
Fig.[5.16(d)) from surfaces, particularly if they are smooth (which is
preferred for electrodes). The best results were obtained with Cu
sputtered on CFRP samples (Fig.[5.13(c)l[5.13(d)l and[5.14(b)).
Optimizing the DLC coating process for non-metallic electrodes with
the current vendor is very time consuming. An on-site coating facility
for DLC is under construction. Once finished it will be much easier to
optimize coating parameters.
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5.5 The high voltage test setup

A high voltage test setup (HVtest) has been developed in the context of this
work. This setup can be used to test high voltage related components that
are designed for the nEDM, or n?EDM-experiment.

5.5.1 Motivation

Any newly developed high voltage component, like a feedthrough, electrodes,
etc. has to be tested in an environment similar to the one in the experiment.
Using a dedicated test setup has the advantage that the running experiment
is not disturbed by these tests. HVtest does not require magnetic shields,
thus the access is much easier. In addition the risk of damaging sensitive
equipment, like magnetometers, by high voltage discharges is excluded.

5.5.2 General design of the high voltage test setup

The high voltage test setup is designed to house full scale models or actual
electrodes as they are wused in the current nEDM or future
n’EDM-experiment. Figure shows a photo of HVtest, a CAD image is
shown in Fig.[p.19 The large door guarantees easy access. A variety of
vacuum flanges allows for flexibility and makes it possible to mount the
high voltage feedthrough vertically or horizontally. A height-adjustable
table inside the setup can hold samples. The whole setup is mounted on a
platform for flexible positioning, e.g. it can be placed behind a concrete
radiation shielding if needed. To operate HVtest only pressurized air,
electricity, and a local area network need to be connected to this platform.

HYV power supply

The high voltage system of HVtest consists of two Spellman SL130 power
supplies. These can deliver voltages up to 130kV with a maximum current
of 250 pA. As the supplies are mono polar, manual intervention is needed to
change the polarity by plugging the high voltage cable to the according power
supply. The high voltage feedthrough used in HVtest is an exact copy of the
high voltage feedthrough used in the nEDM-experiment. A diode-protected
ampliﬁetﬁ is used to measure small currents of the order of O(1nA).

4The device was initially used in the nEDM-experiment, but was replaced by
components with less noise.
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Figure 5.18: Photograph of HVtest. The whole setup is mounted on a platform
for flexible positioning. To operate HVtest only pressurized air, electricity, and
local area network need to be connected to the platform.
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Total 4 x ISO K 300
1 used for feedthrough
1 used for pumping

Figure 5.19: CAD image of HVtest. The dimensions in the sketch are given in
millimeters.
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DAQ and electronics

Figure[5.20|shows the electronic rack of HVtest. The Spellman power supplies
used in the setup are designed for front panel operation and only have an
analog input /output connector for basic control and surveillance of the unit.
On this connector voltages of £10V can be measured for surveillance or have
to be applied for controlling. Analog switches had to be replaced by relays to
switch the output on or off. These requirements are matched by the SCS 2000
device [Rit], a PSI module that was initially designed for the slow control of
the MEG experiment [Rit02]. The base unit can be equipped with a variety of
ADC, DAC or other in- and outputs and communicates via Ethernet with a
PC. As it was developed for slow control purposes, the sampling frequency is
limited to a few 10 Hz. For the use in HVtest, a SCS 2000 node was equipped
with an eight channel 14-bit ADC and an eight channel 16-bit DAC cards,
as well as four 24V relays and eight digital inputs. It is not only used
to control the high voltage power supplies, but also to read back all other
parameters like vacuum pressure, temperature, and leakage current. HVtest
can be controlled by any computer running Labview via a local area network
connection.

Vacuum and gas handling system

Using a roughing pump with a pumping speed of 13m?®-h~! and a turbo
pump with a pumping speed of 0.52m? - h=!, the volume of ~ 6.8 m? can be
evacuated to a pressure of 1x 1078 mbar within a few hours. The control of
the vacuum system has been automated. Like the DAQ for the high voltage,
it is based on a SCS2000 module and can be controlled remotely or via front
panel operation.

A gas feeding line, connected to a needle valve is used to create defined
atmospheres of e.g. He or Os. It can be connected to the roughing pump via
a valve to allow purging of the line after the exchange of gas bottles.

5.5.3 Breakdown voltage of different gases

One of the major systematic errors, the geometric phase effect for Hg (see
Sec.[3.2.2), can be reduced by constraining the mean free path A of the Hg
atoms. At low pressure A is defined by the volume (V') and the surface (S)
of the precession chamber via

A= —. (5.10)



9.9 THE HIGH VOLTAGE TEST SETUP 169

/ 4
/—
N

Figure 5.20: Electronics for HVtest: (1) Temperature controller for readout of
PT100 sensors, (2) vacuum sensor readout, (3) main DAQ module, (4) negative
HV power supply, (5) positive HV power supply, (6) vacuum control and main
switch.
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Reducing the mean free path by the use of a buffer gas at some intermediate
pressure has already been discussed in [PHS™04]. Their estimations showed,
that a mean free path of a few centimeter is needed for a significant reduction
of the false effect. In a simple model using ideal gas theory, the mean free
path of a particle is given by [LS06]

AT
 V2r 2 Nap’

with the ideal gas constant R, the temperature T, the diameter of the
buffer gas molecule d, the Avogadro number N4, and the pressure p. Thus
a buffer gas pressure in the mbar regime is needed for a sufficient reduction
of the mean free path. Buffer gases will, among other things, influence the
properties of the high voltage stability in the experiment. To estimate the
possibilities of using a buffer gas, the break down voltage of several gases in
a nEDM-like setup has been measured. This is of special interest as break
down voltages found in the literature are usually measured at smaller
electrode separations and without an insulator between them.  The
following section has been also presented in [BKGS™11].

(5.11)

Setup For the measurement a precession chamber (top and bottom
electrode separated by a quartz insulator) consisting of old parts from the
nEDM-experiment, was mounted inside HVtest (see Fig.. In contrast
to the original setup, this precession chamber had no quartz windows, UCN
shutter or bottom corona ring mounted. The precession chamber was
mounted on acrylic glass pieces, insulating it from the tank. The grounding
was realized via a copper wire, conneted to a protection array of fast diodes
and an amplifier to measure the current.

Measurement In preparation for the measurement the system was
operated for 20h at a goal voltage of 130kV. With the current limited to
10 uA, the voltage did slowly increase and the system could be operated
without any measurable current flow at 125kV after this conditioning.
Using the needle valve, the different gases were filled into the chamber. To
guarantee that only the gas of interest is introduced into the system, the
gas feeding line was evacuated and flushed several times after each
exchange of a gas bottle. The gas pressure was measured with a set of
gas-type-independent pressure gauges (Pfeiffer-vacaum CMR 375 and PCR
260). Up to a pressure of about 0.01 mbar the system was operated in a
flow-through mode with the turbo pump running while the needle valve was
opened to a certain level to reach a chosen, stable pressure. Above a
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Figure 5.21: Precession chamber inside the HVtest. The bottom electrode was
mounted without a corona ring. It rests on three acrylic glass cubes that insulate
it from the tank. The grounding is realized via a protection array of fast diodes
and an amplifier to measure leakage current.
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Gas  pduyin [mbar cm] Uy [V]

No 0.86 240
Oo 0.93 450
He 5.32 155

Table 5.3: The minimum values of the breakdown voltage (Upi,) and the
corresponding pressures for the measured gas types according to [AMII].

pressure of 0.01 mbar the turbo pump was valved off and gas was only filled
via the needle valve until the desired pressure was reached. To determine
the breakdown voltage U, at a given pressure, the voltage was ramped up
until a current (limited to 60 pA) started to flow. The output of the power
supply was then switched on and off each time with a slightly reduced
target voltage. The maximum voltage that could be reached without
current flowing was taken as the breakdown voltage for this pressure. An
alternative method was used in addition for He. A fixed voltage was set,
and the pressure was slowly varied until a breakdown occurred. Both
methods gave the same result. As the voltage can be faster changed than
the pressure, the first method was preferred.

Result The result is shown in Fig.[5.22l As usual for these types of
measurements, the breakdown voltage is plotted as a function of the
product of pressure and electrode distance of 12cm. As the HVtest power
supply has a maximal voltage of U = 130kV the steep part for low
pressures could not be measured up to the target voltage in the
nEDM-experiment. The maximal voltage of 130kV could be reached at
pressures below 0.01 mbar of He or 0.001 mbar of No, and Os. Despite the
difference in the setup, the minimal voltage U, and pressures agree with
values found in the literature (see Tab.[5.3).
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Figure 5.22: Breakdown voltage in the precession chamber for He (purity 6.0), Ny
(purity 5.0), and Oy (purity 4.8). As usual for Paschen curves, the maximum
voltage is plotted against the product of the gas pressure and the distance
between the electrodes (12cm). The minimum of the curves agree with values
found in the literature (see Tab..
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Chapter 6

Conclusion and Outlook

The work presented in this thesis took place during the most interesting
phase of building up the nEDM-experiment at PSI. Parallel to the start up
phase of the PSI UCN source, the experiment was commissioned. This was
a unique opportunity to get to know the experiment and all its components
in great detail. Therefore this work tries to give a complete overview of the
experiment in Chapter[2]

This work also gives a summary of systematic effects in Chapter[3} Most
of the known systematic effects are under control. The sum of all
systematic errors is only about two times too large, to reach the goal
sensitivity of 5x 10727 ¢- cm. For the most dominant systematic error, the
uncompensated B drift, more data has been recorded in late 2012 and is
currently analyzed. This should bring down the uncertainty. A more
detailed Monte Carlo simulation might determine if a delay in the first spin
flip of the UCN is needed to reduce the systematic error of rotational
motion. Also the quadrupole difference, is one of the larger systematic
errors at the moment. The reliability of the CsM data used to calculate this
result is questionable, due to a distorted RF signal in the CsM sensors.
Magnetic field maps recorded with a fluxgate and a vector CsM during
spring 2013 will hopefully bring more insight to this issue.

The analysis of the nedm data is discussed in Chapter[d The final result
of the nedm analysis is d, = (1.43 & 2.54gar. & 0.0245) X 1072 € - cm, which
corresponds to an upper limit of |d,| < 6.4x107° ¢-cm (95%C.L.). The
unexpected large reduced y? of the linear fit in the crossing point analysis,
might originate in HV discharges, that have not been taken into account
during the analysis. High voltage tests and performance optimization are
scheduled before the next data taking period and should improve the
situation. It might be interesting to reanalyze the data using an offline
analysis of the 1 Hg precession data.
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In parallel the collaboration is preparing the next generation
experiment: the n?EDM-spectrometer. Foundations on the development of
non-metallic electrodes, to be used in this experiment, have been
established in Chapter[s} Such electrodes will have the advantages of lower
noise and lower magnetization probability. A parameter optimization for
the DLC coating is best done with the in-house coating machine that is
currently under construction.

Outlook Over the next years the nEDM-experiment is going to measure
about 400 days of nedm data. With the current performance this would
correspond to a sensitivity of ~ 2x10720 ¢ - cm. However, improvements in the
visibility a and the electric field strength can be expected. The investigations
concerning the neutron density of the UCN source are ongoing, and we expect
that the number of UCN in the nEDM-experiment can be further improved.
The design of the next generation experiment should increase the sensitivity
by another factor 10. A new upper limit or a discovery of the electric dipole
moment of the neutron can thus be expected in the near future.



Appendix A

The PSI magnetic gradiometer

The gradiometer is used to test the magnetic properties of samples (see

Fig..

Figure A.1: A view into the two-layer cylindrical shield of the gradiometer (1).
The red degaussing coil of the system is visible on the inner shield layer. Two
CsM (2) are situated in the center of the shield. A nonmagnetic cart (3) drives
through the shield, hauled by a pulley.

A cylindrical two-layer magnetic shield is used to reduce the ambient
magnetic field. A solenoid coil produces a magnetic field of about

B = 2.2uT along the cylindrical axis. Two CsM, that use discharge lamps
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Figure A.2: Background measurement as seen on the online display of the
gradiometer. The empty cart is slightly magnetic (= 12pT). The difference
between forward and backward gives the resolution of the measurement of about
2pT.

and not a laser like the magnetometers in the nEDM-experiment, are
placed in the center of the shield with a distance of about D = 200 mm
between them. A nonmagnetic wooden cart, on which samples can be
placed, is hauled through the shield. The differential signal of the two CsM
as a function of the position of the cart is measured twice (forward and
backward). A typical background measurement (empty cart) in a quiet
environment can be seen in Fig.[A.2] It shows that the cart is slightly
magnetic and that the agreement between forward and backward
measurement is about 2pT.



Appendix B

Test log of the high voltage
power supply
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Figure B.1: Test log of the high voltage power supply used in the nEDM-
experiment.



Appendix C

Gradient consideration within a
model of harmonic polynomials

Some parts of the analysis rely on the assumption that the magnetic field
gradient

9B.(r)
dB.(r) = — =, (C.1)
measured with the CsM situated below the bottom and above the top
electrode, is a good representation of the gradient inside the precession
chamber. This is e.g. of importance when measuring the systematic effect of
the uncompensated B drift (see Sec.[3.1.9).

In connection with magnetic field mapping| an analytical description of
the magnetic field has been formulated [Quéll].  Within this field
parametrization, based on harmonic polynomial series expansions, a simple
comparison of the average magnetic field gradient seen by CsM and the

analytical solution has been performed.

Field parametrization using harmonic polynomials Inside the empty
vacuum tank of the experiment, where no current density is present, Maxwell
equations describing the magnetic field simplify to

V.B=0, (C.2)
V x B =0, (C.3)

and the magnetic field can be described purely by a scalar potential B = VU,
that fulfills the Laplace equation

'Magnetic field mapping refers to a systematic measurement of the magnetic field within
the experiment, using a vector magnetometer that is moved along a grid of points by an
automatized device, called mapper.
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ViU = AV = 0. (C.4)

One possible solution for ¥ is a set of harmonic polynomials so that ¥ =

> HnQr and thus
By(r) =V Z HoQu(r Z Ho Py (C.5)

where P, = V@), is the polynomial and H, is the harmonic parameter of
order n. A set of H,, for different desired fields with defined gradients can be
given, e.g. a homogeneous vertical gradient over the volume of the precession
chamberﬂ. Using different sets of H, up to n=35, the magnetic field seen
by the CsM at the positions r = 7o - .- Tosm (see Fig. has been
calculated to be

Besu(r) = \ ZB?(T)

i=1 n=1

=\ 2R (C.6)

From these field values a mean CsM gradient Gequ has been calculated
according to (3.22)). This gradient can now be compared to an analytically
calculated gradient within the precession chamber defined as

— f dr chp z

Ghp = T /dr Za Hp Poy(r). (C.7)

A comparison for different fields solutions can be found in Tab.[C.1]
Within the model it seems reasonable to assume that a gradient measured
with CsM is a good representation of the real gradient.

2The idea behind that is the following: Using the information from the magnetic field
maps taken for all individual coils as well as the remnant field, a fit to the harmonic
series expansion can be done for individual coil. As the harmonic parameters vary with
the current in the coil, for a desired set of H,, the needed current in all coils can be
calculated. Unfortunately this optimization is not yet working perfectly as the current
dataset of maps is corrupted.



GRADIENT CONSIDERATION WITHIN A MODEL OF HARMONIC
POLYNOMIALS 183

Goal gradient | Goeu @hp
20 | 20.0482 | 20.0007
10 | 10.0391 | 10.0004
-10 | -9.9805 | -10.0001
0 | -0.0098 0.007

Table C.1: Comparison of the gradient calculated with a set of harmonic
polynomials. All values are given in nT-m™!. H was calculated from a fit
to trim coil maps to give the goal gradient.
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Appendix D

DLC coating on different
aluminum surfaces

The influence of the surface treatment on DLC coatings was investigated.
Aluminum samples with different surface qualities were coated with DLC.
Figure[D.I]shows pictures of the result. The sample holder created an electric
field distortion, and caused the coating failures at the edges. This defect can
be used at the same time as a measure for the coating quality. The bead-
blasted sample has rather rough surface (R, ~ 1um) and shows the best
coating result. The diamond milled surface (R, ~ 10nm) is coated equally
well in the center. Attempts to remove the coating, by wiping the samples
with a paper wipe, resulted in coating damages for the hand-polished and the
hand-sanded sample. All other coatings did stick well to the aluminum. The
smoothest surface and an acceptable coating was achieved for the diamond-
milled surface.
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(a) milled (b) hand-polished

(¢) hand-sanded (d) bead-blasted

(e) diamond milled

Figure D.1: DLC coating on Al samples with different surface treatments. For
details see text.



Appendix E

SCS2000 connections of HVtest
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SCS2000 | SCS2000 | Purpose Cable | SL130 | SL130
Software (+) -)
channel | Backplane TB1 TB1
ground ground ground wh 1 1
0 P0.0 Al br 5
1 P0.1 Al bl 6
2 P0.2 Al br 5
3 P0.3 Al bl 6
4 P0.4 Al
5 P0.5 Al
6 P0.6 Al
7 P0.7 Al
8 P1.0 AO pi 8
9 P1.1 AO ye 10
10 P1.2 AO pi 8
11 P1.3 AO ye 10
12 P14 AO
13 P1.5 AO
14 P1.6 AO
15 P1.7 AO
16 P2.0 DI gr 17
17 P2.1 DI li 18
18 P2.2 DI
19 P2.3 DI
20 P24 DI gr 17
21 P2.5 DI li 18
22 P2.6 DI
23 pP2.7 DI
24 P7.0P7.1 relay | yebr,yewh 14.15
25 P72 P7.3 relay | brgr,grwh 15.16
26 P7.4 P7.5 relay | yebr,yewh 14.15
27| P76 PT.T relay | brgr,grwh 15.16
shield gy 28 28

Table E.1: SCS 2000 connections to the TB1 connectors of the Spellman power
supplies. Color code for the cable is white, brown, blue, pink, yellow, green,
lilac, gray, and multicolors like yellow and brown.



Appendix F

Script used for noise
calculations

(*Load packages™*)
<< PlotLegends

(*Set working directory to notebook directory*)
SetDirectory[NotebookDirectory(]];

(*Define constants *)
p0 = 4% Pix 10" — 7; (*Permeability of vacuum [H/m]*)
kb = 1.381 % 10" — 23; (*Boltzmann constant [J/K]*)

(*Properties to define before calculation®)
pr = 1; (*Permeability of material[H/m]¥*)
T = 293; (*Temperatur [K]*)

(*Frequency range of noise to look at [Hz|*)
w2[t_,z_]:=1/(4pu002t) (*Approx. of frequency of -3 dB point*)
klw_, o_]:=y/tu0ow

(*Some conductivities [g-] *)

oAl = 1/(2.650 x 10" — 8); (*Aluminium*)
oPl = 1/(10.5 + 10" — 8); (*Platin*)

oGr = 1/(1375 * 10" — 8); (*Graphit*)
0Sa = 1/(2 % 10"12); (*AL>O3 Saphir*)
oCu = 1/(1.678 x 10" — 8); (*Copper*)
oCFK = 10" — 6; (*CFRP¥)

oPEEK = 10" — 16; (*PEEK*)
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oGK = 10" — 15; (*Glass-ceramic*)
oSi = 1/1000; (*Silicon*)
oTi = 2.5 % 10"6(*Titan*);

(*Define functions (using numerical integration)*)
(*Substitutions*)

ulwo, p, 0 Ji=1 e+ p [/ 2+ Kw, o2 ;

ol po, 0 Ji=1/px = p [ /P2 + b, o2

(*Transfer function*)
Exp [—\ /p/\2+k[w,a]/\2*zl]

Rlp_,z1_,t_,w_,0]:= p— TR
u[w,p,0]+vw,p,0]+Exp [—2*\/m*(t—zl)] .
u[w,p,o]/‘2—v[w,p,o']/\2*Exp[—2\/p/‘2+k[w,a]"2*t] ’
(*Magnetic noise [\}—PLH—Z] *)

Bn[t_,z_,w_, o ]:=

Re [pO*\/a*Z*ﬂ*kb*T*

v/NlIntegrate[Norm|[R|[p, z1, t,w, 6]]*2 * Exp[—2 * p x 2] * p"3,
{p,0.001, 0}, {z1,0,t}, AccuracyGoal — 10, MaxRecursion — 10000]x
10*M2);

*

(* Integral magnetic noise (1 Hz to -3 dB point) [pT] *)
Blt_,z_,0_]:=

Re [MO*\/J*2*W*kb*T*

v/NIntegrate[Norm[R[p, z1, t,w, 0]]*2 x Exp[—2 * p * 2] * p"3,
{p,0,00},{z1,0,t}, {w, 1,w2[t, 2]}, AccuracyGoal — 10,
MaxRecursion — 10000] * 10"12];
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