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Cover: The mysterious gift

Once, a merchant had a tent set up before the palace. He said to the king: “If you can say
what is in the tent within 24 hours, it will be yours”. So the king asked his 7 best scientists to
investigate the contents of the tent. Of the 7, 6 entered the tent, one remained outside. It was
dark in the tent. The 6 could only use the sense of touch. The one outside the tent asked the 6
what they had observed, and where that was. Pen and paper in hand, he mapped the
observations of the others: “a snake”, “a wall”, “a spear”, “a fan”, “a rope”, and “a trunk”
(see front cover). The 7 scientists debated their observations and the map until deep into the
night. Tired, one of them dozed off. He felt the ground trembling. He heard trumpets. He
saw large dark shapes moving closer. He was going to get trampled... “Elephants,” he
exclaimed, cold sweat sticking to his clothes. It was just a dream. “But that is the answer,”
another said, “it is an elephant” (see back cover). The 7 scientists reported their findings to
the king. He attained the mysterious gift.

Adapted from the Eastern fable Blind men and an elephant.
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Abstract

Permanent Electric Dipole Moments (EDMs) would violate the symmetries of parity and time-
reversal, and with validity of CPT symmetry they would also violate the combined CP sym-
metry. EDMs have been suggested in many speculative extensions to the Standard Model of
particle physics. The purpose of the NL-eEDM experiment is to search for a permanent elec-
tron Electric Dipole Moment (eEDM). The experiment entails a BaF molecular beam moving
through an interaction zone with a homogeneous electric and a homogeneous magnetic field.
A non-zero eEDM would reveal itself in a different spin precession behavior for parallel and
anti-parallel electric and magnetic fields.

The emphasis of this work lies on the design, implementation, evaluation and use of the in-
teraction zone for this new experiment. The design is informed by calculations with COMSOL
software. The implementation consists of Indium Tin Oxide (ITO) coated glass plates for ho-
mogeneous electric field generation at several kV /cm scale. A homogeneous magnetic field of
O(nT) is realized by a novel designed double cosine coil, which resides in a 5 layer p-metal
shield with O (106) shielding surrounded by rectangular compensation coils.

This work in combination with work on a BaF source, laser systems, a quantum mechani-
cal description of the measurement process, data acquisition and analysis provides the first
complete eEDM setup at the VSI in Groningen. Measurements have been performed with spin
precession on BaF molecules in order to quantify the capabilities of the setup. These show that
the setup of the interaction zone suffices for a competitive eEDM search.

Abstract (Nederlands)

Permanente Elektrische Dipool Momenten (EDM’s) zouden pariteits- en tijdsomkeringsym-
metrie breken, en samen met de validiteit van CPT-symmetrie zouden zij ook de gecombi-
neerde CP-symmetrie breken. EDM’s zijn gesuggereerd in veel speculatieve extensies van het
Standaard Model der deeltjefysica. Het doel van het NL-eEDM experiment is om te zoeken
naar een permanenent electron Elektrisch Dipool Moment (eEDM). Het experiment bevat een
moleculaire BaF bundel die beweegd door een interactiegebied met een homogeen elektrisch
en een homogeen magnetisch veld. Een eEDM ongelijk aan nul toont zich in een verschillend
spinprecessiegedrag voor parallelle en anti-parallelle elektrische en magnetische velden.

Dit werk legt de nadruk op het ontwerp, de implementatie, de evaluatie en het gebruik van
het interactiegebied voor dit nieuwe experiment. Het ontwerp is met behulp van berekeningen
in COMSOL software gemaakt. De implementatie omvat met Indium Tin Oxide (ITO) gecoate
glasplaten voor opwekking van een homogeen elektrisch veld op een schaal van enkele kV /cm.
Een homogeen O(nT) magnetische veld wordt gerealiseerd door een nieuw ontworpen dubbele
cosinusspoel, die is behuist in een 5-laags p-metaal schild met ©(10°) afscherming omgeven
door rechthoekige compensatiespoelen.

Dit werk samen met werk aan een BaF bron, laser systemen, een kwantummechanische
beschrijving van het meetproces, data-acquisitie en analyse bieden de eerste volledige eEDM-
opstelling in het VSI te Groningen. Metingen zijn uitgevoerd met spinprecessie op BaF moleculen
om de capaciteiten van het experiment te quantificeren. Deze laten zien dat de opstelling van
het interactiegebied afdoende is voor een competetieve eEDM zoektocht.



1 Introduction

1.1 The Standard Model and beyond

The Standard Model (SM) of elementary particles and their interactions is a phenom-
enal achievement in physics. It rests on the fundamental symmetries of the strong
and electroweak interaction: SU(3) x SU(2) x U(1). SU(3) is the symmetry of the
strong interaction. SU(2) x U(1) is the symmetry of the electroweak interaction. The
theory of electroweak interactions [[1]—6] is itself a unification of the electromagnetic
and the weak interactions. Particles predicted in the SM that mediate these interac-
tions, such as the Z, W and Higgs bosons [[7, 8], have been observed in high energy
physics experiments at laboratories such as DESY, KEK, Fermilab, SLAC and CERN
[9-11].

The discrete symmetries of charge-conjugation C, parity P, time-reversal T and com-
binations of them are either conserved or broken by SM interactions. Symmetry
breaking has only been observed for weak interactions. A neutron Electric Dipole Mo-
ment (nEDM) search was suggested in 1950 to test parity conservation in the weak
interaction [[12]. A first limit was put on the nEDM in 1957 [[13]. Another test of par-
ity conservation in the weak interaction through 3-decay, was suggested in 1957 [14].
Parity violation was subsequently observed using Co®® nuclear 3-decay [[15], opening
the door for more searches for violations of C, or P, or T, or any combination of these.
In 1964 CP symmetry violation was found in neutral kaon decay [[16]. The combined
CPT symmetry appears to date unbroken. Its conservation has been motivated by
the CPT theorem [[17—-19]. CPT symmetry is conserved in the SM and is intrinsically
connected to the Lorentz invariance symmetry [20, 21]].

The SM of particle physics can not explain the baryon asymmetry observed in astro-
physical observations. One possible explanation assumes besides a number of further
assumptions, additional sources of CP violation beyond what has been observed up to
now [22]. This motivates searches for physics beyond the Standard Model through
experiments at all accessible energy scales. Tests can be performed in high energy
physics, such as at the LHC, through the direct creation of new particles predicted
by new physics. High precision measurements form a different but complementary
approach where new physics becomes observable at low energy through small ob-
servable modifications of predicted SM effects. One category of such high precision
measurements is the search for permanent electric dipole moments.

Beyond the initial work on the nEDM [[12, 13] there have been more EDM searches
in various systems. An overview of the field of EDMs can be found, e.g. in several
reviews and books [23-29]. In the 1960’s the enhancement of the electron Electric
Dipole Moment (eEDM) in atoms was pointed out [30—32]. Furthermore various

1



1.2. Permanent Electric Dipole Moments

types of matter have been employed, e.g. heavy leptons such as the muon and tau [27,
33-38], neutrons [[12, 13, 39], protons [40—43], deuterons [44], condensed matter
[45, 46], atoms and nuclei [47-51] (e.g. Xe, Hg), bound electrons [62—56] (bound
in e.g. atoms, molecules, solid state systems). Our experiment is in a competitive
field to search for eEDMs employing polar diatomic molecules. Polar molecules such
as BaF and YbF have a substantially larger enhancement of the eEDM compared to
atoms, due to a large number of close-lying molecular states of opposite parity which
are mixed in an external electric field. These have been calculated by a number of
theoretical groups for various systems [67-62].

1.2 Permanent Electric Dipole Moments

Besides them being interesting in themselves, one motivation for permanent Electric
Dipole Moment (EDM) | searches is the investigation of discrete symmetries. EDMs
require both P-violation and T-violation. An additional set of motivations for EDM
searches, through P, T-violation, is them forming tests of Standard Model extensions
and cosmology. Assuming CPT invariance, a T violating EDM is equivalent to CP
symmetry breaking. Many theories beyond the Standard Model that have additional
CP or CPT symmetry breaking also predict an EDM on particles such as the electron
(see [Fig. 1.1)). A Hamiltonian of a particle with magnetic dipole moment /i and EDM
din magnetic field B and electric field E [24] contains

H=—(i-B+d-E), (1.1)

where i = 1S, d = dS, and S is the particle spin.

An EDM breaks P and T symmetry. This is illustrated in by the relative
orientation of arrows. In the center all dipole moments and fields are aligned parallel
with the spin S. Under P or T transformations, the electric dipole moment d changes
sign compared to spin S. The electric field E changes sign in a P transformation.
Under P or T transformations, the magnetic dipole moment i stays aligned with the
spin S, which itself transforms like magnetic field B [28]. The electric dipole moment
breaks but the magnetic dipole moment conserves P and T symmetries.

The principle of EDM measurements is shown in [Fig. 1.3. Searches for an electron
Electric Dipole Moment (eEDM) require the measurement precision of the energy
eigenvalues of H to be smaller than the size of the eEDM contribution. This measure-
ment precision primarily depends on the uncertainty in the environmental magnetic
field. A particular feature of searches in molecules is the sensitivity to the alignment
of electric and magnetic fields. The primary problem that this thesis addresses is:
how to realize an experimental setup with sufficient control over its environment,
with electric and magnetic field control in particular?

iWithin this thesis any mention of an EDM implies a permanent EDM. A permanent EDM is aligned
with particle spin, and remains non zero for the electric field approaching zero, unlike induced electric
dipole moments [32].
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1. Introduction

Figure 1.1: Elementary particles such as the electron have in several speculative mod-
els a permanent electric dipole moment [63-65]. For an extended object an EDM
would be represented by a distance separating opposite electric charges. For a quan-
tum system such as the electron, the spin S is the only vector quantity that can be de-
fined independently. Any other vectorial quantities are proportional to S ie fi=puS
and d = dS.
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Figure 1.2: Visual representation of a particle with magnetic dipole moment /i and
electric dipole momement (EDM) d, both of which are proportional to particle spin
S, in magnetic field B and electric field E under P and T symmetry [28].

Superposition State

Interact

Particles Prepare . Analyse
’ State with State

E field

Figure 1.3: In most searches for EDMs three conceptual steps can be distinguished.



1.3. Thesis outline

1.3 Thesis outline

We investigated multiple factors in order to arrive at an experimental setup for an
electron Electric Dipole Moment (eEDM) searches, with a particular focus on an in-
teraction zone that has the required electric and magnetic field control.

In we discuss the context of eEDM searches, from theory to experiment,
in order to arrive at a more accurate problem formulation. We discuss the connection
between the eEDM and the induced dipole moment in BaF molecules. We conclude
the chapter with quantitative requirements on an interaction zone required for such
searches, focusing on electric and magnetic fields.

Based on the required specifications of the interaction zone we design an experi-
mental setup with the help of calculations using the commercial software package
COMSOL [66] in Chapter 3.

In we characterize the interaction zone properties with flux gates, in par-
ticular its magnetic field due to the high potential for causing unintended measure-
ment results. We verify that the magnetic field fulfills the requirements for a sensitive
EDM search. The flux gates are also positioned around the magnetic shield for con-
tinuous magnetic field monitoring.

The interaction zone is embedded within a newly built setup. The electric and mag-
netic fields have to be determined for an EDM experiment at runtime. In
we exploit electric and magnetic field sensitivity of transitions in BaF molecules to
map these fields, employing one pulse two-photon spectroscopy.

In we demonstrate the capabilities of the experiment for EDM searches,
employing two pulse two-photon spectroscopy. We show how the results of spin pre-
cession measurements with a molecular BaF beam are derived from the detected pho-
ton signal. The magnetic and electric fields inside the interaction zone are measured
by a spin precession method. An initial set of systematic effects is estimated, e.g.
arising from motional magnetic fields, as their quantitative knowledge is of crucial
importance for an EDM sensitive experiment.

is a summary of the presented work. is a summary of the pre-

sented work in Dutch, i.e. een Nederlandse samenvatting.



2 From P,T-Violation to e EDM
Searches with BaF

How does an electron Electric Dipole Moment (eEDM) search impact fundamen-
tal Standard Model (SM) physics? What motivates such an experiment with BaF?
How can such an experiment be performed with sufficiently high sensitivity? What
are the requirements on an environment, an interaction zone, within which the BaF
molecules are studied in a maximally eEDM sensitive state? These questions guide
towards a formulation of requirements for an experimental setup.

2.1 P,T-Violation through eEDMs

The Standard Model (SM) predicts EDMs in many of its building blocks and systems
composed of them. Through known CP violation we have EDMs induced by many
loop processes, e.g. at minimum 3 loops for neutrons [67, 68] and 4 loops for leptons
[69-72].

eEDM searches are a background-free probe for multiple alternative theories. Cur-
rent eEDM searches aim for sensitivities that bring them within reach of SM exten-
sion predictions. Many SM extensions predict much larger eEDMs than the SM.
Known CP-violation in the SM leads to an eEDM of O (1073 e cm) or less [63], well
below the sensitivity of present apparatuses. Very recent calculations of so far ne-
glected terms show that in paramagnetic atomic or molecular systems, if only one
such system is used for an EDM measurement, an eEDM measurement to d¢7“" ~
1073% e cm (see blue line in [Fig. 2.1]) or larger is possible [64, 73]. In that case searches
through paramagnetic EDMs leave a search space up to approximately 5 x 107 GeV or
smaller energy scale. Reaching beyond this scale requires probing different systems.
Neutron EDM (nEDM) and proton EDM (pEDM) searches are closer to SM predic-
tions [65] (see [Fig. 2.1)). The SM includes for the strong interaction a CP-violating
term parametrized by gcp. In fact, an EDM in °°Hg of |dpy|< 7.4 x 1072 e cm
(95% confidence level) yields the best upper limit fgcp = 1.5 x 1071 [74-76]. The
SM values for EDMs on neutrons and protons are respectively [[74, [75, [77, 78]

Ix 1072 ecm < |dy),|dy| < 6 x 10732 e cm. (2.1)

Upon finding a nucleon EDM at or below this limit, an independent measurement is
required to disentangle the contributions of the EDM and the 6 p term. Hence with
eEDM searches there is more room compared to nEDM and pEDM searches for fal-
sifying alternative theories. In addition, eEDM searches can probe physics at energy
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2.2. eEDM searches in atoms and molecules

scales inaccessible to high energy physics experiments today and in the foreseeable
future (see [Fig. 2.9).

Searches for an eEDM, through parity and time-reversal violation, are connected to
the cosmological phenomenon of matter-antimatter asymmetry. For every massive
particle in the universe, there are 10° photons [83]. Ordinary matter mostly consists
of baryons and electrons. Radiation is mostly CMB photons. One possible mecha-
nism that creates an imbalance between matter and antimatter was formulated by
Sakharov [22]. Most matter and antimatter annihilated when the universe froze out.
The result is a small remnant of matter, and a relatively large amount of photons. The
Sakharov conditions [22] are a set of conditions that can lead to such an asymmetry:

1. baryon (and lepton) number violation,

2. Cviolation,

3. CP violation,

4. and a non adiabatic out of equilibrium epoch of the universe.
This is one reason to search for CP violation, as well as T violation, by means of an
EDM. In our case in particular that is an electron EDM (eEDM). An example at high
energy scale of searches for new and different CP-violating observables is through
B?S) — 171~ decays, investigated to high precision by the LHCb collaboration [84].
The SM extension models do not require condition 4 [85, 86]. They assume violation
of the combined CPT symmetry to obtain the apparent dominance of matter over
antimatter.

2.2 eEDM searches in atoms and molecules

The first eEDM searches were performed with atomic ceasium beams [87-89], and
later with a thallium atomic beam [54]. Increased precision was achieved employing
diatomic molecules. The first experiment to set an upper limit on the eEDM with
diatomic molecules used a YbF beam [55] (see [Table 2.1)). A ThO beam was used
to set a significantly improved upper limit on the eEDM [79]. A HfF* ion trap was
employed to set the current best upper limit on the eEDM [38, 80, 81]. The YbF and
BaF experiments differ from the ThO and HfF* experiments, in that the former use a
ground state () of the molecules, whereas the latter use an excited (A) state, which in
part results in complementary systematics. Some molecules have a large difference
in the relative sensitivity to the eEDM and the SM-CKM terms, e.g. BaF and ThO
[57], which is needed to go beyond an eEDM sensitivity indicated by the blue line in
Fig. 2.1. The NL-eEDM experiment exploits BaF molecules and has been set up to
improve the limits on the eEDM, because of experimental advantages [82].

Table 2.1: Upper limits set on eEDM d. at 90% confidence level by experiments em-
ploying diatomic molecules.

Molecule |d.| [e cm]

YbF < 1.05 x 10727 [B5]
ThO < 1.1 x 1072 [79]
HIF* < 4.1 x1073°[38, 80, 81]




2. From P, T-Violation to eEDM Searches with BaF

@SM-CKM@SM-0 @ <d(®*pected) @ glmeas)

10—16
10-19
10-22
10—25
10—28
10—31
10734

Physics 107

*Beyond -40
Colliders 19

10—43

vy AL =

=C

PID

Figure 2.1: Review of EDM experiments [65]. Currently, the electron EDM (eEDM)
has alarger gap between Standard Model values (SM-CKM) and the measured and ex-
cluded values compared to the neutron EDM (nEDM) and the proton EDM (pEDM).
Upon finding a nucleon EDM, an independent measurement is required to distin-
guish the EDM and the §Qc p (SM-0©) term. The blue line indicates the scale of SM-
CKM terms present in paramagnetic systems employed for eEDM searches [64, 73].
These terms are indistinguishable from an eEDM if one such system is probed.
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Figure 2.2: Theorized predictions on the eEDM depend on the number of loops
required in a theory to generate an eEDM, and the energy scale. The interaction
strength is assumed to be unity. Shown is a selection of recent eEDM searches per-
formed with diatomic molecules, indicating an upper limit with 90% confidence: YbF
(blue) [55], ThO (green) [79], HfF* (red) [B8, 80, B1]. The estimated sensitivity of
eEDM searches aimed for using BaF (purple) is shown for comparison [82].



2.3. eEDM sensitive search with BaF

2.3 eEDM sensitive search with BaF

The experiment uses a beam of BaF in external electromagnetic fields, where a BaF
molecular quantum system moves at a velocity through the electromagnetic field in
an eEDM sensitive (superposition) state. The state manipulation of the BaF molecule
is executed using interactions with laser fields. The BaF molecule has been studied
well and is described in [90—92]. Within the rather complex level scheme the eEDM
experiment is concerned only with a few BaF molecular states. We will restrict our
description here to the fully sufficient researched level scheme of the BaF ground
state (see [Fig. 2.3). A quantum mechanical description is arrived at through matrix
diagonalization combined with Optical Bloch Equations (OBE) [91], 92].

Table 2.2: Scale of typical experimental frequencies.
* This frequency is estimated for d. ~ 10728 e cm [91]] and |E|~ O(kV /cm).

Parameter Frequency
W pg/2m 65.86 MHz
Weensor (| E])/2m  O(10 kHz)
2ug|B|/h O(100 Hz)
2d.|E|/h 0(0.1 mHz) *

The eEDM sensitive states are |F = 1,mp = 1) and |F = 1,mp = —1) |. Their en-
ergy splitting is measured with spin precession. In the sequence of spin precession
(Fig. 2.4) |1) = |0,0) is a well defined starting state. A laser pulse of Qpgt = 7 (see
Fig. 5.1)), where ¢ is the pulse duration, prepares the superposition state of |1, +1) and
|1, —1). The superposition state is

) = % (1L ~1) /2 41, 42 e¥9/2) 2.2)
This state is time dependent because ¢ = wr, where w is the angular spin precession
frequency associated with energy difference /iw. Phase ¢ evolves in electric and mag-
netic fields for a coherent interaction time 7. Depending on the phase accumulated
in the superposition state, a second laser pulse Qpst = 7 of the very same duration
t, analyses the superposition state into either the |F' = 0) or the |F' = 1) state. The
sequence ends when resonant laser light probes the population in these states.

In the superposition state of the |1, +1) and |1, —1) states (see [Eq. 2.9), an accumu-
lated phase ¢ arises from integrating over an energy difference AW (7) as in

T
B AW (1)
b= / 22 ar, (2.3)
0

for coherent interaction time 7', where AW (r) is affected by multiple parameters,
such as the levels’ Stark shifts. The energy difference AW (7) is due to the EDM
Hamiltonian [24]

H=—(upB+DVTE). F, (2.4)

iIn the remainder of this section we use | F, m ) unless denoted otherwise.
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Figure 2.3: BaF ground state (X?Y*, v=0, N=0, J=1/2) hyperfine structure in elec-
tric and magnetic fields [90-92]. Typical frequencies are in [Table 2.9. The hyper-
fine splitting without fields is w%¢. Hyperfine structure becomes wyrs(|E|) =
WY rg + Weensor (|E|) in an electric field, the |[F = 1,mp = —1) and |F = 1,mp = 1)
levels are shifted by a tensor Stark shift wiepsor(|E|). The |[F = 1, mp = 0) level shifts
bY W} ersor = —2Wiensor, a level avoided by careful laser polarization selection. With a
magnetic field the Zeeman shift ;. 5| B|/h is used to set the experimental working point
of phase ¢ (see [Eq. 2.3). An eEDM of © (10728 e cm) corresponds to a frequency shift
of ©(0.1 mHz) between opposite electric field directions [91]. Phase accumulation in
T = 1 ms is hence of O(1 prad). Sketches are not to scale.
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Figure 2.4: In the sequence of spin precession, the |F' = 0, mp = 0) state is a well
defined starting state. A laser pulse of duration ¢ prepares the superposition state of
|F=1,mp=1)and |F = 1,mpr = —1) (see Eq. 2.2). Phase evolves in electric and
magnetic fields for a duration 7. Depending upon the phase accumulated in the su-
perposition state, a second laser pulse of duration ¢ analyses the superposition state
into the |F = 0) or the |F' = 1) state. The sequence ends when resonant laser light
probes the population in these states.
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where 15 is the magnetic dipole moment, B is the magnetic field, D7 is the molec-
ular sensitivity to parity and time-reversal violation [91], E is the electric field and

"11

= (2.5)

|
is the unit vector pointing in the direction of the total angular momentum. This
Hamiltonian describes a measurement of a permanent EDM in a quantum system

as an electric shift, in addition to the existing magnetic Zeeman shift. The phases
accumulated during time T are

i

¢+ = 2(up|BIED"7T|E|)T/h, (2.6)

for either parallel (+) or anti-parallel (—) applied magnetic and electric fields. The
difference of these accumulated phases is

A¢p = ¢, — ¢_ = 4DVT|E[T/h. (2.7)

From this the P,T-odd term D?7 can be extracted, to which the eEDM d, is one con-
tributor. The phase ¢ is experimentally measured by the population distribution of
the hyperfine levels |FF = 0) and |F' = 1).

2.3.1 BaF experiment setup

The ability to distinguish state populations (see [Fig. 2.5) is employed to detect the
state of the molecules (see [Fig. 2.4). This state detection leads us to define a signal
sensitive to spin precession.

Optical detection of signals IV, and N,, are for transitions a and b respectively, with
N = N, + N,. Transition a corresponds to |F' = 0), and transition b corresponds to
|F' = 1). The probability of driving transition « is

N, N,

P=-%=_""¢
N N, +N,

(2.8)
Measuring P, in a similar fashion @ improves contrast. With both signals of P, and
P,, these are best combined into asymmetry

P a — P, b N, a N, b

p— p— . 2'
D= TR T Net N (2.9)

Besides improving contrast, the asymmetry is inherently normalized. In addition,
P, and P, established in line with [Eq. 2.§, combined with Eq. 2.9, can be used for
crosschecks.

Within the context of a proposal to perform an eEDM sensitive search with BaF
[82], a combination of experimental [93, 94] and theoretical [57, 95] efforts have
been made. With at hand both a defined experimental sequence involving spin pre-
cession, and a definition of the resulting signal, we draw a schematic representation
of essential ingredients of the experimental setup employing BaF (see [Fig. 2.6). This
schema is worked out, in the form of a setup and its use, in subsequent chapters.

liwith optical detection in a different location.

10
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Figure 2.5: The experiment uses laser induced fluorescence and the ability to re-
solve different hyperfine transitions with high fidelity. Signal N, corresponds to the
amount in the |F' = 0) state, signal N, corresponds to |F = 1) [92, od].

(a) supersonic source (b) optical pumping (c) interaction zone (d) optical detection
target i
skimmer — —
valve E=8kV/cm,B=10nT
V =600 m/S I
nE———— —
BaF I T
al:;)lgfiszn pump to Prepare  Analyse detection
N=0, F=0 Superposition laser
not to scale I
Particles Prepare Superposition State Interact with  Analyse Superposition State
E and B fields

Figure 2.6: Supersonic BaF beam experiment with as essential ingredients in the ex-
periment: (a) source (pulsed) of BaF molecules, (b) optical pumping to desired state,
(c) interaction zone with homogeneous E and B fields, and (d) readout of spin pre-
cession through optical detection.
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2.3.2 eEDM statistical sensitivity

The quantum statistics limited sensitivity o4 to an electric dipole moment (EDM),
assuming the eEDM to be to only P,T-violating source, can be estimated with [24]

h
T EAPE)eT Vo'

which consists of the external applied electric field £ (below saturation level, i.e.
E < Fgq; = 8.3 kV/cm for BaF [91]), the molecular enhancement factor A, with the
molecular property E. ;s = E A[b7]. Further parameters are the molecular polariza-
tion factor P(F) as a function of external electric field F, the efficiency ¢ associated
with, e.g. counting efficiency, apertures and contrast, the coherent interaction time
T, and the total number of uncorrelated quantum systems n observed over the dura-
tion of the experiment T},;,;. For a beam of flux An/At (At a generic time variable)
you have to replace n by (An/At) x Tiotai- The enhancement factor is a function of
the external electric field, since the polarization factor is a function of the external
electric field. The equation represents a fundamental quantum limit. The EDM can
not be measured with greater precision. This is a consequence of the quantum me-
chanical Heisenberg uncertainty relation, here present in the relation between phase
and number [97] in an EDM sensitive superposition state.

With numbers specific to our experiment, measuring the eEDM using a supersonic
BaF beam as in [Fig. 2.6, we can estimate the eEDM sensitivity to an order of magni-
tude for one day of measurement time:

« External applied electric field E = 8 kVem ™!,

« Molecular enhancement factor 4 ~ 8.1 x 10° [57].

« Polarization factor P(E) ~ 0.5 [67].

« A counting efficiency of 10~ gives a total efficiency ¢ ~ v10-3 ~ 3 x 1072,

+ Length of fiducial volume | = 600 mm.

» Molecular beam forward velocity v, = 600 m s .

+ Coherent interaction time 7' = lv;! = 1 ms, assuming the coherence time is
longer than the measurement time.

« Apulserate 7,5 = 10s~! and the number of BaF molecules per pulse 1,,,;s. ~
5 x 10° [94] combine to a beam of flux An/At ~ 5 x 105 s71.

« A duration of the experiment T},;,; of 1 day = 86400 s.

« Total number of uncorrelated quantum systems n = (An/At) x Tyora; ~ 4x 10,

Taking data for one day results in an eEDM sensitivity of

oq ~ 1072 e cm day L. (2.11)

(2.10)

0d

Multiple possible improvements are in progress. Efficiency can be improved by an
order of magnitude by increasing the solid angle, using photo diodes with larger quan-
tum efficiency for light collection, and improving contrast by measuring both P, and
P, (seeSection 2.3.1]). For a most sensitive experiment, the pulse rate Tputse Of the su-
personic source should be adjusted to have the overall best sensitivity in the shortest
experimental time. Assuming the number of particles per pulse 7,,,;s. independent of
the pulse rate s, the best eEDM result is to be expected for the highest achievable
pulse rate in the experiment.

Another idea currently being pursued is to reduce the velocity v, in the slow ultra-
cold BaF beam experiment, which increases the measurement time. This is a possible

12
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Table 2.3: Electric and magnetic field requirements for an interaction zone.

Magnetic field Electric field

Working point value 10nT 8 kV/cm
Relative variation in the fiducial volume 102 10~*
Relative variation over time 10~4 10~4

improvement, provided the number of particles does not scale down faster than v2.
The beam flux will be improved by transverse laser cooling, from which we expect
at least a 100x gain from currently ongoing activities. These near future improve-
ments will yield at least one order of magnitude gain in sensitivity. A BaF source with
substantially increased flux is a medium term ongoing development.

2.4 Requirements for an interaction zone

The discussion in this chapter leads to a number of design criteria for an actual im-
plementation in an experimental setup. The design criteria require an interaction
zone (see [Fig. 2.6(c)) with well-defined electric and magnetic fields (see [Table 2.3) in
which eEDM sensitive searches can be performed. A more precise rendering of the
interaction zone is drawn in [Fig. 2.7. A vacuum system and optical access for lasers
are critical for these searches. We have a beam of BaF molecules in the superposition
state (see Eq. 2.9) moving through a central part of the setup (Fiducial Volume, about
50 cm long, 4 cm diameter). The main focus here is on creating, measuring, and con-

Multi-lalyer Magnetic Shield

|_{-Fiducial Volume

//
BaF Bea "
»>— — = — = — — - - — == — - — = = »—

t“*-E field plates

N
X | oY ~~Double cosine coil
Z

1 meter
. —_  External Compensation Coils— .

Figure 2.7: Interaction zone: an environment with electric and magnetic fields for
eEDM sensitive searches.
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2.4. Requirements for an interaction zone

trolling the electric and magnetic fields. There is an electric field £ = 8 kV /cm # in the
fiducial volume, which is created by electric field plates. The electric field magnitude
|E| should have a relative variation over time less than 10~ for opposite electric field
directions (see [Fig. 2.3) to avoid unbalanced Stark shifts. The electric field should
also have a relative variation in the fiducial volume of 10~*. The double cosine coil
generates a magnetic field of O(nT) with 10~2 relative variation in the fiducial vol-
ume, parallel or anti-parallel to the electric field. For maximum eEDM sensitivity
the magnetic field magnitude | B| should be such that in the superposition state (see
[Eq. 2.9) a phase ¢ = 2u|B|T/h = «/2 is accumulated. The magnetic shield and the
external compensation coils together are designed to reduce the earth magnetic field
of |B|gartn= 70 T by 6 orders of magnitude to | B|spicigea= 70 pT . The magnetic
shield reduces magnetic field variation over time from outside to inside by 6 orders
of magnitude, which results in a relative variation over time of < 1074,

With an interaction zone with the parameters in a competitive eEDM ex-
periment becomes feasible.

iiiThe nEDM collaboration at PSI has reached fields less than 150 pT designed for the n2EDM project
[98], using a magnetic shield with 6 cubic p-metal layers and 1 aluminium layer.

14



3 eEDM Experiment Setup

The interaction zone and in particular the homogeneous electric and magnetic fields
are designed with the aid of the computational software package COMSOL [66]. The
requirements are an O(10 kV /cm) electric field and an O(nT) magnetic field.

The overview of the full setup is discussed in Section 3.1. Section 3.2 up to Secq
are dedicated to the various aspects of magnetic field control necessary to
reach the desired magnetic field: compensation coils outside the magnetic shielding,
the magnetic shielding, holding field coils inside the magnetic shielding, and han-
dling magnetic and non-magnetic materials. The approach to homogeneous electric
field generation is treated in Section 3.7. The design and assembly of a vacuum sys-
tem that provides a sufficiently low pressure (p < 107 mbar) and takes the crucial
magnetic properties of employed materials into account is treated in (and
Appendix B). Section 3.9 treats the final assembly of the components that are placed
inside the magnetic shield. is on the lasers and is on the
data acquisition system, both of which are necessary for the full working eEDM ex-
periment.

v N

A1 A2 B1| B2 1 c2 c3 D1 D2

@a 5

x .

[ b»: 2022-12-17 " 35

Figure 3.1: Setup of the eEDM experiment employing a supersonic BaF molecular
beam. Molecules traverse a distance /s;,;, = 3.84 m from the EL-valve at Al to state
detection at the center of D1.
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3.1. Full setup

3.1 Full setup

We present the full setup (see [Fig. 3.1) and a convention | for the coordinate system.
The labeling of the functional sections is kept throughout the thesis. Starting from
the molecular beam source we have the following sections:

A BaF molecular beam source:

A1l Barium target ablation into a buffer gas.

A2 Skimmer. Beam diameter D,zimmer = 0.5 cm.
B Molecular state preparation zone:

B1 Detection of photon signal Sp.

B2 Optical pumping out of hyperfine state X°Y*, v=0, N=0, J=1/2, |F = 1).
C Interaction zone consisting of:

C1 Titanium tube into magnetic shield.

C2 Fiducial volume of experiment inside glass vacuum tube.

C3 Titanium tube out of magnetic shield.
D Detection zone:

D1 Detection of photon signal Sp. Detected beam diameter Dye;ecteq = 2.0 cm.

D2 Entrance port for counter-propagating laser light beam driving the two-
photon transition.

A In the BaF molecular beam source [99], a laser light pulse ablates atoms from
a barium metal target (Al). The created plume interacts with an EL-valve (Even-
Lavie valve) controlled buffer gas (98% Ar, 2% SFg, 2 to 14 bar). In collision a BaF
molecular beam is formed. A skimmer (A2) collimates the beam. It also reduces the
gas pressure in subsequent vacuum parts.

B In the molecular state preparation zone a photon fluorescence signal Sg is em-
ployed to measure the number of molecules ,,,; (B1). In a second step the initial
state for the spin precession X?%*, v=0, N=0, J=1/2, | F = 0) is prepared (B2).

C The molecules enter the interaction zone. In the fiducial volume (C2) spin pre-
cession occurs in homogeneous electric and magnetic fields. While moving through
the titanium tubes (C1 and C3), the BaF molecules are in a state that is robust against
the O(uT) magnetic field changes present there, e.g. X2%*, v=0,N=0,J=1/2, |F = 0)
or |F = 1) state.

D In the detection zone the number of molecules N,,,; in the X2%*, v=0, N=0,
J=1/2, |F = 1) state is determined by observation of resonance fluorescence (D1)
of the hyperfine structure resolved X?%+, N = 0 — A%Il; /2,J = 3/2 transition. The
laser beam counter-propagating to the molecular beam enters the setup through an
optical window (D2) on the molecular beam axis.

Timing accuracy is critical for the measurement precision. A Rb-clock (Stanford Re-
search Systems FS725, relative frequency precision Av/v = 10~'2) stabilized against
a GPS satellite system is used as stable frequency and timing reference. This includes

iThe provided convention, based on how a BaF molecular pulse moves through the setup over time, is
a simple way of communicating the use and modification of the setup.
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Magnetic field reduction methods

Field Values
Conductor shield Helmholtz/
(e-g- cul AII AU) Dipole coils
(f>10 Hz)

p-metal shield

p-metal shield (with degaussing

- (f < 1 kHz) to below O(1 nT)) .
Dynamic Static
a—inftka:ls)hiem p-metal shield
Multipole
coils

Field Gradients

Figure 3.2: Different aspects of the magnetic field are optimally reduced with differ-
ent methods. Dipole coils can compensate static magnetic field values. Multi-pole
coils can compensate static gradients. A u-metal magnetic shield is a passive method
capable of reducing static field gradients, and is also capable of reducing the static
field values. It is to a lesser extent (for frequencies below 1 kHz) even capable of re-
ducing dynamic fields. With degaussing field values below 1 nT are accessible [98].
A shield consisting of bulk conductor material such as copper, aluminium, or gold,
is a passive method capable of reducing all dynamic fields (for frequencies above 10
Hz).

the source EL-valve trigger, source ablation laser, the waveform generators respon-
sible for the control of the light driving the two-photon transition, and time critical
scaler counters inside VME crates that are part of the DAQ system.

3.2 Magnetic field control

EDM searches in molecules require well defined homogeneous magnetic fields, due
to the Zeeman splitting of the involved states. An eEDM search using BaF molecules
requires a field of B ~ 222 x nT for ¢ = m/2 accumulated phase, where 7' is the co-
herent interaction time, and it requires a relative variation of about 1 %, in a cylinder
shaped fiducial volume that is 50 cm long and has 4 cm diameter. A magnetic field of
B ~ 9nT is required for a coherent interaction time of 7 ~ 1 ms (see list R.3.2). The
requirements are more stringent when employing a slower beam of molecules in the
future, e.g. T' =~ 20 ms requires B ~ 450 pT.

The laboratory magnetic field with a magnitude of 70 uT needs to be shielded. To
bridge the gap between the laboratory field and the required field multiple methods
(see [Fig. 3.2) are combined in the experimental setup. Each of the methods is best

17



3.3. Active compensation with external coils

suited for a particular magnetic field range. Furthest from the fiducial volume are
the six rectangular coils (see Section 3.3). Their purpose is to reduce the laboratory
magnetic field by a factor of 10 to 7 uT. The multi-layer u-metal magnetic shield
(see Section 3.4) is exposed to the reduced field. It does the bulk of the magnetic field
suppression. By combining layers of materials with maximally different relative mag-
netic permeability pi;, i.e. p-metal and airll, the magnetic field inside the p-metal layer
is reduced by a shielding factor. If the u-metal layers are also placed at a sufficient
distance from each other, their individual shielding factors multiply to a combined
shielding factor. The envisioned shielding factor is of ©(10°), which corresponds to
a 70 pT field inside the shield. The field is in part limited by the shielding factor. At
low magnetic fields the remnant magnetization of the innermost p-metal layers of the
magnetic shield dominates, hence additional p-metal layers do not reduce the mag-
netic field further. Inside the magnetic shield is space for magnetic holding field gen-
eration coils (see Bection 3.5). One is a double cosine coil (see Bection 3.5.1]), which
generates a holding field of O(n'T/mA), with a relative variation of 2% of the full value
in the fiducial volume. A coil is present to investigate the effects of transverse fields
(see Section 3.5.2). To further reduce magnetic field gradients, an arrangement of
multiple coils (see Section 3.5.3) has been studied [102, 103], but at this stage they
need not yet be implemented. Passive methods employing u-metal are preferred due
to simplicity. In order to generate a sufficiently well defined field, specific materials
(see Section 3.6) are to be avoided because of their magnetic properties.

3.3 Active compensation with external coils

Three pairs of rectangular coils (see [Fig. 3.3) are implemented in the laboratory to
reduce the magnetic field. One pair of coils generates a field parallel to the BaF beam
direction, the Z direction. These coils have dimensions 2.5 m x 2.5 m, and are placed 3
m apart. The two pairs of coils that generate fields in the directions orthogonal to the
BaF forward direction Z, generate fields in the X and Y directions. They have dimen-
sions 3 m x 2.5 m, and are spaced 2.5 m apart. These are the maximum dimensions
that fit symmetrically around the magnetic shield inside our laboratory. The coils
have 25 windings each. With a magnetic field dependence on the current (see [Ta]
ble 3.1)) and maximum current delivered by the power supplies (see [Table 3.2), each
pair of coils can simultaneously generate a magnetic field of 50 uT. At this generated
field the power delivered to each pair of coils is of O(100 W). By introducing a differ-
ence in current between a pair of coils, e.g. at +Z and -Z, a gradient can be obtained
from these pairs of coils. In the case of the +Z and -Z coils, it would be a gradient
of Bz in the Z direction. This seems unnecessary given a characteristic feature of
magnetic shields, in that they homogenize magnetic fields.

iiThis implies that air with u, = 1 and a superconductor with pi; = 0 can also be combined into a magnetic
shield, since these also have very different magnetic permeabilities [100, 101].
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z {
7
d

Figure 3.3: Six rectangular coils arranged in three pairs. The aim is to reduce the lab
magnetic field by at least a factor 10 with the generated compensating field. The red
coils, labeled +Z and -Z, generate a magnetic field Bz, along the BaF beam axis. The
blue coils, labeled +Y and -Y, generate a magnetic field By. The green coils, labeled
+X and -X, generate a magnetic field Bx, which in this picture is to the right. The
generated field strength at the center of each set of coils is in [Table 3.1].

Table 3.1: Magnetic fields Bx, By, and By, generated at the center of the coils in the
laboratory, as a function of respectively the coil currents Ix, Iy, Iz.

ABx/Alx  ABy/Aly  ABy/AI
7.4(1) uT/A  8.0(1) uT/A  5.5(1) uT/A

Table 3.2: Two Rohde&Schwarz HMP4040 power supplies were tested together.
They can deliver maximum currents Ix .maz5 Iy, mazs 12,maz-

IX,max IY,maa: IZ,max
8 A 8 A 9A
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3.4 Passive stabilization using a multi-layer p-metal
magnetic shield

The magnetic shield needs to satisfy several constraints, such as: reduce ambient
magnetic field, homogenize residual magnetic field, fit inside the laboratory space,
has to have sufficient internal space for a BaF molecular beam experiment, budget,
ease of use. Several constraints are critical for the physics. Others are more related to
the mechanical implementation. Our emphasis is on demands arising from physics
constraints. The initial design related to the physics constraints, based upon calcu-
lations in COMSOL, is discussed in Section 3.4.1. The mechanical design and im-
plementation produced by the magnetic shield manufacturer Sekels is discussed in

Section 3.4.2.

3.4.1 Design and calculations

The initial design is implemented into the software environment COMSOL. Calcula-
tions indicate scaling of shielding levels with a perfectly soft ferromagnet. These show
no hysteresis and remnant magnetization. They therefore give a lower bound on the
shielding, and no information on the remnant fields of a real shield. The calculations
help to eliminate designs that do not satisfy the desired magnetic field constraints,
and help to distinguish sensitive from unimportant parameters.

All p-metal layers are simulated with a cylindrical geometry. They have a surface ge-
ometry with an assigned thickness of 1.5 mm. The experimental constraints require
an innermost layer with dimensions of 50 cm inner diameter and 120 cm length. The
magnitude of the externally applied magnetic field is 7 uT. Due to cylindrical symme-
try two sets of calculations were performed, with either a homogeneous external field
along the axis Bz = 7 uT or perpendicular to the axis Bx = 7 uT. No higher order
multi-pole field was calculated, since a p-metal magnetic shield has improved shield-
ing performance with higher order multi-pole fields. The reasoning is as follows. An
estimate of the shielding factor is

Uyl

SEF~1
+D,

3.1

with relative magnetic permeability n,. = p/po, p-metal thickness ¢, diameter D of
the shield, and n the order of the magnetic field, in the limit D > ¢ and u, > 1
[104]. Taking a purely homogeneous (dipole at large distance) field where n = 1,
gives a low end estimate of the shielding factor. Higher order multi-pole magnetic
fields where n > 1, result in improved shielding [[104] compared to a homogeneous
field. Therefore calculations using a homogeneous external magnetic field form the
most stringent test of a u-metal magnetic shield, and no calculation with a higher
order multi-pole field was performed. In addition, merely adding linear gradients
already increases the number of sets of calculations by 5 to 7, excluding duplicates
due to cylindrical symmetry.

The design parameters that were varied in the simulations are shown in [Fig. 3.4. All
parameters have values as shown in [Fig. 3.4 in the conceptual design, unless stated
otherwise in variations of those parameters. The cylindrical fiducial volume is the
same for all calculations. A calculation takes 2 hours for one field direction. To take
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Magnetic Shield
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Figure 3.4: Conceptual design and considered variations of the magnetic shield. A
3 layer magnetic shield configuration, with the parameters used in all comparisons,
except for the parameter that was varied. The 3 layer configuration consists of layers
ul, u3 and u5. The 5 layer configuration has the layers u2 and u4 added (dotted lines).
The variations (green) are only for one parameter at a time. There is one exception:
one set of calculations concerns the changing both axial and radial spacing, both with
the same value. All other dimensions remain as in the reference design (black). For
each variation we applied an external magnetic field B; = 7 uT parallelor Bx = 7uT
transverse to the magnetic shield cylinder axis. The collar height as drawn was part
of calculations. But with these calculations it was found not to affect the magnetic
field shielding, and it is therefore not implemented in the setup.
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Figure 3.5: 2D image of the YZ plane (X=0 m) of a COMSOL calculation on a 3 layer
shield, with an applied field Bz = 7 uT. The color is a rainbow color where going from
red to blue signifies a decrease in magnetic field, recursive for each order of magni-
tude. The white spots are magnetic fields above 10 uT, which are not rendered. The
arrows only give the direction, not the magnitude of the magnetic field, i.e. normal
vectors. The arrows inside the innermost layer all point towards the right (+Z) direc-
tion, contrary to the fields anywhere else in the image. This shows that a magnetic
shield does not only reduce the magnetic field, it also homogenizes the magnetic field.
A magnetic shield reduces higher order multi-pole magnetic fields more strongly than
dipole magnetic fields.

varying properties of u-metal into account a calculation includes three different val-
ues of (relative) magnetic permeability p,: 20000, 40000, 80000. The full set of cal-
culations is two such calculations for each of the 22 values of variations (see [Fig. 3.4),
one for each field direction (Bz and Bx). Typical images from such calculations are
shown in [Fig. 3.5, [Fig. 3.6 and [Fig. 3.7. Multiple images such as these are analyzed
and combined into the shown data in [Fig. 3.8 and [Fig. 3.9.

Variations only in axial spacing gives the same shielding performance for a Bx ex-
ternal magnetic field (see [Fig. 3.§(b)). For a B, external magnetic field however, 5 cm
spacing is insufficient (see [Fig. 3.§(a)). In that case, both offset and inhomogeneity of
the magnetic field are larger compared to calculations of larger dimensions. Based on
this we established a design criterion that at least 10 cm of axial spacing is necessary
to get magnetic isolation of different layers.

Fig. 3.8(c) and [Fig. 3.8(d) depict that varying both axial and radial spacing in the
same direction, changes magnetic shielding performance more than only varying the
axial spacing. [Fig. 3.8(c), for a B external magnetic field, shielding performance is
more sensitive (e.g. red versus yellow lines) to changes in dimension compared to
[Fig. 3.§(a). For the inhomogeneity of the magnetic field this change is less compared
to the average value of the magnetic field. The improvement in shielding performance
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Figure 3.6: 1D image of the field along the Z axis (X=Y=0 m), of the same COMSOL
calculation on a 3 layer shield as in [Fig. 3.5, with an applied axial Z field of B, = 7 uT.
The steep downwards slopes are at the locations of the ends of the respective shield
layers. The inset concerns the field in the fiducial volume of the interaction zone.
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Figure 3.7: 2D image of the XY plane (Z=0 m) of a COMSOL calculation on a 3 layer
shield with a double cosine coil inside. An external axial Z field of By = 7 uT as well
as a field with the double cosine coil are applied. The color is a rainbow color where
going from red to blue signifies a decrease in magnetic field, which repeats for each
order of magnitude. The three black circles represent the three u-metal layers of the
shield. The noise around the coil is an artifact of trying to display the magnetic field
across a dynamic range of 8 orders of magnitude, the field around the coil being the
lowest field.
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3.4. Passive stabilization using a multi-layer p-metal magnetic shield
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Figure 3.8: The minimum and the maximum magnetic field magnitude inside the
fiducial volume is plotted. They indicate both the average value as well as the inho-
mogeneity in the magnetic field magnitude given some parameters. The dashed lines
connect the symbols as optical assistance. (a) Variation in axial spacing. Bz. An axial
spacing of less than 10 cm decreases axial shielding performance. (b) Variation in ax-
ial spacing. By . Axial spacing has little effect on transversal shielding performance.
(c) Variation in both axial and radial spacing together. B. For both an axial and
radial spacing less than 10 cm axial field shielding performance decreases most. The
effect is mostly due to radial spacing (e) rather than axial spacing (a). (d) Variation
in both axial and radial spacing together. Bx. For both an axial and radial spacing
less than 10 cm transversal field shielding performance decreases most. The effect is
mostly due to radial spacing (f) rather than axial spacing (b). (e) Variation in radial
spacing. Bz. For radial spacing less than 10 cm axial field shielding performance
decreases the most. (f) Variation in radial spacing. Bx. For radial spacing less than
10 cm transversal field shielding performance decreases the most. Note that the ver-
tical scales for the diagrams on the left are about an order of magnitude larger than
those on the right. This is because of higher shielding performance for the Bx field
compared to the B field.
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for increasing both axial and radial spacing from 5 to 10 cm compared to 10 to 15
cm and 15 to 20 cm, shows a decrease. The effect of spacing of the magnetic shield
layers saturates between 10 and 20 cm. [Fig. 3.§(d), for a Bx external magnetic field,
shows sensitivity in magnetic shielding. The smallest simulated dimension of both
axial and radial spacing, 5 cm, is less effective than the other dimensions in reducing
the magnetic field. All other dimensions have the same shielding performance. The
difference in minimum and maximum magnetic fields for 15 cm spacing and a relative
magnetic permeability 4, = 80000, is an artifact of accuracy in the calculations. The
resolution of this simulation is 1 pT.

Magnetic shielding is more sensitive to only varying radial spacing compared to only
varying axial spacing as well as varying both axial and radial spacing. This is only
true for a B external magnetic field (see [Fig. 3.§(e)). In the case of a Bx external
magnetic field the results for varying the radial spacing (see [Fig. 3.§(f)) are the same
as for varying both axial and radial spacing (see [Fig. 3.8(d)).

To summarize the discussion of for this geometry, we can rank by impor-
tance: varying only the axial spacing, varying both the axial and radial spacing, and
only varying the radial spacing. The effectiveness of spacing on a magnetic shield,
from most to least important, depends on

1. radial spacing

2. both axial and radial spacing

3. axial spacing.
From this we conclude that radial spacing should be maximized taking into account
further practical constraints, such as the laboratory door size. Radial spacing should
be at least 10 cm to insure magnetic isolation of layers. Axial spacing, though less
important in terms of magnetic shielding, is most optimal when it is close to or equal
to radial spacing. Other constraints, such as the distance between outside and inside
the magnetic shield, are best with a minimal axial spacing.

Fig. 3.9(a) and [Fig. 3.9(b) depict the effects on magnetic shielding of varying the
center hole diameter. The By external magnetic field shows the same performance
for all dimensions. In the case of B, external magnetic field, there is a small effect
on shielding performance. The shielding performance is the same for 10 cm or less.
Purely based upon magnetic shielding effectiveness, the smaller the hole, the bet-
ter the shield, leads to a preferred minimal center hole diameter. But taking into
account other constraints, such as the diameter of the beam pipe connecting the vac-
uum inside and outside the magnetic shield, the optimal dimension of the center hole
diameter lies there where these other constraints are also satisfied.

Fig. 3.9(c) and [Fig. 3.9(d) depict calculations on magnetic shielding effectiveness
depending on varying the collar height. Neither for a Bz nor for a Bx external mag-
netic field is there any effect of varying the collar height. It is not relevant for magnetic
shielding, since there is no effect on shielding. Therefore we do not have to implement
a collar.

In [Fig. 3.9(e) and [Fig. 3.9(f) we compare the shielding effectiveness for a 3 and a
5 layer shield assembly. For the 5 layer shield, one extra layer is added between lay-
ers ul and p3 (u2) and one extra layer is added between layers pu3 and p5 (u4) (see
Fig. 3.4)). The straight lines indicate a logarithmic law. The 5 layer assembly magnetic
field reduction has a steeper slope than the 3 layer assembly for both a B and a Bx
external magnetic field. More important is that the shielding of the 5 layer assem-
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Figure 3.9: The minimum and the maximum magnetic field magnitude inside the
fiducial volume is plotted. They indicate both the average value as well as the in-
homogeneity in the magnetic field magnitude given some parameters. The dashed
lines connect the symbols as optical assistance. (a) Variation in center hole diameter.
By. The center hole diameter has a small effect on axial field shielding. (b) Variation
in center hole diameter. By. The center hole diameter has no effect on transversal
field shielding. (c) Variation in collar height. Bz. Collar height has no effect on ax-
ial field shielding. (d) Variation in collar height. By. Collar height has no effect on
transversal field shielding. (e) Variation in the number of layers. B;. Going from
3 to 5 p-metal layer yields a large increase in axial field shielding performance. (f)
Variation in the number of layers. Bx. Going from 3 to 5 p-metal layer yields a large
increase in transversal field shielding performance. Note that the vertical scales for
the diagrams on the left are about an order of magnitude larger than those on the
right. This is because of higher shielding performance for the By field compared to
the B field.
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Table 3.3: Magnetic shield cylinder inner dimensions from inside to outside. The lids
fit over the cylinders. With lids the outer dimensions of the outermost aluminium
layer (Al-out) are 1497 mm radius and 2008 mm length. Full technical drawings and
in factory shield layer characterization of magnetic permeability are in Appendix d.

Layer  Material t (mm) Radius (mm) Length (mm) Pieces
Al-in Aluminum 3 500 1300 1
Mu-1  p-metal 3 516 1360 1
Mu-2  p-metal 3 694 1420 1
Mu-3  p-metal 3 894 1523 2
Mu-4  p-metal 2 1146 1700 2
Mu-5  p-metal 2 1461 1900 2
Al-out Aluminum 4 1477 1960 1

bly can reach below 70 pT for a relative magnetic permeability u,. > 25000, where
the 3 layer assembly can reach below 70 pT only for p,. > 70000. Considering the
potential variation in material quality of u-metal, relative magnetic permeability is
between these levels, therefore a 3 layer shield can not tolerate variations in mate-
rial quality where a 5 layer shield can. Based upon their greater tolerance for varying
magnetic permeability, and based upon the fact that magnetic shield manufacturers
recommend at least 4 or 5 layers for reaching below 1 nT fields (e.g. [[105, 106]), we
decided to use 5 p-metal layers in our magnetic shield.

In conclusion, a p-metal magnetic shield with an adequate shielding factor has to
meet several conditions. The largest performance improvement arises from employ-
ing 5 instead of 3 p-metal layers. Furthermore, a spacing between layers of less than
10 cm in both axial and radial directions would result in decreased shielding perfor-
mance. Any increase of the end cap center hole diameter results in a small effect on
the shielding. This leads to a preference for a smaller center hole diameter, balanced
with the vacuum system and molecular beam diameter requirements.

3.4.2 Implementation

The magnetic shield calculations were used to generate a design which was given to
the manufacturer Sekels [[105]. The final design provided and implemented by Sekels
contains 5 p-metal magnetic shielding layers and 2 aluminium mechanical support
layers (see [Table 3.3). Full technical drawings and shield layer characterization in
the factory of magnetic permeability are presented in Appendix 0. The inner 2 p-
metal layers Mu-1 and Mu-2 are made as full cylinders, with degaussing coils initially
installed on Mu-1 only. Degaussing is about isotropic magnetization, which amounts
to demagnetization [[107, 108]. The outer 3 p-metal layers Mu-3, Mu-4, and Mu-5
consist of 2 half cylinders because of the size of the available annealing ovens at the
manufacturer’s site.

The magnetic shield was installed on an aluminium frame in the laboratory (see
Fig. 3.10). It was transferred to the laboratory (see [Fig. 3.11)) using airpads fl. Three

supports on the frame are shaped to support the mass of the magnetic shield . Braces

liiEor more details see Appendix H.

Tts mass including all experimental components installed inside is about 1000 kg.
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3.5. Magnetic holding field generation

Figure 3.10: Magnetic shield drawing. The shield is supported by an aluminium
Boikon frame from below. The frame is supported in normal operation by 4 legs.
It can be moved using 4 airpads. On this frame are 3 supports, which are cylindri-
cally shaped to support the weight of the shield from below with minimal stress. Close
to the lids are also 2 braces around the sides and top of the magnetic shield, which
provide magnetic shield cylinder roundness. The 3 supports and the 2 braces are
separated from the magnetic shield with Sorbothane rubber, with the purpose of re-
ducing mechanical stress from uneven surfaces, as well as reducing vibrations.

are installed around the magnetic shield. Their purpose is to maintain the roundness
of the cylindrical shape. Besides preserving magnetic properties, maintaining the
roundness of the cylinders makes dismounting and re-installing the magnetic shield
lids possible when parts are installed inside.

3.5 Magnetic holding field generation

The magnetic holding field is primarily generated by a double cosine coil (see SecH
kion 3.5.1)). A coil is installed to investigate the effects of transverse fields (see Sec-
tion 3.5.%). Approaches for additional compensation coils with the purpose of im-
proving the homogeneity of the holding field are discussed (see Section 3.5.3).

3.5.1 Double cosine coil to generate magnetic holding field

The homogeneous holding field of up to 120 nT inside the magnetic shield is gen-
erated by a cosine coil. A cosine (O) coil is a coil with a wire distribution arranged
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Figure 3.11: Magnetic shield installed in laboratory.

on a cylinder that yields a current density with a cos § dependence on the cylinder. 6
is the angle as defined in [Eq. 3.2 or [Eq. 3.3 with respect to the y-axis (see
and [Fig. 3.13). This satisfies the purpose of generating a homogeneous magnetic field
transverse to its cylinder axis. We adapt this to our experiment into a double cosine
coil, two cosine coils of different diameters combined. Through COMSOL calcula-
tions, an electrical design has been made including manufacturing tolerances. This
electrical design was translated into a device at the Nikhef Workshop. Magnetic prop-
erties of the double cosine coil, while inside the magnetic shield, have been measured
using flux gates as well as using molecules in a magnetic field sensitive state.
The wire distribution required for a cosine coil has for each wire the angle

() — arctan ([(L)]) 62
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3.5. Magnetic holding field generation

where N is the total number of wire loops, N being an integer multiple of 2, and where j
runs from 1 to N/2 describing the upper right quadrant starting from the y-axis [103].
Other quadrants can be found through reflections in both orthogonal planes trans-
verse to the cylinder axis. The wire distribution cos(6;(N)) can be used as input into
COMSOL, with as a result a model that can with minor modifications be translated
into a mechanical design.

Such a current distribution yields a magnetic field transverse to the coil cylinder
axis. It is a proven method for generating homogeneous magnetic magnetic fields
with wires distributed along the cylinder. It saves space for setups with a high degree
of cylindrical symmetry, e.g. inside a cylindrical p-metal magnetic shield around a
cylindrical vacuum system. The cosine coil has been used in a variety of experiments,
one of which concerns EDM searches with Xe [51]].

This conceptual design of a cosine coil as described above, has several properties
which are suboptimal to the experiment, which requires O(nT) magnetic fields with
O(pT) fluctuations. These properties are:

1. A working experiment requires currents flowing through the end-caps.

2. Fields of O(nT) with O(pT) fluctuations, require O(pA) currents with even
smaller fluctuations O(nA) over time. This is for N=80 and a cylinder radius
of 15 cm.

3. Ttis limited in the number of wires, with fewer wires resulting in larger spatial
inhomogeneities.

Property 1, the presence of end-caps, is not a problem when the experiment is of-
fline. Removable end-caps have been used before [103]. It is a problem when the
experiment is online, since end-caps block axial access, which is indispensable for a
(molecular) beam experiment. Properties 2 and 3 are trade-offs in a cosine coil, were
a design is limited by magnetic field fluctuations in either time or space. Combining
two cosine coils with different diameters, forming a double cosine coil, ameliorates
all these properties.

A double cosine coil is formed by combining two cosine coils with different diame-
ters. The wire distribution required for a double cosine coil has for each wire, of both
inner and outer coil, the angle

1
2

2
0;(N) = arctan [(‘UN 2) - 1] , 3.3)

where N is the total number of wires in one coil layer ¥, N being an integer multiple
of 4, and where j runs from 1 to N/4 describing the upper right quadrant starting
from the y-axis. Other quadrants can be found through reflections in both orthogonal
planes transverse to the cylinder axis. The wire distribution cos(¢,(V)) can be used
as input into COMSOL, with as a result a model that can with minimal modification
be translated into a mechanical design.

The principle of operation of a double cosine coil can be shown by taking the cur-
rent distribution as in [Fig. 3.12, and taking the wires infinitely long. It is formed by
two cosine coils in a Russian doll configuration: they have the same length, and the
same angular wire distribution, but a different diameter, equal current magnitude,

VN is also the number of miniloops.
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Figure 3.12: Double Cosine Coil, drawing of principle. Projection on a plane perpen-
dicular to the cylinder axis, with all currents flowing parallel/antiparallel to this long
axis as represented by I.7/1 (out of/into page). All currents have equal magnitude.
There are 80 “pairs” of an inner and an outer layer current in this drawing. The inner
layer of currents is closer to x=y=0 than the outer layer, which due to the currents
being of equal magnitude results in a net magnetic field B = B, at x=y=0.

but opposite current direction. At the center of the double cosine coil, the resulting
magnetic flux density Bpcc is the difference of the inner coil B¢ and outer coil Boc

Bpce = Bie — Boc. (3.4

For a double cosine coil of infinite length, on the cylinder axis (x=y=0 mm in Fig.3.12),
since a single infinite wire generates a magnetic field B,,i,. = pol/(27s)¢ at distance
s [L09], and since radius Roc > R;c, we can say

Bpco = (|Bre|-|Bocl) & = |Bic| (Rl Rl ) i (3.5)
c oc
The two superposed cosine coils produce a net magnetic field in direction . This is
the same direction as the magnetic field produced by the inner coil, and opposite in
direction produced by the outer coil. For the coil configuration as in [Fig. 3.12, the
coils have radius R;c = 150 mm and Roc = 160 mm, hence

EDCC ~ |BIC|><4 x 10733. (3.6)

Compared to the cosine coil, the double cosine coil has a number of benefits:
1. There is no need for end-caps in a double cosine coil, since all wires can be in-
corporated in the cylinder tube. The result is full axial access for beams, vacuum
chambers and other equipment.
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3.5. Magnetic holding field generation

Figure 3.13: Double cosine coil: optimized coil shape. The red arrows represent the
direction of current. For cylindrical coordinates with the postive z axis out of the
drawing plane, the longitudinal wires, parallel to the z axis, form the coil connected
on the +z and -z locations. The connections on the -z side are radial, merely form-
ing a "miniloop” of 2 longitudinal wires, 1 of the inner and outer layer each. The
connections on the +z are slanted so that they connect the "miniloops”. The slanted
connections yield a net current equivalent to circular wire at +z, resulting in a mag-
netic field along the z axis. This is compensated for by a circular wire (black) with the
opposite current flow.

2. The operational current for a small field can be higher than in the cosine coil
(see e.g. [Eq. 3.6) since the magnetic field is the difference between two cosine
coils. The result is better magnetic stability in time.

3. Alarger number of wires/wire pairs can be implemented, if it improves homo-
geneity, which can be offset by reducing the radial distance between the inner
and outer coils.

This makes the double cosine coil a better fit for the experiment.

A full single circuit model of the double cosine coil was arrived at inside COMSOL
(see [Fig. 3.13). The red arrows represent the direction of current flow. isa
cut at the plane z=0 mm (for z the axial direction). The coil is 1 meter long.
also indicates how to connect all wires, to get a functioning double cosine coil. At one
end, the wires of inner and outer coils are connected radially, forming small loops.
At the other end, these small loops are connected to each other through non-radial
connections. Connecting all small loops like this gives 1 net loop at this latter side
along the 6-direction of the coil cylinder, resulting in an additional axial field there.
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This can be compensated for by introducing a single compensating loop at the end
with the non-radial connections. Except for a connection to a power supply through
a twisted pair and the single compensating loop being separate, the coil in
is electrically equal to [Fig. 3.14.

A double cosine coil inside a magnetic shield interacts with the p-metal. We com-
pare a double cosine coil in air only with a double cosine coil in a p-metal cylinder
layer (u = 80000, t = 1.5 mm) with 50 cm radius and 130 cm length, by performing
calculations for each in COMSOL. Two properties in the fiducial volume of the experi-
ment change with the addition of the p-metal cylinder layer. First of all, thereisa 35%
reduction in magnetic field magnitude. Second, the gradients along the z-direction
for all magnetic field components are reduced, as the inhomogeneity goes from 5% to
2%. Gradients in the transverse direction are below the resolution of the calculations.
Since we are primarily interested in minimizing inhomogeneity, placing the double
cosine coil into a p-metal magnetic shield is predicted to improve its performance in
generating a homogeneous magnetic holding field.

The coil is mounted on the outside of the glass tube (see [Fig. 3.17) with soft plastic
spacers. The current source that has been employed is a precision Knick device ¥ with
resolution at / = +100 mA of o; = 100 nA or alternatively a DM MCS ¥ 8 channel
current supply, with resolution at I = +4 mA (I = +40 mA) of o; = 125 nA (o7 =
1.25 pA). The coil has a linear sensitivity A| Bpoc|/Alpce = O(nT/mA) inside the
magnetic shield. It is characterized in Section 4.4. The coil combined with the
power supplies fulfills requirements of setting the magnetic field up to +O(10 nT)
with better than pT resolution.

3.5.2 Coil for transverse field effect investigation

An additional coil is implemented for investigating how the tensor Stark effect af-
fects the sensitivity to magnetic fields transverse to the electric field. These include
additional field components from the double cosine coil, the magnetization of the
magnetic shield, and the motional magnetic field. It a single wire with a rectangular
shape around the vacuum system, which is mounted at the height of the BaF beam.
It deviates from the rectangular shape at the front and the back, due to the presence
of titanium tubes through which the BaF beam enters and exits the vacuum system
inside the interaction zone. The coil generates a vertical field in the setup
AB

_ y
B, = Al v (3.7)

.. AB
with N

Y
is characterized in Section 4.4.

Y

the linear sensitivity to current in nT mA ™', and I, the current in mA. It

3.5.3 Active compensation with internal coils

If higher homogeneity is required, additional compensation and shimming coils can
be implemented. This is true for any geometry, but the experiment concerns a cylin-

Viknick Stromgeber Typ J42.
YIIDM Technologies Multichannel Current Source, see www.dmtechnologies.eu.
" Bpcc = |Bpcec|Bpece with Bpoe = .
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Figure 3.14: Physical realization of the double cosine coil. The magnetic field is here
along the vertical axis. Two etched copper coated Kapton foils, with 2 mm wide cop-
per tracks, conduct current along the coil length, one on the inside and one on the
outside. By soldering with 0.75 mm copper wires these copper tracks are connected
to each other. The interloop copper wire connections on this side are slanted so that
they connect all miniloops. The intraloop copper wire connections on the opposite
side are radially connected. There is an additional single loop of wire that runs around
the whole coil at this side of the coil barrel, which compensates the net axial field re-
sulting from all not radially running interloop connection wires. It is in series with
the rest of the coil. The wires in front sticking into the inside of the barrel, are con-
nected to a power supply for operation of the coil.

drical geometry. All approaches require a measurement of the magnetic field. One
approach uses (multiple) dedicated coils to counteract specific magnetic field com-
ponents. This approach was successfully applied in the Xe-EDM experiment [103].
A different approach uses generic coils to target all magnetic field components up to
some order. Such a generic coil uses a set of multiple smaller circular or rectangu-
lar loops mapped onto a cylinder. One example uses 48 circular loops (6 rows of 8
loops) [110]. Therein it is stated that such an approach has as an essential prereq-
uisite the careful calibration of the coils. This is subsequently used in modeling of
the coil configuration to attain the desired field in a single step. The relevance of the
latter approach in the experiment was investigated [102].
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Table 3.4: Summary table of allowed materials, depending on location.

Location Allowed materials

Inside inner magnetic shield layer  Plastics, rubber, glass, several titanium alloys

Inside shield, outside inner layer, ~Aluminium, phosphor-bronze
or lids removed

Outside shield, up to 1 meter from  Slightly ferromagnetic stainless steel (A4)
shield washers, nuts, and bolts

Inside lab, further than 1 meter Ferromagnetic materials should not move
from shield

Outside lab No constraints, monitor if a large magnetic
field source is present (e.g. particle accelerator)

3.6 Non-magnetic materials

Magnetic materials in the surroundings of the experiment can spoil the magnetic field
homogeneity. Therefore we only employ certain materials depending on their mag-
netic susceptibility and their location in the laboratory (see [Table 3.4).

Inside the magnetic shield, close to the fiducial volume, we prefer using materials
with high electrical resistivity (insulators and semiconductors). We only employ ma-
terials with very low dia- or paramagnetism. High resistivity reduces eddy currents &
and electronic noise. A variety of plastics, as well as rubber, glass and many titanium
alloys satisfy this. While aluminium is only slightly paramagnetic (volume suscepti-
bility of O(10~?)), its low resistivity of O(10~® Q2m) can result in electronic noise.

Inside the magnetic shield but outside the inner layers of the magnetic shield, ma-
terials should merely not be ferromagnetic. Therefore aluminium can be used. For
mechanical work in the laboratory we have phosphor-bronze tools. When the end-
caps are dismounted from the magnetic shield, ferromagnetic materials must be kept
away from p-metal layers, both the cylinders and the end-caps, to prevent their acci-
dental magnetization.

Outside the magnetic shield, but within 1 meter of the magnetic shield, slightly fer-
romagnetic materials are tolerated. This includes A4 stainless steel washers, nuts and
bolts as well as stainless steel vacaum chambers, e.g. material numbers 1.4429 and
1.4435 in the vacuum manual from Pfeiffer [[111]].

All volume inside the laboratory with a distance to the magnetic shield of more than
1 meter, or at a distance from the magnetic shield larger than the largest dimension of
an object, can contain any amount of ferromagnetic material, as long as ferromagnetic
materials are not moved after installation and field calibration.

Material outside the laboratory has no constraints on ferromagnetic materials. Ef-
fects of co-located laboratories using very high magnetic fields, above 1 T must be
monitored, e.g. a particle accelerator.

All materials have to be evaluated for their magnetic properties before installation in
the setup. By moving materials past a flux gate (see Chapter 4) evaluation is possible
to nT scale.

iXWhich are also called Foucault’s currents.
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3.7 Electric field generation

An eEDM measurement requires a homogeneous electric field of O(10 kV /cm). Based
on calculations (see [Fig. 3.15), and the molecular beam acceptance up to 4 cm diam-
eter, we decided for a configuration of 2 Indium Tin Oxide (ITO) coated glass plates
at 4 cm distance. The assembly process (see Appendix D) yields the configuration
displayed in [Fig. 3.16. Estimates indicate a < 10~ level relative electric field varia-
tion in the region where the molecular beam passes between the plates. The frame
design is such that a central third conductive plate could be added at a later stage,
yielding opposing electric fields, one parallel and one anti-parallel to the magnetic
holding field. This affords improved continuous probing of electric field systematics.
With the third plate, estimates indicate a reduction in relative electric field variation
to < 10~% level. The electric potential is provided by two High Voltage (HV) power
supplies (Iseg HPn 300 106 and HPp 300 106). They are connected through a custom
switchbox (see Appendix H) to the field plates for electric field reversal and monitor-
ing. The time required for electric field reversal depends on the used resistors and
the capacity of the used cables [[112].

3.8 Vacuum system

A glass tube of 25 cm outer diameter, 110 cm length, 1 cm wall thickness, holds the
electric field plates. Glass is non-magnetic. It also does not add to electron noise like
a metal chamber would. The goal is to reach a residual pressure of p < 10~ "mbar,
since that is the pressure at which BaF molecules are transmitted through the vac-
uum system. The glass tube is closed with 2 titanium endcaps (see [Fig. 3.17). The
material was chosen for minimal distortion of the magnetic field. These are designed
with flexible mechanical mounting to the glass tube, to accommodate manufacturing
tolerances of the glass. Each large endcap has a central part for mounting the beam
pipe, and 6 for optical fiber- and HV-feedthroughs. Each unused small hole is closed
with a titanium cap. All parts are sealed vacuum with Viton (fluorocarbon rubber)
O-rings. More details on the vacuum system and its construction can be found in

[
APDP D).

3.9 Interaction zone internals

Inserting the frame holding the electric field plates (see [Fig. 3.16) into the glass vac-

uum chamber (see [Fig. 3.17) yields what is shown in [Fig. 3.18. The further addition
to the vacuum chamber of the double cosine coil (see [Fig. 3.14) and the titanium end-
caps, results in a complete assembly (see [Fig. 3.19) ready for installation inside the

magnetic shield (see [Fig. 3.10).

3.10 Lasers
Here we present a generic outline of the laser systems in the experiment. The lasers

are physically located in a different room (Laser Lab) than the magnetic shield (eEDM
Lab). An in-depth treatment can be found in an accompanying thesis [96]. The laser
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Figure 3.15: Calculation in COMSOL of the electric field between two parallel conduc-
tive plates. The red arrow is the electric field direction. The electric field magnitude is
represented by a color gradient, from 0 kV/cm (blue) to 25 kV /cm (red), for £20 kV

applied to the field plates.

\)

Figure 3.16: Electric field plates in a mounting frame. Specifications and assembly

process are given in Appendix D.
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Figure 3.18: Electric field plates in vacuum chamber. Two pairs of cables, each pair
connected to a field plate, connect to a high voltage power supply. Two cables are
employed for each plate, where each cable makes contact with a different location on
the plate surface. This is for ensuring and measuring electrical contact.
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3. eEDM Experiment Setup

Figure 3.19: Interaction zone internals rest upon a stable insertion frame. Electric
field plates are on a frame inside the glass vacuum tube. The double cosine coil is on
the outside of the glass vacuum tube. This all rests upon a frame with which it can be
inserted into the magnetic shield.

system has parts in the Laser Lab and parts in the eEDM Lab. The light in the Laser
Lab is brought by optical fibers to the adjacent eEDM Lab.

Lasers are used for several purposes. A pulse Nd:YAG laser is used to create a Ba
atom ablation plume in the source. Various laser systems are used for optical pump-
ing to transfer molecules to a preferred state. We employ Titanium Sapphire (TiSa)
lasers, which are highly flexible frequency tunable lasers, and a number of diode
lasers. At section B and D (see Section 3.1)), lasers are used to drive Light Induced Flu-
orescence (LIF) in specific molecular states, the signal of which is collected in Photo
Multiplier Tubes (PMTs) (see Section 6.1]) B, The signal at B is used for normalization
after the source, but before the interaction zone. The signal at D is used to detect the
molecular state after the interaction zone.

Laser light is used to prepare and analyse the BaF superposition state (see [Eq. 2.2).
The laser light pulses driving this two-photon transition generated with Acousto-
Optical Modulators (AOMs) and rf electronics in a manner shown in [Fig. 3.20. It
starts with a single (tapered amplifier) laser in the Laser Lab. The majority is split
by BS1 (Beam Splitter 1) in two beams propagating to AOM1 and AOM2. The fre-
quency difference of the rf signals sent to the AOMs is the hyperfine structure splitting
between the levels |F = 0) and |F' = 1) (see [Fig. 2.3). The AOM frequencies are gen-
erated by waveform generators (RIGOL DG 4202 and RIGOL DG 4162), which are
stabilized with a 10 Mhz signal from a Rb-clock. The waveform generators also gen-
erate the pulse structure (see [Fig. 5.1 and [Fig. 2.4), specifically the pulse length ¢ and
pulse separation 7' which define the experiment. Light from each AOM is brought by
a separate fiber to the eEDM Lab. There the light is brought together in PBS1 (Polar-

*The photon signal does not yet saturate the PMTs. Once this is the case the plan is to shift to APDs
(Avalanche Photo Diodes) for light collection.
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Figure 3.20: Optical and laser light schematic of setup for driving the two-photon
transition in BaF (see [Fig. 5.1)).
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3. eEDM Experiment Setup

izing Beam Splitter 1). Some light is split off for monitoring polarization and power.
After passing through a beam expander widening the beam to a few cm diameter and
an aperture of 2 cm diameter, the light is brought into the experiment at section D
(see [Fig. 3.1)) counter-propagating to the BaF molecular beam. Pulse timing with re-
spect to the trigger signal and BaF molecular beam velocity determine the location of
interaction.

3.11 Data Acquisition

Here we present a generic outline of the Data Acquisition (DAQ) system. An in-depth
treatment can be found in an accompanying thesis [[112]. The DAQ system can be di-
vided in three layers. The layer closest to the experiment is a hardware preprocessing
layer, implemented using various NIM modules. The output signal from the NIM
modules is transferred to modules for counting and bit patterns on VME crates. The
VME crates and other data sources such as wavelength meters and function genera-
tors form the middle layer. Device from this layer send signals to the DAQ pc, which
is in the remote layer. It combines the data streams on a back-end computer in a
custom built DAQ (Barry and Caddie) [112—-114]. The DAQ pc records the signals,
and affords remote control of the experimental configuration and live plotting of the
recorded data. The DAQ records data after each trigger signal (see [Fig. 3.20). It
therefore adjusts to the trigger rate, which is typically 10 s~ 1.

NIM electronic modules are used for signal preprocessing in hardware so that the
signal can be recorded. A custom NIM box supplies power to flux gates, and transfers
the flux gate signal to a Voltage to Frequency Converter (VFC). The VFC operates at
frequencies from 0 to 200 kHz, with at 0 V a frequency offset of about 100 kHz. Be-
fore the VFC is an amplifier, which can set the voltage gain to between 1x and 1000x.
With 1x gain, the VFC operates at 10 kHz/V 8. Readout of all the Light Induced Flu-
orescence (LIF) signals at section B and D (see Fig. 3.1]), including background, is
performed with various NIM modules. The photon signals collected at section B are
processed into a signal and a background channel. The photon signal collected at sec-
tion D are processed into one background channel, and a 14 channel Time Of Flight
(TOF) signal. The 14 channel TOF has been operated at a time per channel of 51.2 us.
In this case the whole TOF spans 716.8 ps. If necessary, the time per channel can be
set to about 1 ps.

The signals from NIM modules are transmitted to SIS3820 scalar counters in VME
crates. VME crates and a wavelength meter are attached through an isolated LAN
(Local Area Network) to the DAQ pc. Each frontend data source runs a Caddie client
which sends data via a network to the DAQ computer upon receiving a trigger signal,
where Barry software combines these data streams. The trigger signal is Rb-clock
based (see Section 3.1]), and is also sent to the source and laser control.

Barry software records the data on disk in raw .eve files, as well as calibrated .root
tree files. These files are backed up to a NAS (Network Attached Storage). The DAQ
pc monitors which parts of the DAQ systems are active or inactive. Scripts on the
DAQ pc are used for live plotting and monitoring of the experiment. The DAQ pc also
contains programs that change the configuration of the experiment. It does this by

xi§p 1000x gain corresponds to 10 kHz/mV.
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Figure 3.21: Implemented eEDM experiment setup, which is drawn in [Fig. 3.1. BaF
molecules move from the source on the right through the interaction zone to the de-
tection zone on the left.

setting a bit pattern in a VME module. For example, this bitpattern is used to set the
polarity of electric field using a custom switchbox (see Section 3.7 and Appendix H).

3.12 Conclusion

Searching for an eEDM requires a dedicated effort in the design and implementation
of magnetic and electric fields. The completion of the full experiment (see [Fig. 3.21])
needs a physical description of the measurement procedure [91], the design and im-
plementation of optical means and laser systems [96] and a DAQ systems designed
to collect the relevant data [112]. The latter three parts are each the topic of an ac-
companying thesis. Together they form the new NL-eEDM experimental setup.
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4 Generate Homogeneous nT
Magnetic Fields in a 70 puT
Environment

A stable magnetic holding field of O(nT) is required in the fiducial volume of the
experiment for an EDM sensitive search. The magnetic shield facilitates the suppres-
sion of the external field strength by orders of magnitude. However, the environmen-
tal field impacts the field in the fiducial volume of the experiment. Three factors affect
the magnetic field in the laboratory, the environment of the magnetic shield. First,
the Earth magnetic field interacting with magnetic material in the building, forms a
magnetic background field of about 70 uT in the laboratory. Magnetic material in the
building concerns, e.g. iron reinforced concrete in the laboratory floor. Second, the
laboratory is in the neighborhood of varying magnetic fields, e.g. a cyclotron (within
50 m) which operates at varying magnetic fields up to 5 T. Third is the movement of
magnetic material, e.g. on the corridor next to the laboratory.

The magnetic field is probed with flux gate sensors. The field is first measured and
monitored in an empty lab. After the magnetic shield is installed, field maps of it are
generated. The magnetic field of the double cosine coil inside the magnetic shield is
mapped.

4.1 Magnetic field probing using flux gates

The FLC3-70 device [[115] is a magnetic field probe equipped with 3 flux gates, each
capable of probing the magnetic field to better than 1 nT sensitivity in 1 s integration
time, each respectively sensitive to the fields B, B, and B. in the probe coordinate
system (see [Fig. 4.1). Power supply and sensor output readout of the probes is per-
formed by a custom NIM crate box through a LAN cable (more details in Appendix G).
Custom NIM modules with Voltage to Frequency Converters (VFC) digitize the sensor
output voltages. The digitized signal is stored using VME based scaler counters (see
Section 3.11). These probes, 8 of which have been used in parallel, are continuously
monitoring the laboratory magnetic field.

A measurement of the magnetic field over time was performed inside the labora-
tory (see [Fig. 4.9). During the measurements constant monitoring of the environ-
mental magnetic fields is indispensable in order to enable clean data analysis. One
systematic effect, of temperature sensitive electronics in combination with tempera-
ture variations larger than 10 °C, resulted in O(uT) variations of the measured field.
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Figure 4.1: Measurements of magnetic field B = (B,, B,, B.) are performed on
points along the three axes, up to the indicated points 1 meter from origin O, to de-
termine the magnetic field with active compensation coils. Origin O lies at the center

of 3 sets of 2 compensation coils (see [Fig. 3.3).

Table 4.1: Currents Ix, Iy, and Iz flowing through the external compensation coils
(see Fig. 3.3), each respectively compensating magnetic field components Bx, By,
and By.

Ix Iy 17
1558 mA 4097 mA 2656 mA

For example, the higher temperatures in April 2020 [116] resulted in an O(uT) total
field change between day 20 and 30. After this we implemented climate control with
a temperature stability better than 1 °C. We also adjusted the electronics which fur-
ther improved the stability. For details on implementation, and the characterization
of the resulting stability with the Allan variance [117], see Appendix G.

During magnetic field measurements, a flux gate offset is (self-)calibrated by rotat-
ing it (by 180 degrees) into the opposite direction, and taking the difference of the
measured values. This difference cancels the magnetic field and yields twice the flux
gate offsets. See for example [Fig. 4.6, where different flux gates probing the same
field (at a 90° phase) measure different amplitudes (amp).

4.2 Environmental impact on magnetic field

The environmental effect of the magnetic field on the experiment demands a mea-
surement of the laboratory magnetic field. A long term measurement was performed
with the magnetic field probe at origin O (see [Fig. 4.1)). A subsequent measurement
entails a spatial field map around this origin O. These measurements were performed
after compensating the laboratory magnetic field by coils (see [Fig. 3.3), operating at
currents in [Table 4.1].

We performed a long term magnetic field measurement, since we are interested in
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Figure 4.2: Measurement of the laboratory magnetic field over a period of 66 days.

the magnetic field variation in time. A flux gate probe is positioned at the center of
the location where the magnetic shield will be after installation, to within a few cm.
Over a timescale of more than 2 months, the magnetic field magnitude |B| varies by
less than 1 uT at the place of the magnetic shield (see [Fig. 4.2).

The field map (see [Fig. 4.3) of the laboratory with magnetic field gradients along
the X, Y and Z axes (see [Fig. 4.1)), measured the inhomogeneity of the laboratory field
over the volume of the magnetic shield. The magnetic shield (see Section 3.4) would
be entirely located in a stable and controlled environmental field of less than 10 uT,
except for Bz(Z = —1m) where the field exceeded 10 uT. This field had been caused
by a magnet of a vacuum gauge, which has been replaced by a non-magnetic Bayard-
Alpert vacuum gauge before the installation of the magnetic shield. Measurements
thereafter show lower fields.

4.3 Field map inside the magnetic shield

After installing (see Appendix H) and degaussing the magnetic shield, a flux gate was
used to map the magnetic field inside as a first investigation of its shielding properties
(see [Appendix H)). This forms a reference point for the magnetic field, so that in case
some magnetized material ends up inside the shield, it can be noticed. The entire
volume inside the inner magnetic shield layer has been mapped for this purpose. If
the purpose is improved compensation and homogenization of magnetic fields inside
the experimental fiducial volume, the magnetic field can be evaluated in greater detail
with this method.

A measurement of the magnetic field was performed by moving and rotating a flux
gate stepwise (see [Fig. 4.4). Along the z-axis, it was positioned at five locations. For
each location the device was rotated to the 16 different angles shown in [Fig. 4.4. The
flux gate is either rotated around its own axis along the z-axis (FG In state, red dot), or
the flux gate is extended (FG Out state, red circle) such that it moves in a circle. The
FG In and FG Out state are illustrated by [Fig. 4.5. This procedure yields the magnetic
field maps presented in Appendix H. An example of the resulting maps (see
and [Fig. H.8) is shown in [Fig. 4.6.

The measured maps in [Fig. H.7 and [Fig. H.§ are summarized in and [Ta]
ble 4.3. Offset values measured at z = 0 cm (see [Fig. H.7 and [Fig. H.§) are subtracted
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Figure 4.3: Measurement of the laboratory magnetic field, probing the fields along the
axes as in [Fig. 4.1. The grey areas delimited by lines show the extent of the magnetic
shield.

from all measurements |, since these indicate drift of the flux gate and its electron-
ics. Besides, magnetic field offsets are accounted for by the application of a magnetic
holding field (see Section 4.4).

The FG In state (see [Fig. H.7) is used to determine field values B at some location
z along the z-axis in [Table 4.3. Taking differences of field values B for different z
locations along the z axis yields the linear field gradients AB/Az in [Table 4.3. The
field values of B, in the diagrams (see [Fig. H.7) are directly translated into values for
B, (z) listed in the table, with an offset B, (z = 0 cm) subtracted

B,(z) — B,(z = 0 cm). 4.1)

Since both B,(z) and B, (z) measured by the flux gate probe the same field compo-
nents, merely offset by a 90 degree phase, the amplitudes of both (| B, (z)| and | B, (2)|)

IThis is equivalent to putting the magnetic field offset value By gt introduced by the flux gate and its
electronics, for each channel to 0, i.e. Bogget = 0nT.
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Figure 4.4: Flux gate locations and rotations used in mapping the magnetic field.

Figure 4.5: Magnetic field mapper with flux gate, usually positioned so that the flux
gate is inside the shield as in [Fig. 4.4. In one case the flux gate is in the FG In state
(left). In the other it is in the FG Out state (right).
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Figure 4.6: Example images from magnetic field mapping procedure [Fig. H.7, which
together with the values given in was used to determine the magnetic fields
in [Fable 4.2 and [Table 4.3. A sinusoidal function is fitted (red line) to the data, which

9 9

has a phase "¢”, an amplitude amp”, and a vertical offset from O nT "Off”.
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4.3. Field map inside the magnetic shield

Table 4.2: Estimates on magnetic field values parallel (B,) and transverse (B,) to
the z-axis. Shown are field values at the 5 locations, and the linear gradients of the
field values with respect to the radial direction (AB/Ar). The B, field values are with
respect to the offset field value B,(z = 0 c¢m).

z [cm] —40 —20 0 20 40
Field value B

Br(z) [nT] 3.21(8)  3.37(8) 2.57(7) 3.87(8) 4.35(8)
B.(z) [nT] —8.74(5) —4.85(5) 0.00(5) 2.89(5) 2.65(5)
Linear field gradient AB/Ar

AB, /Ar(z) [nT/10cm] < 3(1) <3(1) <3(1) <4(1) <5(1)
AB./Ar(z) [nT/10cm)] 1.61(9) 0.25(8) 1.72(8) 1.43(8) 0.31(7)

Table 4.3: Summary table of linear gradients along the z direction of field values
transverse (A B, /Az) and parallel (AB,/Az) to the z-axis.

z [cm] —40to—-20 —20to0 O0to20 20 to 40
Linear field gradient AB/Az

AB,/Az(z,z + 20 cm) [nT/10cm] 0.08(5) —0.40(5) 0.65(5)  0.24(6)
AB;/Az(z,z+ 20 cm) [nT/10cm] 1.95(3) 2.43(4) 1.45(4) —0.12(4)

are combined into an average radial field value

_ BB,

B.(2) :

4.2)

From B.(z) and B,.(z), their linear gradients along the z-axis AB/Az are arrived at
by taking respectively

B.(z 4+ Az) — B.(z)

5 (2,24 A2) = N (43)
and
AB, _ B.(z+Az) - B.(2)
A (z,24+ Az) = A . 4.4

The FG Out state (see [Fig. H.§) is used to determine linear field gradients in the
radial direction A B/Ar at some location  along the z-axis in Table 4.9. In the FG Out
state, the field amplitude of the flux gate y channel | B, (z)| corresponds to a laboratory
magnetic field parallel to the z-axis at radius R, = 9.5 cm from the rotation axis
for some location 2. A linear gradient in the radial direction of the field component
parallel to the z-axis AB, /Ar is arrived at by taking

AB,

o |By(z)|
A, (2) = . (4.5)

Ry

The linear gradient transverse to the z-axis of the field transverse to the z-axis AB,. /Ar
is estimated by studying all channels B, (z) and B, (z) (respectively at a radius R, =
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5.5cm and R, = 7.5 cm from the rotation axis) for some location z, and estimating
the gradients for each channel and angle ¢
AB(¢,z)  B(¢,2) + B(¢+ 180°, 2)

or - or ’ (4.6)

Here the addition B(¢, z) + B(¢ + 180°, z) for values of opposite flux gate directions
corresponds to a subtraction of flux gate offsets, leaving only a magnetic field differ-
ence. Since field component gradients are smaller than the maximum magnetic field

component gradient
AB, AB(¢,2)
—_— 4.7
A< (S @47)

we tabulate this maximum magnetic field component gradient found for each location

z, using for channels B, (z) and B, ().

4.4 Holding field generation inside the magnetic shield

The double cosine coil generates our magnetic holding field Bpoc = |Bpcee |B pCC =
|Bpcc|i (seeSection 3.5.1). The generated magnetic field at the center of the coil was
first determined outside the magnetic shield. It is

A'chc| nT
—7T =5(1)— x 1 4.8
Alpoo DCC ( )mA X Ipcc, (4.8)

|Bpcec|=
with Ipce the current flowing through the double cosine coil in mA. The generated
magnetic field inside the magnetic shield was determined by positioning the flux gates
at different locations on axis. The flux gate was positioned as FG In shown in [Fig. 4.5.
Switching the current polarity switches the magnetic field direction. The field at the
center of the coil was measured to be

A|BDCC|IDCC = 30(1)£ X Ipcc. (49)

B = —
‘ DCC| AIDCC’ mA

Less than 1 % hysteresis is observed at 1 nT resolution when switching between 60 n'T
and —60 nT. The difference in field, for Bpcc = £60 nT generated by the coil inside
the magnetic shield, between z = 0 cm and 2z = +25 cm, lies at B(|z|= 0 cm) — B(|z|=
25 cm) < 1nT,ie. ABpcce/Bpece < 1nT/60nT ~ 1.7 %. That the interaction with
magnetic material reduces the generated field inside (see [Eq. 4.9) compared to out-
side the shield (see [Eq. 4.8), agrees with COMSOL calculations comparing the double
cosine coil inside and outside a magnetic shield (see Section 3.5.1]). Spin precession
measurements employing molecules (see [Fig. 6.8) confirm the generated magnetic
field. The spin precession measurement yields a lower field value, since it probes 60
cm in the coil, rather than only value at the center of the coil as shown in [Eq. 4.9.

In addition to the double cosine coil there is a coil capable of generating a magnetic

field component (see Section 3.5.2)

AB T
By, =="U1, =3(1)— x I

YT OAL Y mA ~ Y (4.10)
Y

for a current I,, in mA. It serves diagnostic purposes in the EDM measurements.

49



4.5. Conclusion

4.5 Conclusion

We determined the laboratory magnetic field, the magnetic field inside the magnetic
shield, and the magnetic holding field generated by the double cosine coil with flux
gates. The laboratory magnetic field is continuously monitored with the developed
flux gate infrastructure.

A long term measurement shows a variation of the environmental magnetic field
magnitude of less than 1 uT over a period of more than 2 months. The field map indi-
cates that the magnetic shield is located in residual environmental magnetic fields less
than 10 uT. From continuous monitoring in the eEDM laboratory, potential sources
can be related to changes in the magnetic field. The AGOR cyclotron within 50 meters
operating at up to 5 T, affects the environmental magnetic field by less than 50 nT,
which is the resolution of the employed flux gates. The door to the eEDM laboratory
causes magnetic field spikes of 100 nT in section D (see [Fig. 3.1)) outside the p-metal
magnetic shield.

Inside the magnetic shield the magnetic field is < 10 nT over 80 cm distance along
the z axis, where the 80 cm distance includes the designed fiducial volume of 50 cm
length and 4 cm diameter. The linear gradients in the radial direction (AB/Ar) are
< 5(1) nT/10 cm. A maximum beam diameter of 4 cm corresponds a maximum field
difference < 2.0(4) nT. The linear gradients along z (AB/Az) are dominated by the
gradient AB, /Az, with in particular the largest gradient AB, /Az(z = —20 cm, z =
0 cm) = 2.43(4) n'T/10 cm. The double cosine coil generates a stable and homoge-
neous holding field (see Section 4.4).

For the EDM experiment it is of crucial importance that the environmental mag-
netic field is controlled to the 10 uT level. The measurements require a holding field
of O(nT) for which a double cosine coil has been designed and built with better than
1.7 % inhomogeneity over the designed fiducial volume. In our measurements we
could exploit a fiducial volume of up to 130 cm length (see [Fig. 6.9). Here we con-
clude the building of the magnetic field based apparatus, which concerns design and
implementation (see Chapter 3), and which concerns the evaluation of its magnetic
properties using flux gates.
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5 Electric and Magnetic Field
Maps with a BaF Beam - One pulse
laser spectroscopy

We embed the developed interaction zone within the newly built setup. Combined
with the BaF beam source [99], laser systems [96], DAQ systems [[112], and interpre-
tation [91] this yields a complete experiment. The homogeneous electric and mag-
netic fields for an EDM experiment need to be determined at runtime of the experi-
ment. Here we exploit the electric and magnetic field sensitivity of transitions in the
BaF molecule [90]. This permits probing the region the molecules pass, the same
as during an EDM search measurement. Stark shifts are of O(200 MHz/(kV /cm)) on
electronic transitions. Tensor Stark shifts are of O(10 kHz/(kV /cm)) on the hyperfine
transitions. Zeeman shifts are of O(10 Hz/nT) on hyperfine sublevels. We measure
the electric field and field distribution to V/cm level, which requires a measurement
of the tensor Stark shift to O(10 Hz). We measure the magnetic field and magnetic
field distribution to 100 pT level, which requires a measurement of the Zeeman shift
to O(10 Hz). A BaF beam thus employed yields information on the electric and mag-
netic fields.

5.1 Experimental method

The experiment uses a two-photon transition in order to produce the molecular state
that precesses in the interaction zone. Two laser light fields with linear and orthogo-
nal polarizations operating at frequencies wg /27 and wp /27 drive this transition (see

[Fig. 5.1)). Their generation is described in [Fig. 3.20. They are counter-propagating to
the BaF beam. At frequency difference

wps/2m = (wp — ws)/2m (5.1

the typical detuning from the X2%* — A%Il, ;, resonance is A ~ 1 GHz, and two-
photon detuning from the |F' = 0) to |F' = 1) transition

5:(wps—wHF5(|E\))/27r. (5.2)

In the experiment 4 is of O(kHz) (see [Fig. 2.3). The polarizations Ps for laser field
wg/2m and Pp for laser field wp /27 are arranged to be linear and orthogonal to each
other. The coupling between |F = 0,mp = 0) and |F' = 1, mp = 0) states is selection
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5.1. Experimental method
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Figure 5.1: Superposition of the X?*, |F = 1,mp = 1)and |F = 1, mp = —1) states
is achieved with a two-photon process with detuning A from the X2X* N = 0 —
A2H1/2, J = 1/2 resonance [91, 92]. The experiment operates at A > wpps/27.
The laser light generation is described in [Fig. 3.20.

rule suppressed. Such alaser-light pulse creates a molecular superposition state [92].
The two-photon Rabi frequency Q2 ps depends on the laser-light pulse intensity, and
characterizes the coupling strength between the levels |F = 0) and |F = 1). If the
product of the two-photon Rabi frequency Qps and the pulse length ¢ is Qpst = ,
the laser-light pulse fully transfers molecules between the |F' = 0, mp = 0) state and
the superposition of the X2+, |[F = 1,mpr = 1) and |F = 1,mr = —1) states [90—
92, 96]. The laser-light pulse is typically operated at intensities of 10 mW/ cm®.

In this chapter specifically we describe a situation with a single pulse of length ¢ (see
Fig. 5.2). This method works at low light intensity, i.e. Qpst < 7/2 with two-photon
Rabi frequency Qpg, and pulse length ¢. The forward velocity of the BaF molecular
beam and the starting time of the pulse determine the location of the BaF molecules
while interacting with the pulse, hence they affect the location of probed fields. The
Doppler effect results in a shift [97]

tzzwazﬁ-Ezqm(H“i), (5.3)
C

which is a result of the BaF beam moving at velocity ¢ = v, 2 in the direction opposite
to the laser light, which propagates with £k = —|k|2!. The spectral width relates to the
full width at half maximum [97]

FWHM > 1/2xt, (5.4)

through the pulse length ¢. This is an equality under the condition that FWHM is
limited by the pulse length, e.g. sufficiently small electric and magnetic field gradients
in the interaction zone. A deviation from this equality indicates larger field gradients.

iWith |k|= 27 /), and k along the Poynting vector.
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5. Electric and Magnetic Field Maps with a BaF Beam - One pulse laser spectroscopy
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Figure 5.2: One laser-light pulse of length ¢ < 1 ms, drives the BaF two-photon tran-
sition with the associated Rabi frequency Qps.
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5.2 Electric field measurements

An electric field measurement in the interaction zone exploits the BaF beam and the
tensor Stark shift in the X?%+ hyperfine |F = 0) to |F = 1) transition. An electric
field magnitude | E'| corresponds to a tensor Stark shift w;e,, 50 (| E|) /27 for the molec-
ular transition (see [Fig. 5.3(a)).

The measurements show a difference (see [Fig. 5.3(b)) for opposite electric field di-
rections. This is observable through a difference in the observed tensor Stark shift
Wtensor/2m. The relevance to EDM measurements lies in the crucial dependence on
electric field values being the same for both polarities. An eEDM measurement aim-
ing for a resolution o4 = 10727 e cm operating at working point |E|= 10kV /cm has an
electric field magnitude tolerance A|E|= 4 x 10~° kV /em [91], which corresponds to
arelative tolerance of A|E|/| E|= 4 x 10~5. The difference in electric field magnitudes
between measurements

AlB|= |B|-|E (5.5)

correspond to a difference in tensor Stark shift frequencies
AW?&&nsor('-E|_|E1/|)/27T - wtenso’r(|ED/27T - wtensor(|El|))/2ﬂ—v (56)

on condition that other electric field related frequency shifts < wiepnsor/27.

5.3 Magnetic field measurements

Adding a sufficiently strong magnetic field (2u5|B|/h > FW H M) causes a separa-
tion of the Zeeman levels. We exploit the Zeeman shift for magnetic field measure-
ments in the interaction region. A pulse length of ¢ & 1 ms yields information on the
average magnetic field along the whole interaction zone, since at a molecular veloc-
ity v, = 600 m/s it probes the magnetic field in a region of length | =~ 60 cm. Shorter
pulse lengths, at ¢ &~ 200 ps, probe a region of length [ ~ 12 cm. By changing the pulse
delay, the shorter pulses have been used to map not only the magnetic field, but also
to explicitly determine its change along the beam axis in the interaction zone. We
recorded maps for different magnetic field values that were set using the double co-
sine coil (see Section 3.5.1)).
The sufficiently small experimental magnetic fields cause a linear Zeeman splitting
of the molecular lines
Afz =2up|B|/h, (5.7)

with up/h = 14 Hz/nT [118]. Without an electric field, Af; is used to determine
magnetic field magnitude | B|. A field typical in the experiment is | B|= 10 nT. This
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5.3. Magnetic field measurements
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Figure 5.3: (a) The tensor Stark Shift w;epsor(E)/27 is sensitive to the electric field
magnitude. The sensitivity to the electric field magnitude of the tensor Stark shift can

be exploited to compare different electric field configurations. This includes in par-
ticular asymmetries of electric field configurations of opposite polarity. (b) Measure-
ment with electric field configurations £ = |E|# and E/ = —|E’|4 (arrows represent
their directions), at a working point of about 4 kV /cm. The magnitudes |E| and |E’|
show a difference. This difference is observable through a tensor Stark shift differ-
ence Awiensor/2m = 0.9(1) kHz, which corresponds to A|E| = |E|—|E’| ~ 40 V/cm.
The pulse length of ¢ = 500 us results in a linewidth of 2 kHz. The integration time
is 1000 s for both spectra, which corresponds to about 13 seconds per data point.
This combination of pulse length and integration time yields a frequency resolution
of oy ~ 100 Hz, which corresponds to an electric field resolution o|g ~ 5 V/cm. It
further corresponds to a magnetic field resolution of about o5 ~ 4 nT.

corresponds to a Zeeman splitting of Af, = 280 Hz. In an electric field £ = |E|#
the tensor Stark shift wen 50 /27 Suppresses molecular sensitivity to transverse mag-
netic field components, which is known from matrix diagonalization [91]. This effect
causes an observed splitting

Af <Afy. (5.8)

In the case of a tensor Stark shift > Zeeman splitting, the Zeeman splitting is pro-
portional to the magnetic field component B parallel to the electric field E [90, b1)1.
One operates in this limit wie,s0-(|E|) /27 > Afz with a sufficiently large electric
field E = |E|#. Molecular sensitivity to magnetic field components B, transverse
to the electric field becomes negligible, hence splitting is dominated by the Zeeman
effect and we have

Afz =2upB)/h =2upB;/h. (5.9

This only depends on the parallel magnetic field component B = B,. With a known
absolute magnetic field value | B| and x-component B, the magnetic field perpendic-
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Figure 5.4: In a single pulse two-photon experiment molecular sensitivity to the mag-
netic field depends upon the electric field. (a) Without electric field one observes
Zeeman splitting Af, as a function of |B|. (b) An electric field £ = |E|2 causes
a tensor Stark shift (see [Fig. 5.3) and modifies the magnetic field Zeeman splitting.
In an electric field molecular sensitivity to all magnetic field components are sup-
pressed except for the one parallel to the electric field. In both cases coupling to the
|F' =1, mpr = 0) state is selection rule suppressed by polarization of the two-photon

'lillserliht, _ _
£ <UL LR R ] fe-avien

= |E[=0 kV/cm

Figure 5.5: Composite figure of multiple spectra for different pulse delay timing and
thus position. For electric field magnitude |E|= 0 kV/cm and for | E|= 4 kV /cm. The
signal with high electric field is shifted up in frequency, and suppressed molecular
sensitivity to magnetic field components transverse to the electric field direction re-
duces splitting between peaks. Pulse length is ¢ = 200 us, which corresponds to 5 kHz
wide (FWHM) peaks. Position along the apparatus axis z = z(v., lsetup, TOF) is a
function of molecular beam forward velocity v, (see Section 2.3.9), path length /1.,
with respect to the source (see [Fig. 3.1)), and time of flight TOF with respect to the
source. The TOF used to extract the z position has a binning resolution of 51.2 pus on
Sp (see Section 3.1l). This corresponds to 3 cm position resolution.
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5.3. Magnetic field measurements
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Figure 5.6: Magnetic field map along the center axis of the apparatus for the electric
field magnitude | E|= 0 kV /cm. Based on the measurements compiled in [Fig. 5.5. The
feature at 2.70 m was due to a magnetic impurity in the setup, which has subsequently
been removed.
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Figure 5.7: Magnetic field map along the center axis of the apparatus for the electric
field magnitude | E'|= 4 kV /cm. There is low noise between 2.05 m and 2.70 m. There
is rather high noise before 2.05 m and after 2.70 m. The noise originates from the in-
homogeneity of the electric field at the edges of the electric field plates (see [Fig. 3.15),
which causes substantial line broadening. The low noise also indicates that the region
with a homogeneous electric field between the plates is some 65 ¢cm long.
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5. Electric and Magnetic Field Maps with a BaF Beam - One pulse laser spectroscopy

ular to the electric field is

B, = /B2 +B? (5.10)

B = \/2B,(|B|-B,). (5.11)

This situation applies for B > B, .

There is a trade-off between the desired magnetic field magnitude resolution o
and the desired (longitudinal) spatial resolution o, that determines the optimal laser
light pulse length ¢. The frequency resolution is given as

with

 FWHM

SN (5.12)

oy
with the full width at half maximum FW HM, and the signal to noise ratio S/N.
then implies a pulse length ¢ dependence

1

ou(t)

The frequency resolution corresponds to a magnetic field magnitude resolution

1 h oup|B|  28Hz
_ h _ 14
S/N % 2nt ~ 2up B " T h T (5.14)

(7|B\(t)

The (longitudinal) spatial resolution scales as
o.(t)=1t-v,, (5.15)

with v, the forward molecular beam velocity.

A series of measurements at different longitudinal positions, and for two different
electric field conditions (see [Fig. 5.5), illustrates the principle as drawn in [Fig. 5.4.
An increase in the electric field magnitude from |E|= 0 kV/cm to |E|= 4 kV /cm,
increases the tensor Stark shift w0, /27 to 55 kHz. While both electric field condi-
tions are in the same magnetic field, the splitting due to the Zeeman effect is different.
In the eEDM experiment, we have

Wtensor/27r > Afz. (5.16)

The tensor Stark shift wier sor /27 = O(100 kHz) is much larger than the Zeeman shift.
With the magnetic field in the Zeeman shiftis A f; = O(10 kHz). But
holds especially for a typical field of | B|~ 10 nT, where the Zeeman shift is a smaller
Afz = O(100 Hz). The electric field magnitude |E|= 4 kV /cm shows less splitting
compared to the case with no electric field |E|= 0 kV /cm (see [Fig. 5.5), because the
tensor Stark shift w;e,,s0r /27 suppresses molecular sensitivity to magnetic field com-
ponents transverse to the electric field.

The difference between field maps taken with flux gates (see Section 4.3) before the
interaction zone was installed and the field maps taken with the full setup exploiting
the molecules (see [Fig. 5.6 and Fig. 5.7), can be explained by a magnetic impurity
in the setup. The magnetic impurity was a magnetic wire. After identification and
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5.4. Conclusion

subsequent removal of this impurity, magnetic fields measured using molecules are
consistent with the flux gate maps.

The larger error bars and scatter of data points visible in is related to the
electric field distribution around electric field plates. This can be exploited to locate
the electric field plates. The low noise region also indicates the length of the homo-
geneous electric field region.

5.4 Conclusion

The electric and magnetic field sensitivity of some transitions in BaF was exploited by
two-photon spectroscopy, summarized in [Table 5.1|. Besides a determination of the
fields, the presented experimental methods can be viewed as a bootstrap procedure
to an EDM experiment, due to significant overlap in experimental procedures.

The electric field was determined using the tensor Stark shift of the |FF = 0) and
|F' = 1) hyperfine states. For an averaging time of 7,,. = 1000 s, oy ~ 100 Hz fre-
quency resolution was demonstrated, and could be improved with longer averaging
times. This corresponds to an electric field resolution of oz ~ 5 V/cm. Similarly the
magnetic field was determined with o5 ~ 4 nT resolution. This is sufficient reso-
lution to establish whether a spin precession measurement is a viable next step (see
Eq.6.1).

The magnetic field distribution was determined using the Zeeman splitting between
the |FF =1,mp = 1)and|F = 1,mp = —1) states. Measurements with different pulse
delays probe the magnetic field in different locations. The position resolution of such
a measurement is about 3 cm in the current setup. Using our measurement we re-
vealed the presence of a magnetic wire, which could subsequently be identified and
removed. In presence of an electric field, transverse and parallel components of the
magnetic field can be distinguished.

In addition, the electric field noise was used to locate the electric field plates. The
length of the homogeneous electric field region between the plates (see [Fig. 5.7) is 65
cm, in agreement with design calculations (see [Fig. 3.15). The length of the homo-
geneous electric field distribution limits the EDM experiment sensitivity for a given
molecular velocity.

Table 5.1: Measuring electric and magnetic fields with a BaF beam by two-photon
spectroscopy results in the given resolution within 7, = 1000 s averaging time. The
resolution scales as 1/v/T ..

Parameter Observable Resolution
(1000 s averaging)
Frequency peak position 100 Hz

Electric field  tensor Stark shift 5 V/cm
Magnetic field Zeeman splitting 4 nT
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6 Capabilities of the Experiment
for EDM Searches - Two pulse
laser spectroscopy

Experiments with two separated pulses (see [Fig. 6.1)) extend the capabilities of the
setup towards a sensitive eEDM search. The derived signal exhibits sensitivity to
both the electric and the magnetic field [92]. The extent of homogeneous electric
and magnetic fields permit spin precession measurements with a 7" = 1 ms coher-
ent interaction time. Exclusively optical excitation from a collinear laser provides an,
in space, time and phase, well defined interaction zone. Employing this the magnetic
field inside the magnetic shield is characterized. Measurements of the environmental
magnetic field, combined with a limit on the magnetic shield shielding factor obtained
using spin precession, demonstrate the stability of the magnetic field inside the mag-
netic shield. The effect of the electric field on the signal is evaluated. Analysis of EDM
experiments concerns probing many parameters that could mimic an EDM. In par-
ticular the effect of motional and transverse magnetic fields is estimated I. Several
other systematic effects are studied.

6.1 Spin precession signal from photon counting

Among the known EDM experiments some have regions for spin precession with
a well defined time through an RF pulse [55]. Others have a well defined location
through laser beam position [[79]. This experiment has both a well defined time and
position, with in addition a well defined phase. The experiment depends on a ru-

iFields transverse to the electric field direction.

T
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t t  tme
Figure 6.1: Two laser-light pulses of length ¢ drive the BaF two-photon transition
(see [Fig. 5.1)) with the associated Rabi frequency Qpg, where Qpgt = 7 is aimed for.
These pulse are separated by a coherent interaction time 7'. Not to scale.
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6.1. Spin precession signal from photon counting
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Figure 6.2: (a) Shot to shot fluctuation of the number of molecules N,,,; is reflected
in signal Sg. (b) Projection on axis Sg of the occurrence rate of some number of pho-
tons/pulse over the full dataset. (c) On the 1 minute time scale, the rate of BaF from
the source varies with the target rotation period. (d) Over the whole measurement,
both source BaF yield, and laser frequency in relation to the resonance frequency,
cause a drift of the signal. Through the time dependence of the source, signal Sp, is

22

g (b) sz
E
122
g e
L :§
L :§
|- f%
L o Lol \\é\\\\;\\ s
40 60 80 100 £ § ¢ § ¢
. . q o - - 0
Time [min]
= 1500
Z e
: S (d)
£ 100 e
=]
=
S
A 50
24 25 0 20 40 60 100
Time [min] Time [min]

correlated with the signal Sg.

S, [photons/pulse]

Figure 6.3:

40

30

20

10

|
150 200
Si [photons/pulse]

\
50 100

This particular measurement yields the parameters BGp

18.51(5) photons/pulse and ep,p = 0.1112(5) for [Eq. 6.7. This demonstrates that
within 100 minutes the calibration parameters can be determined to better than 1%.

60



6. Capabilities of the Experiment for EDM Searches - Two pulse laser spectroscopy

bidium clock frequency stabilized function generators controlling 2 Acousto-Optic
Modulators (AOMs). Laser light pulses, collinear but counter-propagating to the BaF
beam, determine the spin precession region. Well defined interaction time is due to
high resolution optical pulse timing. Well defined position is achieved by stable pulse
timing . The phase is well defined through recombining 2 laser light pulses which
were previously split off from a single laser light beam. The frequency difference of
the 2 AOMs provides two laser light fields that cause the two-photon transition (see
[Fig. 3.20).

A spin precession measurement requires sufficiently small magnetic fields and field
gradients. The condition for this is that between two extreme opposite classes of
molecules, e.g. slowest and fastest, the phase evolution difference is at most

_ MBA|B|maa:T

A¢maw - f <m, (61)

with the Bohr magneton 15 /A, the maximum difference of magnetic field magnitude
A|B|maz, and free phase evolution time 7', the time between Rabi pulses. The reason
is that full phase information can only be maintained with a phase evolution differ-
ence of at most 180 degrees. Once the condition in has been determined to
be true in a setup using methods such as presented in [Chapter 5, an eEDM search
employing two pulses becomes viable (see [Fig. 2.4).

We define a normalized signal, and show how this improves signal to noise ratio
of the experiment. We use the photon fluorescence counts in sections B and D (see
[Fig. 3.1)). The photon rate is subject to Poisson statistics. The observed fluctuation of
the photon rate however, is dominated by the variation in the number of molecules
N0 produced in the supersonic source [94] (see [Fig. 6.9). In order to account for this
in the experiment we measure the photon rate at two locations. The spin-precession
signal will then be based on the normalization. The measured photon rate signal is
Sp atlocation B and S at location D. The signal Sp at location D is a function of the
difference frequency wps/27 (see [Eq. 5.1]) of the two co-propagating laser fields.

A useful measurement of Sg depends on two conditions. The first condition is a
constant reliable ratio of signals Sp and Sz. We use transitions originating from
rotational state N=0 for Sp and N=1 for Sp. This assumes that the rotational tem-
perature of the molecular beam stays constant. By also choosing reliable transitions,
which means that they lead to the fluorescent emission of at most a single photon per
molecule, the first condition is satisfied. The second condition is S > Sp, so that
the statistical uncertainty in Sz does not contribute significantly to uncertainty in the
eEDM measurement. This second condition is best satisfied by measuring Sg close
to the source. Sp is maximal there, since the experiment has a divergent BaF beam.

The signal at B

SB = kBNmol + BGB (62)

depends upon the number of molecules N,,,;, the rate of photons per molecule kg
and the background BGp at location B. Without counterpropagating laser beam the
signal at D

Sp = kpNmo + BGp (6.3)

liThe BaF source is also sufficiently stable over time in terms of velocity and velocity profile.
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6.1. Spin precession signal from photon counting

Table 6.1: Experiment parameters for the spectrum in [Fig. 6.4. The actual pulses
have a rise and fall time of 3.9 ps each.

|E| t T Delay Ipcc B, FG1scan FG1 steps
200kV/em 80ps 1ms 35ms 1.00mA 3nT 48kHz 240 x 200 Hz

also depends upon the number of molecules N, E, but now with a rate of photons
per molecule &k and the background BGp at location D. is rearranged to

kNmot = Sp — BGB, (6.4)

and is rearranged to
kpNpmor = Sp — BGp. (6.5)

The relative efficiency is
k D S D — BG D

In this experiment concerning eEDM searches a linear relation between Sp and Sp
of the form

SDZBGD+€D/BSB (6.7)

needs to be established for each dataset (e.g. see [Fig. 6.3). The uncertainty in BGp
and ¢p,p limit the eEDM sensitivity. The normalized signal can be expressed as

_ Sp—BGp

C = (6.8)

Spép/B

if the background BGp is negligible, i.e. BGp <« Sp. The signal can be measured
with maximal contrast by measuring C (see Eq. 2.8). This probes only the |F = 1) hy-
perfine state. C’, which probes hyperfine state |F' = 0), can be measured in a similar
fashion. Both C' and C’ combined double the contrast (see [Eq. 2.9), and also afford
cross checks. The measurement of both C’ and C is being implemented in the on-
going eEDM experiment. The signal C' (and C’) depends on the applied frequency
wpg/2m.

Understanding of the analysis of the signal (see [Fig. 6.4), depends on the used
parametrization [91], 92], experimental laser control [96], and the DAQ system [[112].
The conditions inside the interaction zone are such, that the interference fringes are
visible with high contrast. The central part (indicated by the arrow in [Fig. 6.4) can be
exploited for phase sensitive measurements, which in turn are sensitive to the mag-
netic field (see Section 6.2) and to the EDM, while a constant electric field is main-
tained.

iiifor a normalized measurement, N,,,; can be different for S and Sp. Important is the stability over
time in the relative number of molecules per pulse.
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Figure 6.4: Interference signal from spin precession. It is detected by probing the
|F' = 1) state population. The difference between the two AOM frequencies wpgs /2,
is achieved by scanning one of the AOMs with frequency FG1 (see [Fig. 3.20). The
green line is a fit to the data based on an optical Bloch equation (OBE) model [91], 92].
For N = 220 degrees of freedom the reduced chi-squared x?/N = 1.5. The width of
the envelope function scales with 1/¢, and the width of the fringes scales with 1/7T

[119]. Set parameters are in [Table 6.1l.

6.2 Magnetic field

The magnetic field inside the interaction zone internal to the magnetic shield is
Eint = B’shield + écoil + Eezt X DSFOa (69)

with Bjpierq formed by the magnetic shield, Bioil generated by coils inside the shield,
B..; the magnetic field external to the magnetic shield, and DS F,, the magnetic shield
differential shielding factor for magnetic fields in the frequency limit v — 0 Hz.
Bahiera arises from the remnant magnetization of the magnetic material in the shield,
due to the state of degaussing and the hysteresis of the material. Beoil = |Bpoc |
is applied via the double cosine coil (DCC). This includes interactions of the double
cosine coil generated field with the magnetic shield and other material. An additional
coil is available in the interaction zone that generates field B, . The interaction of the
coils in the interaction zone with the magnetic shield reduces spatial inhomogeneities
and also causes hysteresis. These coil generated fields depend on the time stability of
the power supplies. B.,; is the field at the location of the magnetic shield, due to the
environmental magnetic field and the coils external to the magnetic shield.
A shielding factor SF' at some magnetic field frequency vp for a magnetic shield is

_ |Bewt|

SF(vg) = Bot|

(i) (6.10)

63



6.2. Magnetic field

Table 6.2: Common set parameters for the measurements in [Fig. 6.5.

|E| Delay T t FG1scan FG1 steps
1.90kV/cm 3.5ms 800us 50us 40kHz 200 x 200 Hz

is the ratio of the external magnetic field magnitude | B..:| and the internal magnetic
field magnitude | B;,:|. The differential shielding factor DSF at some magnetic field
frequency vp for a magnetic shield is

_ A|BeaL‘t|

DSF(vg) (vp), (6.11)

which is the ratio of the change in external magnetic field magnitude A|B,,| and the
change in internal magnetic field A|B;,,;|. The differential shielding factor for static

magnetic fields (right half in [Fig. 3.9) is

A|B..
DSFy= lim DSF(vg) = | Beat|

e = Al (vg — 0 Hz), (6.12)

which is in the frequency limit vz — 0 Hz. &

The external magnetic field of the experiment Bewt depends on the environmental
magnetic field, which is evaluated in employing flux gates. The magnetic
field external to the magnetic shield, is described by

—

Bext = éemt,env + Eext,coilsa (613)

with a B;mt,em the environmental magnetic field of the experiment, and gezt,coils the
modification of the field by coils (see [Fig. 3.3). In Section 6.2.2 the control by these
coils of magnetic field B.,; is employed to measure the differential shielding factor
DSF, of the magnetic shield.

6.2.1 Tuning the magnetic holding field with the double cosine
coil

In the experiment the magnetic holding field corresponds to the internal magnetic
field B},nt. Through ¢ = 2up|B;,:|T/h the magnetic holding field sets the exper-
imental working point of the phase. The holding field is primarily adjusted by the
double cosine coil field By (see for design, for character-
ization). For an EDM search the holding field is tuned to correspond to the desired
phase ¢ = 7/2. Calculations around this working point (see [Fig. 6.10(a) and (b))
indicate high sensitivity to the tuning of the phase with the magnetic holding field.
Measurements in illustrate the effect on the interference signal of adjusting
the magnetic holding field with the double cosine coil. Common set parameters for

these measurements are in [Table 6.2.
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Figure 6.5: The interference fringes are sensitive to changes in the magnetic holding
field. The double cosine coil (see Section 3.5.1]) operated at different currents, from
Ipcc = —8mA to Ipcc = 8 mA, yields different magnetic holding fields. Common
set parameters for the measurements are in [Table 6.2. The evolution of the fringe
pattern while changing the holding field matches the expectations. A change of cur-
rent by 1 mA corresponds to a 3 nT field change (see [Eq. 4.9).
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Figure 6.6: The differential shielding factor measurement uses spin interference to
measure internal magnetic field |B;,;|= B, while modifying the field external to the
shield by |B..:|= Bx in the following sequence: (a) 0(5) uT, (b) +50(5) uT, (c)
—50(5) uT, (d) 0(5) uT. The fringe pattern changes only marginally (see also [Fig. 6.7)
for a change of 100 1T in the external field Beat.
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Figure 6.7: The combined data from on the magnetic field external and
internal to the magnetic shield, |B..:| and |B;,:| respectively, reveal an inter-
nal offset field |B;,:o|= 4772(29) pT, and a suppression factor A|B;,:|/A|Best|=
1.3(8) pT/uT = 1.3(8) x 1076, This corresponds to the differential shielding fac-
tor DSFy = A|Beyt|/A|Bint|~ 108.

6.2.2 Differential shielding factor of magnetic shield

We now describe a method for determining the differential shielding factor DSF; of

the magnetic shield. If A|Beyt eno|< A|Begt,coils], 1-€. that environmental changes

are much smaller than changes in coil generated fields. In that case a change in the

external magnetic field B, is fully determined by a change in the coil generated fields

Bawtycm-ls. By only setting current I (seeSection 3.3), the coil generated field becomes
. ABx . -

Bert,coils = TIXIXX (614)

For a current change Alx we have a change of the external magnetic field

ABx

Alx Alx X = ABxX. (6.15)

Aéemt = A‘Bmf|f( ==

The coil currents Iy and Iz can also be used to modify the external magnetic fields By
and By respectively. Because of the symmetry of the magnetic shield (see Section 3.4)
changes in By are expected to yield a different shielding factor compared to Bx as
discussed here.

The experimental sequence entails the application of an external magnetic field. A
current I.,; x in the external field coils (see Section 3.5.3), results in coil generated

In all subsequent uses of D.SFy the magnetic field frequency v dependence is elided for notational

. e . _ A|Begt|
simplicity, i.e. DSFy = ABrdl’
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6.2. Magnetic field

Table 6.3: Set parameters that are equal for the spectra in [Fig. 6.§ and [Fig. 6.9. The
pulses have a rise and fall time of 3.9 us each. B, is the generated field at center of
double cosine coil for Ipcc, with generated fields tapering off to about B, /2 at the
entrance and exit of the 100 cm long coil.

|E| t Ipce B, FG1lscan FG1 steps
0.00kV/em 80pus 1.250mA 3.75nT 48kHz 480 x 100 Hz

field Bx changing by 100 uT for Al.,; x = 13.5 A in the sequence in [Fig. 6.6. The coil
generated field changes are much larger than changes in the environmental magnetic
fields of O(30 nT) (see [Fig. G.%). Each measurement in the sequence took about 30
minutes, each yielding a resolution of about o, , ~ 60 pT. The resulting differential

magnetic shielding factor (see [Fig. 6.7) is

int

A|Bet| _ 1
A|Bin:| ~ 1.3(8) x 10-6

DSF, = ~ 10°. (6.16)

Laser frequency drift adds an extra frequency shift term on top of the magnetic field
related changes. This indicates possibly even higher shielding factors. The entire
sequence with 2 hours integration time was recorded with magnetic field resolution
0B,,, ~ 30 pT, which corresponds to a frequency resolution o, ~ 0.8 Hz.

Due to continuous monitoring with flux gates (see Chapter 4) the external magnetic
field | B,:| can be evaluated employing the Allan variance (see [Fig. G.2). The char-
acteristic time scale for the experiment is between 10 to 100 s, which is determined
by electric field switching. The observed Allan variance 6 B(7,,. = 100s) ~ 3nTisa
measurement of the magnetic field change external to the magnetic shield A|B,.|.
With the differential shielding factor in this corresponds to a change of
A|B;nt|~ 3 {T inside the magnetic shield.

6.2.3 Length of homogeneous magnetic fields

Homogeneous electric and magnetic fields are ultimately limited by the inner di-
mensions of the magnetic shield and spacing requirements. The innermost magnetic
shield cylinder is 130 cm long and has a 50 cm diameter. The for eEDM signals us-
able homogeneous magnetic field region even exceeds 120 cm length (see [Fig. 6.8,
Fig. 6.9, and [Table 6.3). This indicates a possibility for upgrading the experiment. By
increasing in length the conservatively chosen 60 cm generated homogeneous elec-
tric field region and the generated homogeneous magnetic field, the interaction zone
could be extended by a factor 2. This would double the phase sensitivity, and hence
the eEDM sensitivity. However, this requires an extension of the double cosine coil,
of the vacuum chamber inside the double cosine coil, and of the electric field plates
inside the vacaum chamber. The primary constraints are the spatial separation of the
components, and the lead time necessary for equipment modification, in particular
the double cosine coil and the electric field plates.
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Figure 6.8: Spin precession for an interaction time 7' = 1 ms and a 3.3 ms delay (see
[Fig. 3.20)), probes about a 60 cm distance. The Rabi phase is Qpst = 1.005(3)7. The
observed magnetic field magnitude is | B|= 2.53(4) nT.
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Figure 6.9: Spin precession for an interaction time 7' = 2 ms and a 2.8 ms delay (see
[Fig. 3.20), probes about a 120 cm distance, twice the distance as in [Fig. 6.§. The
Rabi phase is Qpst = 1.001(3)w. The observed magnetic field magnitude is |B|=
1.86(2) nT. The number of fringes is doubled, but their contrast remains the same as
for T' = 1 ms, doubling the phase sensitivity. This shows the possibility of an upgrade
of the experiment.

6.3 Electric field

While a change in magnetic field (see [Fig. 6.10(a) and (b)) changes the population
count Pp_; in the central part (at arrow in [Fig. 6.4), a change in the electric field shifts
the signal with respect to the frequency axis (see [Fig. 6.10(c) and (d)). This enables a
quantitative distinction between electric and magnetic field changes. The used OBE
model [91, 92] enables the extraction of both the tensor Stark shift related phase, and
the Zeeman effect and EDM related phase, and their precision increases with the same
statistics. Crucially, when operating across the 8 kHz region (between 6 = +4 kHz)
instead of only § = 0 kHz, the sensitivity to an EDM only decreases by about 10%. This
U1eads to a significant reduction in necessary auxiliary measurements of experimental
parameters, without compromising the statistics for EDM searches. The electric field

YWhat is described can be considered a form of co-electrometry (analogous to co-magnetometry): a
measurement that is sensitive to the electric field, while remaining sensitive to an EDM.
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Figure 6.10: (a) Calculation of population Pr_; for different two-photon detuning
§ = (wps — wurs(|E|))/2m around the working point of the experiment, i.e. Qpgt =~
m,and |Fy|= 2kV /em, for ¢/m = 0.50 (blue) and ¢/7 = 0.53 (red). (b) The difference
between the red and blue curves in (a), i.e. APp—; for a change of A¢ = 0.037 as
function of the detuning. At = 0kHz, Pr—; ~ sin®(¢/2) and therefore APr_; ~ ¢/2.
The dotted line is Pr—; averaged over the interval 6 = —4 kHz to 6 = 4 kHz. (c)
Pr_; as function of ¢ for Qpst ~ 7 and ¢ = 7/2, for electric fields |E|= |Ep| (blue)
and |E|= |Ep|+10 V/cm (red). A change in the electric field results in a shift of the
spectrum, with an electric-field dependence of the tensor Stark shift w;eps0r/27 of
14.9 Hz/(V/cm). (d) The difference between the red and blue curves in (c), i.e. Pr—;
for a change of electric field A|E|= 10 V/cm. This provides the sensitivity to the
externally applied electric field due to wiensor(|E|). The average value (dotted line)
remains zero in this case. The large values of A¢ and A|E| are chosen for visibility
[91], 2].

change causes an experimentally observed shift of the spectrum (see [Fig. 6.11]), due to
the electric field dependence of tensor Stark shift. This dependence was determined.
Electric field changes less than 0.1 V/cm become observable.

6.4 Motional and transverse magnetic fields

In beam EDM experiments the static electric field gives rise to an additional motional
magnetic field experienced by the moving beam particles. This motional field B,y
is perpendicular to the particle velocity and the electric field vector. This together
with the static magnetic field components B, and B, transverse to the electric and
magnetic holding fields (in direction ), is discussed here. These magnetic fields are
within one order of magnitude of the magnetic holding field, i.e. large enough to
notice. The molecular sensitivity to these fields is suppressed by the tensor Stark
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Figure 6.11: (a) Observed interference pattern for electric field | E|= 1.8900(3) kV /cm
(red) and |E|= 1.9383(3) kV/cm (olivebrown). The electric-field-dependent hyper-
fine structure wy rs(|E|) is determined by the center frequency of the interference
pattern. The magnetic field is |B|= 4.04(7) nT and the timings are 7 = 1 ms and
t = 80 ps. The contrast C (see [Eq. 6.8) is the experimental realization of Py—;. The
uncertainties of the data points are determined by the counting statistics of the flu-
orescence signal. (b) The hyperfine structure splitting wyrs(|F|) changes with the
electric field by 14.99(7) Hz/(V/cm) at |E|= 1.9 kV/cm. The three insets are at 100
times enlarged scale to show the uncertainties (i.e. 1 V/cm, resp. 20 Hz) [91, 92].

effect. Starting from a static magnetic field in the laboratory frame

— Bm
By = By 5 (617)
B,
the magnetic field in the motional molecular frame becomes
— B:K
Brot = By + BuxE y (618)
B.

for velocity © = 2 and electric field Eplates = +4# directions. B, g changes sign with
electric field reversal. Detailed measurements and analysis are required to distin-
guish these fields from an EDM, since the term B, &+ B, « g reverses asymmetrically
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Figure 6.12: Sketch of motional and transverse magnetic fields in an EDM experi-
ment. Electric field plates generate £ = |E|# between them (blue, upper drawing),
or E' = —|E|i (red, lower drawing) after field reversal. The molecules move through
the electric field between the plates at velocity 7 = v, 2. The static laboratory field
Biap is imperfectly aligned with the electric field, i.e. in addition to the desired field
B (grey) parallel/anti-parallel to the electric field, it has field components B, and
B, transverse to the electric field. In the molecular frame arises motional magnetic
field B, z (blue) due to the motion through electric field E, which becomes — B,y &
(red) with electric field £/ = —E. In the molecular frame, not only are the directions
of the magnetic field asymmetrically different between Bumot (blue) before and B/,
(red) after electric field reversal due to the static magnetic field components B, and
B, transverse to the electric field. But also the magnitudes | B,,;| before and |B’,,,.1|
after electric field reversal are asymmetrically different. The phases associated with
these asymmetries have to be distinguished from an EDM phase.

along with an electric field reversal (see [Fig. 6.12). This is treated in this section by
answering the following questions. How large is the effect of the motional and trans-
verse magnetic fields on the phase? What are the consequences for eEDM searches?

The molecules move through the interaction zone at velocity ¢ = v, 2 in an electric
field Eplates = |E|# and a magnetic field Bin: (see [Eq.6.9). This causes two competing
electric field dependent effects in the molecule: a motional magnetic field

_ TxE  vix|Bli v.l|BE|.
Bup=—F5-=—"73 =579 (6.19)

transverse to the double cosine coil holding field B..|# = Bpcc|i, and suppression of
molecular sensitivity to all magnetic field components transverse to the electric field

Eplates due to the tensor Stark shift wie,sor (| E|) (se€ Section 5.3). For Weensor (| B]) >
up|B|/hwith | B| the magnetic field magnitude in the molecular frame, |B|>> |B,x £/,
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and |B|> B, B, the phase accumulation for electric field Eplates = |E|&is

2
d) = ,LLBT/h <2Br — Ytensor <W>) . (620)

Here we have the magnetic moment pp/h = 27 X up/h, the coherent interaction
time T, the holding field B, = |Bpcc|, the tensor Stark shift dependent suppression

factor )
p1s|B|/h )
ensor — s (621)
i (wtensor(|E|)

the magnetic field transverse to the holding field B,, the electric field magnitude |E|,
the molecular velocity v., and the speed of light c (see also Equation 14.64, page 548
in reference [27]). If the conditions for are not satisfied, an approach em-
ploying matrix diagonalization [91] is needed.

For an EDM sensitive search the magnetic holding field B, is typically tuned (see
Section 6.2.1)) such that the working point of the magnetic holding field phase is

¢ =2upB,T/h=1m/2. (6.22)

In order to study the effect of the motional magnetic field and the transverse magnetic
field on the phas separately from the magnetic holding field phase ¢, we

€ ¢’U xX B
subtract ¢ from

MBT’Ytensor (By + BUXE)Q MBT/ytenso’r 2
v =¢—¢pp=— =————"(B,+ B, .
(6.23)
What matters in an EDM search is the difference in phase accumulation, which for
electric fields £, = +|E; |t and E_ = —|E_|& is
AQZSUXE,y = ¢vxE,y(E+) - ¢1;XE,y(E—)- (624)

The electric field magnitudes |F, | and |E_| are determined using the tensor Stark
effect (see Section 6.3). Different electric field magnitudes |E |# | E_| yield

uT

A¢vxE,y = *W

[7t€7l8()7',‘E+|(By + B1)><|E+|)2 - 7tensor,|E,|(By - BUX|E,|)2] )

(6.25)
where Yiensor, |2, | @0 Yiensor, £ | are different since they depend on the electric field

magnitude (see [Eq. 6.21)). Similarly also yields a different magnitude for
Byx|p,| and B,y g _|. simplifies for constant magnitudes |E, |= |E_|= |E|
for both electric field orientations to

MBT'Ytensor,\E\

A¢v><E7y - - |B|h

[(Bl/ + BvxE)2 - (By - BUXE)Q] 5 (626)

Since Yiensor, | and B,xr (magnitude) remain constant for constant electric field
magnitudes. To further simplify this equation, we discuss here the term

(By + Buxp)? = B +2ByB,xp + B} . (6.27)

Viwith the magnitude of magnetic field components transverse to the electric field |Bp|=

A /BZ + B2 = By, assuming B, = 0nT.
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In the terms with
B, and B}, g (6.28)

are distinguishable from an EDM phase shift, since they do not change if the electric
field direction reverses. The cross-term with

2B, Byxp, (6.29)

itis odd in E, B. This is the same behavior as displayed by an EDM. This term is also
odd in ¢ This is true even for equal electric field magnitudes between different switch

states. Putting cross-term back into yields

MBT’ytensor,\E|

Ad)vXE,y = - ‘B‘h [4B’L/B’U><E] 5 (630)

since only the cross-term remains for constant electric field magnitudes.

Distinguishing the phase in [Eq. 6.25 or [Eq. 6.3( in an EDM search experiment from
an EDM phase requires additional information. For this a coil is implemented and
available, capable of generating magnetic field component B, (see Section 3.5.2), for
measurement of the combined effect of the motional magnetic field and this B, field
on the phase difference. This method is sensitive to hysteresis, since it changes the
magnetic field inside the magnetic shield. There are other methods, which add a sym-
metry to the experiment, so that there is a motional magnetic field parallel and a
motional magnetic field anti-parallel to the B, field. This can be achieved by hav-
ing at the same time the electric field in opposite directions, or the velocity of the
molecular beam in opposite directions. For example, both methods are present in
a thallium beam based eEDM experiment [54]. One method, by introducing a third
electric field plate, arrives at two opposite electric field directions. This experiment
is designed such that a third plate can be added in the future (see Section 3.7). The
other method, by adding a second molecular source, arrives at two opposite molecu-
lar velocity directions.

We use the magnitude |A¢,« g | in the rest of the section, since here we are pri-
marily interested in estimating the magnitude of the effect. For the remainder of the
section we use [Eg (, since we also assume constant electric field magnitudes for
the estimates made. For probing an eEDM d. = 10~28 e cm in BaF, switching between
+|E|= +4 kV /cm corresponds to a frequency difference [91]

AVi4k\//cm =Vi4kV/em —V—4kV/em = 0.18 mHz. (631)
For a coherent interaction time 7' = 1 ms that results in a phase difference
Apg = AwT = 21 AV 4 kv /emT = 27 x 0.18 mHz x 1ms ~ 1 prad. (6.32)

Even including the tensor Stark dependent suppression factor v;ensor, the motional
and transverse magnetic field change the (absolute value of the) phase difference by
|A¢yx .y| (see [Lable 6.4 and [Table 6.5). This is the same order of magnitude as the
phase difference A¢, for d, = 1072® e cm. In order to perform eEDM measurements
at this or greater precision, it is critical to take into account the motional and trans-
verse magnetic field. This necessitates adding to the experiment (some of) the sym-

metries discussed after [Eq. 6.30.
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Table 6.4: Parameters used in the analysis in Section 6.4 and Section 6.5, unless spec-
ified otherwise. * See [Fig. 5.5. ** Based on [Table 4.2.

T TOF bin v, |E| Wtensor (4 KV /em) /27
lms 51.2pus  60cm 600m/s 4kV/em 55kHz*
s /h B,  AlBl/Ar A[BI/Az B

88 (rad/s)/nT [118] 8.9nT < 5(1)nT/10cm** < 2.46(6) nT/10cm** < 2nT

Table 6.5: Intermediate parameters derived from [Table 6.4, are put into to
arrive at [A¢,x g y|. By = /B2 + B2 = [Br|< 2T, thus B, < 2nT.

B’UXE By |B‘ Ytensor |A¢v><E,y|
2.7nT <2nT 93nT 56x10% < 1.1prad

Table 6.6: A change of parameters in the experiment (marked with /) in
changes the phase A¢,x i, (see [Lable 6.7).

T ! vl |E'| B | By
10ms 60cm 60m/s 4kV/em 0.89nT <0.2nT
Table 6.7: Intermediate parameters (marked with /) derived from changed parame-

ters in and the remaining unchanged parameters in [Table 6.4, are put into
[Eq. 6.30 to arrive at |Aby |- By = \/BE+ B2 = |Bp[< 0.2nT, thus By < 0.2nT.

Byxe By Bl A, x5yl

0.27nT <02nT 0.93nT 56x10~8 < 11 nrad

!
Ytensor

Changes in the experiment (e.g. compared to [Table 6.4) require a recal-
culation of the effect of these fields on the phase difference |A¢/ | (see [Fable 6.7).

vX E,y
An eEDM d, = 10728 e cm and a coherent interaction time 77 = 10 ms result in a

phase shift difference
Ay = AwT" =2 Avsy oy jemT” = 27 x 0.18 mHz x 10 ms ~ 11 prad. (6.33)

In this experimental configuration the motional and transverse magnetic field phase
difference |A¢),, | is about a factor 10° times smaller than the eEDM related phase
difference A¢/;,. This reduces the necessity of adding to the experiment the symme-
tries discussed after [Eq. 6.30. For another experimental configuration the phase term
|Ady i | could be much larger than A¢j, which requires the measurement of this
phase term with much greater precision.

6.5 Systematic effects

The effect of crucial parameters on the measured phase can be estimated by compar-
ing the phase evolution associated with them to the eEDM phase difference A¢, with

electric field flipping (see [Eq. 6.32). Input parameters are in Table 6.4.
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(1) In particular the phase difference |A¢, « g | due to the transversal and motional
magnetic field is estimated in [Table 6.5. This phase changes with electric field flip-
ping. It needs to be distinguished from an EDM with additional measurements.

(2) The rotation of the Earth causes a rotation of the experiment. This adds a phase
AdEgartn- The Earth rotates at angular frequency [120]

WEarth = 72.7 urad/s. (6.34)

The experimental magnetic holding field parallel to the Earth’s surface rotates at an-
gular frequency

WEarth, Bzp = WEarth c08(er) cos(Or), (6.35)

with « the angle between the magnetic holding field and north, and ©, the latitude of
the experiment [[103]. For this experiment, magnetic holding field B, is at an angle
with the north of about o = 60°. The latitude of Groningen is ©; = 53.13'0°. All
these effects combined result in an additional phase

AP Earth = WEarth cos(a) cos(Op)T = 22 purad/s x 1 ms = 22 nrad. (6.36)

This phase does not change with electric field flipping. It is therefore distinguishable
from an EDM.

(3) The molecular beam accelerates towards Earth due to gravity. This acceleration
g combined with transverse magnetic field gradient A|B|/Ar adds a phase A¢grquity-
The phase difference A¢gy;q.it, is maximal if the gradient changes only the field com-
ponent in the & direction, i.e. A|B|/Ar = AB, /Ar. Then the magnetic field changes

ﬂ A|B lar 6.37)

which for inserting values from [Table 6.4, since AW (1) = ugAB(7), yields phase
difference

AW(r peg AlB| 3 _ pBgA|B| 5
A¢gravity / d = J:[f n A?" = 6h  Ar —— 17 <72 urad (6 38)
0

where g ~ 9.8 m/s” is the gravitational acceleration, 7" is the coherent interaction
time, and A|B|/Ar is the transverse gradient. This phase does not change with elec-
tric field flipping. It is therefore distinguishable from an EDM.

(4) Applying an electric potential U to electric field plates (see Section 3.7) to gen-
erate an electric field £ = |E|Z, results in a leakage current

U |Eld
Rleak -Rleak7

Ileak = (639)

where R;..i is the resistance to this leakage current, and d is the distance between
electric field plates. Rj..r has been measured [[112]. The leakage current results in
an additional magnetic field in the experiment. If a surface current flows over the
full conductive surface along direction 2, which we assume here, this magnetic field
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6. Capabilities of the Experiment for EDM Searches - Two pulse laser spectroscopy

Table 6.8: Parameters used to calculate |A¢;cqr.,| (see Eq. 6.43), in addition to pa-
rameters in [Table 6.4. I;..;, and |Bj.q| are intermediate calculated parameters.

Ho [TTm] d [Cm} b [Cm] Ricak [GQ] Ticak [HA] |Bleak‘ [fT]
1.26 x 1076 [118] 4 9 700 [112] 23 161

causes the largest effect on the phase. This surface leakage current results in an ad-
ditional magnetic field .
Bleak,:l: = :l:|Bleak|y7 (640)

for electric field

Eplates,i = :I:|E‘§77 (641)
with the electric field parallel (+) or anti-parallel (—) to the magnetic holding field
B,. We estimate for b > d

policak ol Eld

Bea = = 5
| Brcat| 2b 2bRjcak

(6.42)

where p is the vacuum magnetic permeability, | | is the electric field, d is the distance
between electric field plates, b is the height of electric field plate conductive area, and
Ryeqr is the leakage resistance. The leakage current I;.., by taking the magnitude
of and replacing B, g with |Bj..x|, results in a phase shift difference with
electric field flipping

:U/BT’Ytensor,\E\

Bl (4By|Bieak|) < 1.4 x 107 rad, (6.43)

|A¢leak,y|:

which is arrived at by inserting the parameters in [Cable 6.8 and [Table 6.4 into [Eq. 6.42
and subsequently [Eq. 6.43. This phase changes with electric field flipping. It needs
to be distinguished from an EDM with additional measurements.

(5) A time resolution of AT = 1 ns for coherent interaction time 7" = 1 ms on a
single BaF molecular pulse results in a phase difference
% = B% = g x 1078 ~ 1.6 urad, (6.44)
operating at the working point of the phase ¢ = 7/2 (see Section 6.2.1)). The Rigol
function generator with the Rb-clock as frequency reference (see Section 3.1]), attains
a timing resolution AT < 1 ns, hence Agar < 1 urad. This phase does not change
with electric field flipping. It is therefore distinguishable from an EDM.

(6) The BaF molecular beam has a diameter D, of which the distribution of particles
in magnetic field gradients probes different magnetic fields. This leads to a magnetic
field gradient shift. The goal here is to get a lowest order worst case estimate. One
can describe a beam diameter

Apar =

AD
Dieam(z) = E(Z —20)+ D, (6.45)

in cm as a function of the distance z — 2o in m from the skimmer part of the source,
and the beam divergence AD/Az in cm/m, and the initial beam diameter D, in cm.
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6.6. Conclusion

At the skimmer the beam diameter Dximmer = D(20 = 0.27 m) = D,, = 0.5 cm (see
Section 3.1). At the detection region the detected beam diameter Dy.;ecteq = D(z =
3.84 m) = 2.0 cm. Hence the estimated beam diameter Kl for the experiment is

(2.0 —0.5) cm

D m =
beam (2) = (31— 027) m

(2—0.27m)+D,, = 0.42 %(z—O.Q?m)—I—OB cm. (6.46)

If the interaction zone lies between z = 2.05 m and z = 2.70 m (see [Fig. 5.7), these
respectively correspond to a beam diameter D(z = 2.05 m) = 1.25 cm and D(z =
2.70 m) = 1.52 cm. Magnetic field gradients are different for different values of z (see
[Table 4.2), which can be described in a more detailed calculation. Since the goal is to
perform a lowest order estimate, we take the average beam diameter

Dape = 2z =205m) ; D(z=270m) _ oq . (6.47)

i.e. the maximum relative distance of particles in the beam is taken tobe AD = D ...
The worst case estimate on the magnetic field gradient transverse to the 2 direction
is A|B|/Ar in [Table 6.4. The phase difference A¢ is maximal if this gradient changes
only the field component in the & direction, i.e. A|B|/Ar = AB,/Ar. Taking the
maximum relative distance of particles in the beam A D then yields an estimated ab-
solute value of the magnetic field gradient shift

< 5
A, x AD < 1.2 x 10° prad. (6.48)

|Adap|=

Though large compared to the eEDM phase, this phase does not change with electric
field flipping. This only causes a phase offset. It causes a broadening of the phase dis-
tribution if taking the full beam properties and magnetic field gradients into account.
Which also does not change with electric field flipping. Since such broadening would
have been observed as a broadening of the structure in all figures in this chapter con-
taining spin interference fringes, this effect appears not yet prohibitive in terms of
phase sensitivity.

Similar to Table 5.4 in [[103] we arrive for the experiment at a table of covered sys-
tematic effects (see [Table 6.9). Although some of the effects are rather large, for EDM
searches only their change with a change in the electric field matters, i.e. with electric
field flipping.

6.6 Conclusion

The combination of
1. a well defined time, location and phase of the two-photon pulses interacting
with BaF,
2. a well defined signal, including source fluctuation normalization,
3. and a homogeneous electric and magnetic field region,
yield high resolution spin precession signals. The measurement of both normalized
signals C and C’ is being implemented.

ViiOf detected BaF molecules.
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6. Capabilities of the Experiment for EDM Searches - Two pulse laser spectroscopy

Table 6.9: Summary of examined systematic effects (1)-(6). For a given parameter,
there is an effect on the experiment. The effect size of the parameter corresponds to a
phase difference in the experiment. This is compared to the eEDM phase difference
observed in BaF with electric field flipping if the eEEDM d, = 10~2% ¢ cm (see [Eq. 6.32).
The column Flip refers to whether the phase difference for a parameter changes if the
electric field is flipped. The column Fit refers to whether the parameter is part of the
fit procedure developed in [91], 92] (e.g. see Section 6.3).

Flip Fit  Phase Shift [urad]

eEDM in BaF (Eq. 6.32) yes yes ~1

(1) Byxx and Br (Table 6.5) yes yes <11

(2) Earth rotation (Eq. 6.36) no no ~22x1072
(3) Gravity (Eq. 6.38) no  no < 7.2

(4) Leakage current and By (Eq.6.43) yes no < 1.4x 1074
(5) Timing (Eq. 6.44) no no <1

(6) Magnetic gradient shift (Eq.6.4) no no <1.2x10°

The magnetic field can be tuned to the desired phase working point by tuning the
magnetic holding field, using in particular the double cosine coil for this purpose. The
magnetic field stability of the interaction zone, due to the laboratory environment and
differential shielding factor of the magnetic shield, is not a limiting factor for eEDM
searches. With adequate modification the interaction zone can be increased in size
by a factor 2, which increases the experimental sensitivity.

Methods for analysis are developed [91), 96, 112]. A new approach to spin preces-
sion, using Optical Bloch Equations (OBEs) for calculations [91], 92], treats multiple
parameters such that sensitivity to their systematic effects are included in the eEDM
sensitive searches. This includes in particular the electric and the magnetic field (see
Fig 0).

One systematic effect, which arises due to the combination of motional and trans-
verse magnetic fields, was discussed in Section 6.4.

The effect of several systematics on the phase difference are estimated, and com-
pared to an eEDM phase. With electric field flipping the motional and transverse
magnetic field causes a phase difference larger than the phase difference that would
be caused by an eEDM d, = 10728 e cm. Parameters such as these have to be moni-
tored closely during experimental runs, and they have to be integrated into the anal-
ysis of the resulting data.
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7 Summary

Permanent electric dipole moments (EDMs) violate parity (P) and time reversal (T)
symmetries. Assuming combined CPT symmetry, EDMs also violate the combined CP
symmetry. New searches of CP violation beyond the Standard Model (SM), could for
example contribute to explaining the matter-antimatter asymmetry in the universe.
A new experiment to search for an EDM on the electron (eéEDM), set up by the NL-
eEDM collaboration, employs a molecular BaF beam. The purpose is to find or limit
CP violation beyond the SM. The actual experiment is performed on a superposition
state in the BaF molecule. This state experiences in external electric and magnetic
fields during coherent interaction time 7" a phase accumulation

T

_ [AW()
¢ = / D (7.1)

0

related to an energy difference AW (7), which arises from the interaction between the
molecule and the external fields. If an EDM exists, AW (7) and hence ¢ are different
for a change in relative orientation of the magnetic and electric fields, e.g. by reversing
one of them. In the experiment the phase ¢ is measured.

For the experiment we have built an interaction zone through which a BaF beam
passes. The investigation on the superposition state takes place in a 5 layer p-metal
magnetic shield, which was newly developed for the NL-eEDM experiment. Together
with additional Helmholtz-like compensation coils we achieve external magnetic field
compensation to the 107 level. For inside the magnetic shielding we developed a
new double cosine © coil. It provides a magnetic field of O(10 nT), with 2% relative
precision in space and O(pT) stability in time.

The magnetic field in the experiments’ central interaction zone was first charac-
terized with flux gates and then together with the electric field in spectroscopy ex-
periments. The latter exploited the superposition of X2+, |[F =1,mr = 1) and
|F' =1, mp = —1) hyperfine states of BaF.

Experimental searches for an eEDM require a quantitative discussion of the appa-
ratus and the measurement principle. In particular the symmetry of the setup is of
crucial importance. In the first part of the thesis care was taken for the generation
of homogeneous electric and magnetic fields. In parallel further aspects of an EDM
search were addressed in accompanying theses on the details of the measurement
process [91], the implementation and use of the laser systems [96], and the data ac-
quisition system [[112].

The second part of the thesis discusses the performance when all parts are inte-
grated in one experiment. Measurements demonstrate how to measure (and map)
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electric fields and magnetic fields to O(100 Hz) frequency resolution with one pulse
laser spectroscopy. Two pulse laser spectroscopy shows interference fringes with high
contrast and high frequency resolution. One way this has been exploited, is to deter-
mine the shielding performance of the magnetic shield. It was also used to determine
that the length of the usable homogeneous magnetic field region extends to more than
twice the initially designed region.

The experiment to search for a permanent eEDM employing BaF is very sensitive
to potential systematic effects. Those were examined and approached by developing
a new measurement strategy [91], 92], and by investigating the effects not removed
by this measurement approach. Among these is the motional magnetic field, which
a moving particle experiences passing through an external electric field. We find in
contrast to previous treatments that this is important, once the experiment reaches
the eEDM level of 10728 e cm.

First measurements show that the experiment works and that in one day we can ex-
pect o4 ~ 10720 ¢ cm day ' sensitivity. In the future the experiment will be improved
by a slower BaF beam [99, 121/], higher molecular flow rates [122] and improved light
collection. With this a search with competitive eEDM result can be expected.
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8 Nederlandse samenvatting

Beheersing van elektrische en magnetische velden voor
zoektochten naar elektrische dipoolmomenten

Permanente elektrische dipoolmomenten (EDM’s) schenden pariteits- (P) en tijds-
omkeringsymmetrie (T). Als we aannemen dat CPT een symmetrie van de natuur is,
schenden EDM’s ook de combinatie van CP-symmetrie. Nieuwe zoektochten naar CP-
schending voorbij wat het Standaard Model (SM) voorspelt, kunnen bijdragen aan
een verklaring van bijvoorbeeld de onbalans van materie en antimaterie in het univer-
sum. Een nieuw experiment voor het zoeken naar een EDM van het elektron (eEDM),
opgesteld door de NL-eEDM collaboratie, maakt gebruik van een moleculaire BaF
bundel. Het doel is het vinden van of begrenzen van CP-schending voorbij wat het
SM voorspelt. Het daadwerkelijke experiment maakt gebruik van een superpositi-
etoestand in het BaF molecuul. Deze toestand ondervindt in externe elektrische en
magnetische velden gedurende een coherente interactietijd 7" een fase-accumulatie

T

[ AW(7)

6= / e 8.1)
0

gerelateerd aan een energieverschil AW (7), die ontstaat door de interactie tussen
het molecuul en de externe velden. Als een EDM bestaat, dan verandert AW (7) en
daardoor ook ¢ door een verandering van de relatieve orientatie van elektrische en
magnetische velden, bijvoorbeeld door één van tweé€en om te draaien. In het experi-
ment wordt de fase ¢ gemeten.

We hebben een interactiegebied gebouwd voor het experiment, waar een BaF bun-
del doorheen gaat. De meting aan de superpositietoestand vindt plaats binnen een
5 laags p-metaal magnetisch schild, nieuw ontwikkeld voor het NL-eEDM experi-
ment. Samen met extra Helmholtz-achtige compensatiespoelen hebben we een com-
pensatie van het externe magnetisch veld tot 10~% niveau bereikt. We hebben een
dubbele cosinus © spoel ontwikkeld voor binnenin het magnetisch schild. Het levert
een magnetisch veld van O(10 nT) op, met 2% relatieve precisie in ruimte en O(pT)
stabiliteit over tijd.

Het magnetische veld in het interactiegebied, dat centraal ligt in het experiment,
is eerst in kaart gebracht met flux gates, en daarna is het samen met het elektrisch
veld in kaart gebracht met spectroscopie-experimenten. Dat laatste maakte gebruik
van de superpositie van X?XF, |F = 1,mr = 1) en |F = 1,mr = —1) hyperfijn toe-
standen van BaF.
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Experimentele zoektochten naar een eEDM hebben zowel een kwantitatieve dis-
cussie van de apparatuur alswel een meetprincipe nodig. Met name de symmetrie
van de opstelling is van cruciaal belang. In het eerste deel van het proefschrift is
gezorgd voor het genereren van homogene elektrische en magnetische velden. Tege-
lijkertijd is er aan andere aspecten van EDM zoektochten gewerkt in vergezellende
proefschriften. Deze bevatten details over de meetprocedure [91], de implementatie
en het gebruik van laser systemen [96] en het dataverwerkingssysteem [112].

Het tweede deel van het proefschrift bespreekt de prestaties van het experiment
na het combineren van alle onderdelen tot één geheel. Metingen tonen hoe elek-
trische en magnetische velden in kaart te brengen met één-puls laserspectroscopie,
tot een frequentie resolutie van O(100 Hz). Twee-puls laserspectroscopie levert in-
terferentiepatronen met hoog contrast en precieze frequentieresolutie. Eén manier
waar hiervan gebruik gemaakt is, is voor het bepalen van de mate van afscherming
door het magnetisch schild. Hiermee is ook bepaald dat de bruikbare lengte van het
homogene magnetisch veldgebied meer dan twee maal zo groot is als de origineel
ontworpen lengte.

Het experiment voor zoektochten naar een permanent eEDM door middel van BaF
is heel gevoelig voor potenti€le systematische effecten. Deze zijn onderzocht en be-
naderd door een nieuwe meetstrategie te ontwikkelen [91, 92], en door effecten die
niet worden weggenomen door deze meetstrategie uit te zoeken. Eén hiervan is het
bewegings magnetisch veld, dat een deeltje ervaart als het door een elektrisch veld
beweegt. In tegenstelling tot eerdere beschouwingen hebben wij ontdekt dat dit van
belang is, zodra het experiment een niveau equivalent aan een eEDM van 10~28 e cm
bereikt.

De eerste metingen tonen aan dat het experiment werkt, en dat we een gevoeligheid
in één dag van oy ~ 10726 ¢ cm dag™* kunnen verwachten. In de toekomst zal het
experiment verbeterd worden door een langzamere BaF bundel [99, 121], intensere
molecuulbronnen [122] en verbeterde detectie van licht. Hiermee is een zoektocht
met een competitief eEDM resultaat te verwachten.
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A Conventions

Table A.1: The notation and corresponding meaning are as denoted here, unless spec-
ified otherwise.

Notation = Meaning

A Vector A

| Al Magnitude of vector A

A= \%I Direction of vector A

Small cap  Axes inside magnetic shield

T Horizontal left direction, looking from the source, direction of x axis
7 Vertical up direction, direction of y axis

S Direction (expected) of BaF beam axis in setup, direction of z axis
Capital Axes outside magnetic shield

X Horizontal left direction, looking from the source, direction of X axis
Y Vertical up direction, direction of Y axis

Z Direction (expected) of BaF beam axis in setup, direction of Z axis
Ay Magnitude of component of vector with direction z

Ay Magnitude of component of vector with direction 3

A, Magnitude of component of vector with direction 2

Ax Magnitude of component of vector with direction X

Ay Magnitude of component of vector with direction Y’

Ay Magnitude of component of vector with direction 2

A The component of A parallel to B, B defined in text

Al The (combined) component(s) of A perpendicular to B, B defined in text
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B Vacuum system for an eEDM
experiment

B.1 Purpose of and requirements on the vacuum system

At the center of the interaction zone electric field plates (75 cm x 10 cm x 1 ¢cm) gen-
erate a 4 kV/cm field, between which a BaF beam passes. We also have lasers inter-
acting with the BaF beam between the plates. This needs to happen in a vacuum, i.e.
residual gas pressure p < 107 mbar. This corresponds to a mean free path of 600
meter for N, at room temperature. All components in the interaction zone have to
be non-magnetic. All the components close to the interaction zone need to be close
to non-magnetic (i.e. magnetic susceptibilities close to zero). Stainless steel outside
the magnetic shield is just tolerable (see Section 3.6). We need three things:
1. Acentral vacuum system to contain the electric field electrodes and optical com-
ponents for laser light.
2. Vessel pipes to this central system to maintain vacuum and provide for the BaF
beam passing through.
3. Optical fiber feedthroughs for laser light and HV feedthroughs for connecting
the electric field plates.
In this appendix we discuss materials employed in the vacuum system that in par-
ticular have to be (close to or completely) non-magnetic (see Section B.2). And we
discuss how to reach the desired vacuum properties, in particular p < 10~7 mbar (see

Bection B.3).

B.2 Vacuum materials

We need a sufficiently non-magnetic vacuum system at pressures below p = 10~7 mbar.
The whole system is depicted in [Fig. B.1|. Titanium tubes (yellow) provide access for
BaF/laser beams at one end, and BaF beam access at the other end. The purple-gray
object represents the double cosine coil, fitted around the glass vacuum tube. The red
part is a mechanical support for the assembly, made from Ertalyte material.

The gray flanges are titanium. How the flanges are fitted to the glass tube (trans-
parent yellow) is in [Fig. B.9, a zoom-in of [Fig. B.1l. A reshaped teflon O-ring (white)
prevents that the titanium flanges and the glass tube touch. There are two Viton O-
rings (both black, one flat, one round). They also keep the titanium flanges and the
glass tube separate. The round Viton O-ring provides a vacuum-tight seal. This Viton
O-ring is squeezed between the titanium flange (gray, here to the left of the O-ring)
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B.3. Vacuum properties

]

interaction vessel

BaF/IIaser T BaF beam
beam tube (Ti) | tube (Ti)
Ertalyte  double cosine coil  Ertalyte
support support

Figure B.1: Overview of vacuum system inside magnetic shield. The box top left in-
dicates the zoom-in shown in [Fig. B.2.

flat  Teflon round Ertalyte
O-ring Q-ring O-ring ring
Viton Viton

double cosine coil

Ertalyte

small Ti glass tube

Figure B.2: Drawing of titanium flange to glass tube fitting. The large titanium (Ti)
flange is 3 cm thick.

and an Ertalyte ring (blue, here to the right of the O-ring) with bolts. All used bolts are
made from titanium. The double cosine coil (gray-purple) surrounds and is mounted
to the glass tube. Ertalyte supports (red) maintain the position of the whole assembly
inside the magnetic shield (see [Fig. 3.10). All materials are non-magnetic.

B.3 Vacuum properties

The diameter of the titanium beam pipes is the rate limiting factor for achieving a
sufficiently low residual gas pressure inside the glass tube. For p < 107 mbar we
need to consider the outgassing of the glass tube and the conductance of the titanium
beam pipes. We are in this pressure range in the realm of molecular flow.

The residual gas pressure in our vacuum system is limited by its outgassing rate,
which is determined by its surface area. The surface area A of the glass tube and the
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B. Vacuum system for an eEDM experiment

large titanium endcaps is
d 4 2 2
A=md §+h ~10"cm“ =1m (B.1)

for diameter d = 25 cm and height h = 110 ecm, which is large compared to the surface
of the rest of the vacuum system. Heating the system for faster outgassing is not
a viable option due to the sensitivity of the yu-metal to temperature. Further risks
include deforming and stressing the glass tube, and the melting of plastics (e.g. the
protective VDS layer outside the glass), seals and other materials.

We are guided in our vacuum design by information available in a vacaum handbook
by Pfeiffer Vacuum [[111]]. The conductance C,;,. (in liters/second (L/s)) of a round
pipe with diameter d and length 1 (in cm) is

dS
Cpipe =k 77 (B2)
The prefactor £ = 12.1 Ls~! cm™2 (at 293 K). One can adjust for the temperature

by multiplying the conductance with |/ ;2. For length { = 60 cm and diameter

d = 6.5 cm, we have a conductance Cy;,. = 55 L/s. If we extend our pipe a little, e.g.
to the length | = 65 cm, we have C,;,. = 51 L/s conductance.
Since conductances in series add reciprocally,

1 1 1
Chot,series = — ~ ~ B.3
tot,s o + Cy + ...+ c. (B.3)

the titanium pipes are limiting for any (turbo) pump at their end with a pump speed
higher than the titanium pipe conductance. We currently operate a 350 L/s turbop-
ump (TURBOVAC 350 iX) at region D as well as another 350 L/s turbopump at region
B (see Section 3.1)). Conductances in parallel simply add,

Ctot,parallel = Cl + CV2 + .+ Cna (B4)

and since we have 2 titanium pipes attached to the glass tube, the total conductance
the glass tube experiences is

Otot,glasstube =2x53 L/S =106 L/S (BS)

With this pump configuration, the setup has reached a pressure p = 1.5 x 10~7 mbar
in region B and p = 5 x 1078 mbar in region D. With these pressures, no pressure
dependence was observed in the signal Sp as well as Sp for BaF molecules, indi-
cating the pressure is sufficient for consistent BaF transmission through the setup.
This is in comparison to the observed pressure dependence of the BaF signal around
p = 1076 mbar, indicating that the pressure is too high for reliable BaF transmis-
sion through the setup. This is analogous to the situation while we were probing
for Ba atoms with 10 times higher pressure. Although there was no pressure depen-
dence found of the Ba signal at p = 10~% mbar, we observed a pressure dependence at
p = 107° mbar. Measuring Ba atom and BaF molecule signals can thus be exploited
to verify that the vacuum conditions in the interaction region satisfy the needs of the
eEDM experiment.

91






C Magnetic shield specification
from Sekels

This appendix contains all drawings of the magnetic shield, as well as the evaluation
of the 5 u-metal magnetic shield layers, as provided by Sekels [[105]. The inner alu-
minium layer could be replaced with another material if aluminium were found at a
later stage to interfere with the experiment.
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C. Magnetic shield specification from Sekels

section

anti-slip matte:

sectionD -D
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E. dlurch:

access holes @ 40mm, 45°
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(@700)
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through all lids

access holes
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2 at each axis
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toleranzen
DIN 150 2768 mK|

Datum
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holes @ 6 on each axis
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C. Magnetic shield specification from Sekels

‘ 1406 ‘

demagnetizafion windings
3 x on cylinder

demagnetization windings
3 xon each lid

e pemein Mabstab: 1:10 [mm] Masse: ca. 80kg

toleranzen DIN A3
DIN S0 2768 mK|
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Bearb. 040619 | knobloch . mumetalll shielding 1
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Plastic clips are pushed over the
edges to protect the windings,
3 clips on each lid

6 clips on the cylinder

o p—

i MaBstab: 1:5 [mm] Masse: ca. 80 kg
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BNB0 S8k mumetall
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Gepr.
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Ge
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& siatt
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C. Magnetic shield specification from Sekels
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C. Magnetic shield specification from Sekels
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D ITO-coated glass plates for
electric field generation

For electric field generation inside the interaction zone, we use Indium Tin Oxide
(ITO) coated soda lime float glass with an Anti Reflection (AR) coating (see [Fig. D.1I).
The ITO coating, which is applied to one side, has a surface resistance of 300 Q2/Sq.
The AR coating, which is applied to the other side, results in 1% reflection at 860 nm.

The glass plates are spaced at 40 mm with 0.05 mm tolerance, using macor pieces
(see[Fig. D.2) arranged on a flat surface (see [Fig. D.3)). The macor pieces (see [Fig. D.2)
contain arrangements for an additional field plate centered between the already exist-
ing plates. All this is connected with a frame consisting of [Fig. D.4, Fig. D.5, and rods.
The rods used for assembly were selected from a larger number of rods, for curvature
below what was necessary. The parts are assembled by applying vacuum compatible
glue to the outside of the glass plates and the macor pieces, so as to preserve the dis-
tances. The glue is STYCAST 2850FT mixed with catalyst 9 for appropriate viscosity
for syringe injection into holes.

Teflon-coated HV compatible cables are connected to the ITO coated glass plates
using vacuum compatible electrically conductive silver-filled epoxy paste EPO-TEK®
EJ2189. The resistance of one of the plates is 17.7 kQ). The other plate has a similar
resistance. The result is in [Fig. 3.16.
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Figure D.1: Drawings of ITO coated glass plates.
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D. ITO-coated glass plates for electric field generation
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Figure D.2: Drawings of Macor ITO plate holder.
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Figure D.3: Picture showing methods used for alignment: postholders in a Boikon
frame, fixed on top of a polished granite table.
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E Electric field reversal box

schakelen\Buffer.sch (Sheet: 1/1)
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Figure E.1: Buffers for monitoring schema.
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F A note on airpads

The safe and shock-free movement of sensitive heavy equipment was performed with
airpads. The implementation, while not critical to the measurement itself, is impor-
tant to this end. Here is a description of the specifications and considerations for
using airpads in this particular experiment. We used it to move the interaction zone
magnetic shield with frame (region C in [Fig. 3.1), as well as the detection zone with
frame (region D in Fig. 3.1)), with all but the most sensitive the equipment installed.

We decided to go for 4 airpads that can carry 500 kg each (Aerofilm, Polyurethaan
Air caster 300 mm Standaard Capaciteit/Polyurethane Air caster 300 mm standard
Capacity). A balanced configuration requires at least 3 airpads.

For moving the magnetic shield with its frame, which weighs a total of about 1000
kg, all 4 airpads are needed to insure stability. The detection zone weighs at most 200
kg in the end, so the minimum of 3 airpads would suffice.

There are some obstacles in the lab, such as the external compensation coils (see
Section 3.3). These coils span from the laboratory floor to 5 cm above the floor. They
are adjustable down to 2.5 cm above the floor. This barrier has to be traversed if you
want to install the frames of the magnetic shield and detection zone within or across
these Helmholtz coils.

113






G Flux Gates

We use FLC3-70 Stefan Meyer flux gate sensors, which provide for measuring 3 or-
thogonal axes [[115]. Of the 9 flux gate sensors available for measurements, 8 can be
used simultaneously. The flux gate sensors are connected through a non-magnetic
RJ45 connection to a custom NIM crate box, which does both power supply and read-
outl. Power supply is through NIM crate +12 V and -12 V rails that feed into L7805
and L7905 voltage regulators, that form +5 V and -5 V rails respectively (200 mV tol-
erance). With some Zener diodes it is unlikely that the total supply voltage exceeds
12 Vil. Readout of the flux gate sensor voltages is output by the custom NIM crate
box via SMA ports. These voltages are converted to frequency, digitized, with Volt-
age to Frequency Converters (VFC). The resulting frequency is counted with a VME
crate mounted scaler counter (SIS3820). These are converted to magnetic fields in
the DAQ by calibration of the previously mentioned electronics.

For reaching nT or better sensitivity, we found three factors most important. The
first factor is power supply, which in our case is through voltage regulators, and these
only work stable to a few mV if they get a sufficiently high input voltage. The second
factor is the calibration of electronics, and in particular of the VFC offset frequency
at 0V, in combination with a calibration of the flux gate voltage at no magnetic field.
With regular calibration, nT drifts in offsets due to temperature can be taken into ac-
count. The third factor is a stable room temperature. With sufficient air-conditioning
such that temperature changes are 1 °C or less, better than 1 nT resolution measure-
ments with flux gate sensors are viable.

The resulting field is measured over time (see [Fig. G.1]). From this the stability can
be shown in the form of an Allan variance [[117] diagram (see [Fig. G.2).

fRJ 45 connector on flux gate side, RJ45 port on NIM crate box side.
Tt can handle a total supply voltage of 12 V, above 12 V the flux gate electronics will be fried.
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Figure G.1: Magnetic field measurement over 20 hours performed employing one
of the 4 flux gates (FG02 in the laboratory) positioned around the magnetic shield
at around BaF beam height for constant monitoring. The laboratory magnetic field
magnitude is B ~ 22 uT.
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Figure G.2: Allan variance § B plotted as a function of averaging time T,,,.. Derived
from the measurement in [Fig. G.2. The Allan variance decreases down to below nT
level for T,,. = 3 s. Drifts over the 20 hour measurement lead to a maximum Allan
variance 0B ~ 25 nT.
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H Magnetic field maps of the
interaction zone employing flux
gates

Four sets of two maps of the magnetic field where made, one set before degauss-
ing, one set after high current degaussing, one set after low current degaussing. The
fourth set was more detailed, recorded 2 days later than the other 3 sets, so as to
let the magnetic field settle. Degaussing is performed by a Keysight 33500B Wave-
form Generator, providing a factory configured arbitrary waveform DEMAG_HC.arb
(DEMAG_HF.arb is also available, but not used). The waveform is input into a Toell-
ner TOE 7621 4-quadrant power supply. High current degaussing concerns setting
the 4-quadrant power supply to =5 V current source input sensitivity. Low current
degaussing concerns setting the 4-quadrant power supply to £10 V current source
input sensitivity.

Each set contains a measurement in the FG In state and a measurement in the FG
Out state ([Fig. 4.4 and [Fig. 4.5). The first set, [Fig. H.1| and [Fig. H.2, where measured
before a degaussing of the inner magnetic shield layer. The second set, and
Fig. H.4, where measured after a high current degaussing of the inner magnetic shield
layer. The third set, [Fig. H.5 and [Fig. H.6, where measured after a low current de-
gaussing of the inner magnetic shield layer.

The fourth more detailed measurement set is shown in [Fig. H.7 and [Fig. H.§, sum-
marized in [Table 4.2 and [Table 4.3.
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Figure H.1: Before degaussing. Map of magnetic field (2021-06-02) inside magnetic
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Figure H.2: Before degaussing. Map of magnetic field (2021-06-02) inside magnetic
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Figure H.3: After high current degaussing. Map of magnetic field (2021-06-02) in-
side magnetic shield, with the flux gate in the FG In state.
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Figure H.4: After high current degaussing. Map of magnetic field (2021-06-02) in-
side magnetic shield, with the flux gate in the FG Out state.
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Figure H.5: After low current degaussing. Map of magnetic field (2021-06-02) inside
magnetic shield, with the flux gate in the FG In state.
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Figure H.6: After low current degaussing. Map of magnetic field (2021-06-02) inside
magnetic shield, with the flux gate in the FG Out state.
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Figure H.7: Map of magnetic field (2021-06-04) inside magnetic shield, with the flux
gate in the FG In state, rotating at one point at a time. Each point is at a location z
with respect to the center of the magnetic shield.
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Figure H.8: Map of magnetic field (2021-06-04) inside magnetic shield, with the flux
gate in the FG Out state, making a circle around one point at a time. Each point is at
a location z with respect to the center of the magnetic shield.
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