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Abstract

Within the scope of the BeamEDM experiment — a novel experimental approach to
search for the neutron’s electric dipole moment using pulsed neutron beams — a two-
layer MuMetal shielding is employed to passively shield magnetic background fields. The
shielding was preliminarily characterised for its shielding capacity using a mapper wagon
equipped with five fluxgate magnetometers. This thesis focuses on the shielding of static
magnetic fields generated by Helmholtz-like magnetic coils. Shielding factors are calculated
for longitudinally and transversely applied magnetic fields, by comparing the measured
field strengths before and after the shielding’s installation. Shielding factors of 41 and
200 are found for longitudinal and transversal fields, respectively. For the final BeamEDM
shielding design featuring feedthrough cylinders, the shielding capability is reduced locally
by up to 30%. A preliminary analysis of magnetic field data recorded during the August
2020 BeamEDM beamtime at Institute Laue-Langevin (ILL), Grenoble, affirms the pas-
sive magnetic shielding’s effectivity, also in combination with the utilised active magnetic
field stabilisation.
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1 | Introduction

This thesis documents the work conducted within the scope of the master’s project. The
master’s project has been conducted within the framework of the BeamEDM project, an
experiment in development by the Fundamental Neutron and Precision Physics research
group at the laboratory for high energy physics (LHEP) of the University of Bern.

In the first section of the thesis the most important theoretical concepts are explained,
that are needed for a well-based discussion and profound understanding of the subsequent
subjects. In a first step, the basic idea behind the neutron’s electric dipole moment
(nEDM) and the associated physics are explained, as well as the basic concept of the
experimental searches for it using a pulsed neutron beam, as this is the novel working
principle of the BeamEDM experiment. This part is followed by a theory block that
explains the concepts of magnetic shielding and the measurements associated with it.
Subsequently, the documentation of the magnetic shielding characterising measurements
conducted in the scope of this thesis follows. This contains a detailed description of the
experimental set-up with which the preliminary characterisation of the passive magnetic
MuMetal shielding was conducted. The results obtained for the shielding characterisation
for static magnetic fields are discussed and compared to theoretical and simulated results
of comparable shieldings. In a last part, magnetic field data recorded during the first beam
time of BeamEDM featuring a MuMetal shielding are analysed. Based on this analysis
the laboratory shielding effectivity is revised.

1.1 | Searching for the Neutron’s Electric Dipole Moment

The subatomic world currently is best described by the Standard Model (SM) of particle
physics. Although it has its known flaws, the SM delivers theoretical predictions for
certain phenomena which have been verified experimentally with a startling precision. A
fundamental concept within the SM is the existence of abided symmetries. Until 1956,
when the famous Wu experiment [1] was conducted, it was believed that the world, as how
it was described by then known physics, was symmetric under charge conjugation (C),
parity transformation (P), and time reversal (T). The Wu experiment, however, showed,
that the P-symmetry is not only violated but maximally broken within the beta decay of
60Co. Further on, the violation of CP symmetry, the combination of the standalone C and
P symmetries, was shown in the decay of K mesons in 1964 [2].

CPT-symmetry breaking — the violation of the combined symmetry of the three standalone
symmetries C, P and T — however, is still unobserved. The invariance of the SM under
CPT-transformations is postulated by the CPT theorem [3, 4]. A consequence that follows
from the CPT theorem is that if a pair of symmetries, e.g. CP, is violated, then the third
standalone symmetry (in this case T symmetry) has to be violated as well, in order to
preserve CPT invariance.

The CP violation was included within the SM by Cabibbo, Kobayashi and Maskawa, who
introduced a CP violating phase in the CKM matrix, which related the quark’s mass
eigenstates with their flavour eigenstates in weak interactions [5]. CP violation is an
important factor in current big questions in physics, such as the presence of a matter-
antimatter asymmetry within the observable universe. For the formation of a universe
with such an asymmetry, also called the baryon asymmetry of the universe (BAU), CP
and C violation are one of three necessary conditions! that have to be fulfilled according

!The other two conditions being Baryon number violation and interactions out of thermal equilibrium.
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to the proposal of the Russian physicist A. Sakharov in 1967 [6]. From cosmological
observations the universe’s baryon asymmetry n is measured to be about

p=1e""8 _ 1103 10710, (1.1)

Thy

where 1p (15) is the number density of (anti-)baryons in the universe and 7, is the number
density of photons, estimated from CMB observations [7, 8]. The CP violating processes
allowed within the electro-weak sector of the SM are currently deficient to describe a
baryon asymmetry of this order of magnitude. An estimate with parameters from the
standard cosmological model estimates a baryon asymmetry of about 1 ~ 10~ [9], which
is off of the observed value by eight orders of magnitude.
Besides the CP violation originating in the CKM description of weak interactions, a second
source of CP violation is present in the SM. A CP-odd term is found within the QCD
Lagrangian, i.e. the vacuum polarisation term [10]. This term features a mixing angle 9,
which determines the strength of CP violation, and in principle could take on any value
from 0 to 2.

The Neutron’s Electric Dipole Moment (nEDM)

The SM’s prediction for CP violation can be probed by measuring the electric dipole
moment of the neutron (nEDM), as its existence would imply a direct violation of P and
T symmetry. This becomes evident by looking at the interaction Hamiltonian of a neutron

— —

in an electric (F) and magnetic (B) field in the non-relativistic limit,

H=—dy -E— - B, (1.2)

where (i, is the neutron’s magnetic moment and J;l is its electric dipole moment. By
separately applying the parity operators P and T to the Hamiltonian, its parity violating
nature becomes apparent:

PH =—dy- (~E) — fin- B £ (£1)H, (1.3a)

—

TH =~ (=dn) - B~ (~fi) - (- B) # (£1)H. (1.3b)

From (1.3b) alone and the implications of the CPT theorem we can conclude that a non-
vanishing nEDM entails a violation of CP symmetry. From both sources of CP violation
within the SM a theoretical estimation for such a nEDM can be made. The CP violating
phase in the CKM-matrix allows for a prediction of the nEDM [11] of the size dSXM ~
10732 e - cm, where e is the elementary charge. This value is way below the current upper
limit set by nEDM experiments conducted at PSI [12] of

dp = (0.0 + 115 4 0.2455) x 10720 ¢ - cm, (1.4)

and would be very difficult to detect with current and near future experimental techniques.
The second source of CP violation from the QCD-Lagrangian results in a nEDM that is
proportional to the mixing angle § and is equal to d3¢P ~ §-1x 107! ¢-cm. Together with
the limit from (1.4) we can set an experimental limit on the mixing angle as 6 <1010,
This inflicts a problem of naturalness on the mixing angle, which is known as the strong
CP problem. The value seems to be unnaturally small - fine-tuned as the saying goes - as
currently no underlying mechanism regulates the value of the angle by means of natural
parameters, i.e. dimensionless parameters of order 1.
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The task of searching for the nEDM is therefore relevant from several points of view,
however, due to the seemingly small size of dy, it is not an easy one. Experiments that are
looking for a nEDM are all based on the same general idea of exposing neutrons to strong
static magnetic and electric fields, leading to a precession of the neutrons, whose frequency
allegedly changes under polarity reversal of the electric field. It is this frequency shift that
possibly entails the measurable value of the nEDM. This is based on the following effect:
Neutrons exposed to an external magnetic field feel a torque M = i X B that leads to a
precession of the neutrons magnetic moment about the magnetic field, the so-called Larmor
precession. The angular frequency wy, of this precession, called the Larmor frequency, is
given by

wi, = —a|B|, (1.5)

where v, = —2 - 29.1646943(69) MHz T~! is the neutron’s gyromagnetic ratio. From
the neutron’s Hamiltonian in (1.2) we can see that the existence of a nEDM entails a
similar effect to the neutrons precession in the presence of an electric field, i.e. we have
an additional pseudomagnetic precession g = doE. Ongoing nEDM experiments are
essentially searching for the frequency shift that occurs when the magnetic and electric
field are set parallel and anti-parallel, where the respective precession frequencies are given
by

wi = = 2unB + dyE), (1.6a)

[Nl V)

wr =~ unB — dyE) . (1.6b)

St

From measuring both precession frequencies w4 and wy) one can then quantify a value
for the electric dipole moment as

B (wpp —wyy)

dy = —— = (1.7)
In the BeamEDM experiment, described in the upcoming subsection, this frequency shift
Aw = (w4 —wyp)) is measured between two separate interaction zones for neutron beams.
For the two neutron beams the magnetic field is held constant and at the same level,
but the electric field polarity is different for the two. For an electric field strength of
E = 40kVcem™! a frequency shift of Aw/27 < 425nHz needs to be assessed, in order to
match the current upper limit from (1.4). Beyond that, equation (1.7) only legitimately
follows from equations (1.6) with the assumption of having the same constant magnetic
field in both interaction zones. A small inhomogeneity in the magnetic field AB can
already mimic a false nEDM signal on the order of

unAB
2F

dfalse = — (18)
which means that with the same electric field configuration we need to be sensitive to
magnetic field inhomogeneities of at least AB ~ 20 {T. Magnetic field changes of such low
magnitudes can already occur from the process of electric field reversal itself or from HV
breakdowns. An electric field reversal could change the magnetisation of a surrounding
object for instance, which could then change the overall magnetic field. Depending on
the experimental method, different approaches can be used to minimise such magnetic
field changes. For nEDM experiments using neutron beams for example, a two beam-
method can be deployed, where simultaneously both field alignments (i.e. wy and wyy)
are measured. With this method, on the other hand, one would be sensitive to magnetic
field gradient drifts occurring over the measurement period. As a consequence, nEDM
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experiments deploy active and passive magnetic shielding methods which minimise the
arising magnetic field changes. Moreover, the local magnetic field can be monitored using
magnetometers, so that a change in magnetic fields can be recorded and taken into ac-
count in post-process data analysis. A consequence of using a beam of cold neutrons, i.e.
neutrons with velocities of v, ~ 1000 ms™!, is, that we are also sensitive to a systematic
effect called the v x E effect. This effect arises from relativistic considerations. A particle
moving through an electric field will see - from its rest frame point of view - a moving
magnetic field. The emerging magnetic field of

- Tx E
B’UXE:_’.Y 02

(1.9)

leads to a false nEDM signal, where ~ is the Lorentz factor, which is approximately 1 for
cold neutrons. With a small misalignment of an angle o between the electric field and the
magnetic field the v x F effect has a first order impact on the frequency shift Aw of

E
Aw =~ —p - a2 (1.10)
C

As can be seen, however, the effect is linear in the neutron’s velocity v. This fact is what
the novel concept of the BeamEDM experiment wants to take advantage of.

In general, employing standard error propagation on equations (1.7) and (1.8), the sensi-
tivity of a nEDM search [10] is given by

2

(0dy)? = 02(dy) + 2 ( /in 6B> , (1.11)
2|E|

where the first term is the experiments statistical counting sensitivity and the second term

the one originating in systematic effects related to magnetic field inconsistencies, gathered

in the term dB.

The BeamEDM Experiment

The experimental approaches trying to determine a nEDM by measuring the frequency
shift from equation 1.7 make use of Ramsey’s separated oscillating fields method [13],
which builds on Rabi’s resonance method [10]. The experiments currently setting the
lowest upper limits for a nEDM apply this method to ultracold neutrons (UCN) in so-
called storage experiments. UCN’s have a lifetime of more than 14 minutes [14], which is
a very long lifetime compared to other instable hadrons [15]. This is advantageous, as in
general, the statistical sensitivity for the frequency shift measurements relevant for nEDM
experiments goes as

h
ETVN’

where E is the electric field strength, T' is the interaction time of the neutrons with the
field and N is the amount of measured neutrons [10]. Having a long neutron lifetime
therefore is beneficial as it allows for long interaction times T'.

A different approach is chosen for the BeamEDM experiment, though. Instead of using
Ramsey’s method for UCN’s, the neutron interferometry method is applied to a beam of
cold neutrons. It has the advantage of a much higher neutron rate N, which compensates
for the entailing lower interaction time 7. A downside of beam experiments, however, is
that they were currently limited by the systematic v x E effect, which comes along with the
directed motion of neutrons. This is where BeamEDM'’s concept of using pulsed neutron
beams comes into play [16]. BeamEDM is a novel nEDM experiment that is planned to be

o(dn) (1.12)
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conducted at the planned European Spallation Source (ESS). The latest proof-of-concept
(POC) experiment took place in August 2020 at the PF1b neutron beam facility [17] of
Insitute Laue-Langevin in Grenoble, France. A picture of the installed experimental set-
up is shown in figure 1.1. Compared to the foreseen 50 m long beamline the POC set-up
featured a 6 m long beamline with 3m of HV interaction length. The working principle of
the POC BeamEDM experiment at ILL is explained hereafter.

Figure 1.1.: The BeamEDM set-p at the polarised cold neutron beam facility PF1b of
Institute Laue-Langevin, Grenoble, France, in August 2020. The bottom of the picture
shows the upstream end of the set-up where the neutron beam enters the beamline. The
whole set-up is covered by a MuMetal shielding (however, two side panels are missing in this
picture) and a layer of lead rubber for radioprotective reasons.

A beam of cold neutrons (mean wavelength of 4.0-4.5 A, corresponding to a velocity of
approximately 930 ms~1) is extracted from a vertical liquid deuterium cold source and
guided to the experimental facility [17], where they arrive in a horizontally polarised
state. After leaving the neutron guide, a magnetic guidance field repolarises the neutrons
vertically. Before the neutrons are released into the BeamEDM set-up, a Fermi-type
chopper [18] pulses the continuous neutron beam. Having a pulsed beam is a key concept
of the experiment that helps us to get rid of certain systematic effects, as will be explained
later. Using simple beam apertures, the neutron beam is split into two separate beams,
a lower and an upper one. In a first stage the two polarised beams enter a spin-flipping
device, where the neutron spins are flipped by 90°. This is realised by generating a
magnetic AC field with a frequency equal to the neutrons’ Larmor frequency from equation
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(1.5). The spin-flip of the neutrons initiates a Larmor precession around a vertically
applied static and homogeneous magnetic field go, that is generated by a rectangular set
of Helmholtz coils and spans across the entire beamline. After entering a nonmagnetic
vacuum flight tube, the neutrons travel across the entire beamline where, besides the
magnetic field éo, they are exposed to constant high-voltage electric fields, E; and Eg,
with opposite polarities for the two beams. After a certain interaction length the neutrons,
again, get spin-flipped by 90° and reach a neutron spin-analyser that separates the two
neutron beams into four beam-spots that are recorded with a neutron detector. A non-
vanishing nEDM could be detected in that way, since the presence of the electric fields
would lead to a phase shift of the neutrons between the two beams, which would translate
into an detectable asymmetry between the upper and the lower beam spots, shown in
figure 1.2.

i

3 hs /, o
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—  « > « >
longitudinal 1 b ji L

vertical

Figure 1.2.: BeamEDM scheme taken from [16]. The neutron beams’ paths are indicated
in green. (1) m/2 spin-flippers of length ! (2) Aluminium windows for vacuum tube beam
entry (3) upper and lower neutron beam interacting with local magnetic and electric field (4)
HV electrodes of length L generating the electric fields E and E» in vertical direction (5)
spin-analysing supermirrors (6) neutron detectors (7) two-layer MuMetal shielding covering
the whole set-up

The advantage of a pulsed beam instead of a continuous beam is that one can get rid of
the systematic U x E effect, as the velocities of the detected neutrons can be determined
by their time of flight. Since the ¥ x E effect manifests itself linearly with the neutron
velocity in the measured frequency shift (see equation (1.10)) it can be separated from
other magnetic spin interaction effects. Furthermore, using two beams simultaneously
allows for the compensation of global magnetic field drifts. However, as a downside, the
measurement gets sensitive to changes in the magnetic field gradients between the two
beams. As a countermeasure, the magnetic field and its gradient inside the neutron beam-
line is constantly monitored using an array of fluxgate magnetometers and two layers of
MuMetal shield the whole set-up from disturbing magnetic field sources. The characteri-
sation of said MuMetal shielding is topic of this thesis.
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This chapter presents the derivation of certain theoretical calculations that are used within
this thesis. First, an approach is explained with which the magnetic field generated by
Helmholtz-like coil arrangements are readily calculated. In a second part the basic concepts
of magnetic shielding theory are explained, with which most shielding related phenomena
occurring in this thesis can be explained. In a last part the basic measurement concept
of a fluxgate magnetometer is explained, since this measuring instrument is of central
importance in this thesis.

2.1 | Analytic Solution for Magnetic Fields generated by
rectangular Helmholtz Coils

We are interested in the magnetic field that is generated by a rectangular pair of Helmholtz

coils. One way to calculate this would be using the Biot-Savart law. Another easier way

to calculate the magnetic field is conducted by formulating the magnetic vector potential
A and its curl, as by definition,

=VxA, E=-V¢—08A, (2.1)

where E is the electric field and ¢ is the (scalar) electric potential. For a rectangular coil
with length 2] and width 2b laying centred in the x-y plane, the relation of the B field and
it’s vector potential can be written as

= —0.Ay, By=0.As, B.=0,A,—0,A,. (2.2)

According to [19] the components of the vector potential A for the rectangular coil can
then be written as

ol (ri1+14+2z)(rs—1+x) ol (re+b+y)(ra—b+vy)
A, =1y oA, =My
4dr (ro —l+x)(ra +1+x) A (rs—b+y)(r1+b+y)

where (g is the magnetic permeability of vacuum, I is the electric current running through
the coil and the coefficients r; are denoting the distances between the four corners of the
rectangular coil and a certain point with coordinates x,y and z. They are defined as

ry = \/ I+ 2)%+ (y+b)% + 22, (2.4a)
ro = \/ l—2)%2+ (y+ )% + 22, (2.4b)
ry = \/ | —x) —b)2 + 22, (2.4c)
ry = \/ (I +x) — )% + 22 (2.4d)
Combining equations (2.2) and (2.3), the magnetic field’s z-component can be written as
_ pol 24: Wdi G (2.5)
B. = 4 = (=) LC) (e + dy) '
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where we have additionally defined

CL=—C)=l+a,
Co=-Cy=1—rz,
di =dy =y +b,
d3=dy =y —0b.

This is a ready-to-use formula with which the magnetic field’s z-component is readily
calculated. In the same way the magnetic field’s x- and y-component can be written as

4 i+1 4 i+1
ol (—=1)"*tz ol (=1)*z
B,="—"— —_ and B, =— : . (2.6
T 4r ; lm (ri+d;) V" 4rm ; ri - (ri + (=1)7*1Cy) (26)
For a scenario with multiple parallelly arranged coils of the same dimensions, the individ-
ually generated fields can simply be summed up as

Bj,tot = ZBj(I_xkay_yk’z_Zk)7 (27)
k
where j denotes either =,y or z and the coordinates xy, yx and z; denote the coordinates
of the centre of each coil that is considered for the sum. This formula allows for an easy
calculation of magnetic fields that we would expect from rectangular Helmholtz coil pairs,
such as the ones as described in sections 3.2.2 and 3.2.1.

2.2 | Magnetic Shielding Theory

In this section we look at the basic concepts of magnetic shielding theory, in order to have
an idea how our implemented MuMetal shielding works.

Electromagnetic fields do not penetrate all materials equally well. With the right choice
of material and geometry of a so called magnetic shielding, electromagnetic fields can be
partially prevented from propagating to a certain area, the so called shielded region. This
effect can be used for either containing electromagnetic fields in a certain region or vice
versa to keep electromagnetic fields away from a certain region (as shown in illustration
2.1).

Shielding Shielding
(( ) field free zone ((( )))) field free zone
Electromagnetic Electromagnetic
source source
(a) (b)

Figure 2.1.: Electromagnetic shieldings can either be used to confine an electromagnetic
field within a certain region (a) or to shield a specific zone from external electromagnetic
fields (b).

The shielding effectiveness can generally depend on the frequency of the emitted electro-
magnetic field, the shielding’s material parameters and the shielding’s geometry [20]. It



2. Theory

is measured e.g. by comparing the magnetic field strength |§ | at a certain point within
the deliberately shielded region in the presence and the absence of the shielding, i.e. we
define the shielding effectiveness as

B
SEp = |q°(7?|, (2.8)
| Bs ()]
where |By(7)| is the magnetic field strength at a certain spatial point within the shielded
region in the absence of the shielding and |Bg(7)| the magnetic field strength at the same

spatial point but with the shielding in place’.

There are two main effects that contribute to the shielding mechanism of a material, i.e.
fluz-shunting and eddy-current cancellation. The effect which is dominant, again, generally
depends on material properties and field frequency.

Flux-Shunting

To understand how the so-called flux-shunting effect comes into place, consider a static
electric field for which the Maxwell equations state that

V-B=0, VxB=0. (2.9)

Thus, the magnetic flux density B is curl- and divergence-free. The same can be said for
the magnetic field strength H, since it is in relation to the flux density by

— —

B =pu(H)H, (2.10)

where p is the magnetic permeability that can be dependent on the magnetic field strength
in general and is a material property that measures the magnetisation of the given material
after an exposure to an applied magnetic field.

In a magnetic shielding configuration where a material with magnetic permeability g
is in use, following Maxwell’s equations, we can state that the normal component of the
magnetic flux density B , as well as the tangential component of the magnetic field strength
H have to be continuous across the entire shieldings surface [21]. These conditions give
rise to the flux-shunting effect. As B = uﬁ has to hold within the shielding material
and B = ,uoﬁ has to hold in the surrounding air at the same time, the B-field and the
H-field are perpendicularly ’drawn’ into the shielding on the air-side, whereas inside the
shielding they are tangentially redirected with respect to the surface. As a consequence,
magnetic flux is pulled towards magnetic shields with high permeability and shunted along
the shielding, nearly parallel to its surface. The effect of flux-shunting is visualised in figure
2.2a.

Eddy-Current Cancellation

If non-static magnetic fields are involved, a second shielding effect becomes relevant. Ac-
cording to the Maxwell-Faraday equation a time-varying magnetic field is accompanied
by a spatially varying electric field. Thus, within the shielding, currents will be induced

'n certain literature also the following expression is used for the shielding effectiveness:

B
SEp = 20log,, ( |§O((?)||)
5

Furthermore, for the non-logarithmic expression also the inverse ratio is used sometimes, such that a
low shield effectiveness value corresponds to a strong shielding. In this thesis we stick to the expression
in equation 2.8.
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by the time-varying magnetic field. Now, according to Lenz’s law, the induced currents
generate a magnetic field themselves, which will directly oppose the change of the varying
external magnetic field. The two magnetic fields will cancel out each other to some extent,
depending on the resistance of the shielding material, which dictates the strength of the
induced current. A visualisation of the eddy current cancellation can be seen in figure
2.2b.

An analytical calculation for the shielding factor of a given shield is, generally speaking,
quite complicated and only possible for very simple shield geometries, as Maxwell’s equa-
tions have to be solved analytically. For geometries that are more complex than e.g. an
infinite sheet or a simple sphere or cylinder, we have to rely on numerical methods to
calculate the shielding effectiveness such as FEM simulations.

However, as a cylinder is a structure that is comparable to our used BeamEDM shielding
set-up, we look at the analytically solved shielding effectivity of said structure in the
following section.

(a) Flux-shunting for a static magnetic field (b) Eddy-current cancellation for an alternating magnetic field

Figure 2.2.: The two main mechanisms responsible for magnetic shielding, (a) flux shunting
and (b) eddy-current cancellation, schematically shown by means of field lines arrangement
for a simulated ring-shaped shielding.

2.2.1 | Static Magnetic Field Shielding in Ideal Set-Ups

For simple shielding geometries such as spherical shells or infinitely long cylindrical tubes
exposed to static magnetic fields the shielding factor from equation (2.8) can easily be cal-
culated analytically [22, 23]. For a cylindrical shielding with a large relative permeability
W, i.e. > 1, and a thickness d that is much smaller than its diameter D, i.e. d < D,
exposed to a surrounding static magnetic field that is applied in a transversal direction to
the shielding’s orientation, the shielding factor St can be calculated by
~ hd

St = B—i—l. (2.11)
This shielding factor applies only for field strengths B for which the magnetic shielding
does not saturate. This is particularly relevant for thin-walled shieldings and for high
field strengths. Saturation of a material is reached, when increasing the applied external
field strength H does not increase the magnetisation of the material anymore and its
permeability u goes to 1 again. Below the point of saturation where p > 1 the magnetic

10
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flux which is redirected by the shielding is doubled and shared out to two walls. The
magnetic flux B within the walls with thickness d is therefore given by

DB
B~ =2 Be=pmol, (2.12)

where B, and H, are the external magnetic fields, respectively the external magnetic flux
density (effect well visible in figure 2.2a). Using the result for the transversal shielding
factor St, a similar value for a transversely applied static magnetic field can be derived
using the so called demagnetising factor N [22], which is a purely geometric factor defined
by the length-to-diameter ration p = % of the cylindrical shielding [24], and is given by

In Vo2 —1
N(p)=@p*-1~" (p [Zi/% ]—1>.

Using the demagnetising factor NV, the longitudinal shielding factor for a cylindrical shield-
ing can be calculated from the transversal shielding factor St as

(2.13)

Sy =4NSr + 1. (2.14)

As for a infinitely long cylinder, i.e. in the limit of p — oo, the demagnetising factor N
approaches zero (im N = 0), one can see that only a cylindrical shielding of finite length
has an ability to shield longitudinal magnetic fields, where for an infinitely long cylinder

the shielding effect vanishes for longitudinally applied fields.

Two-layer Shielding

Following the previous discussion of shielding magnetic fields using a single layer shielding,
one can conclude from equations (2.11) and (2.14) that the shielding efficiency can be
increased by either increasing the relative permeability p of the used material or the
shieldings thickness d. Another solution to achieve a potent magnetic shielding is to
use several layers of magnetic shielding. For example, for a shielding set-up using two
cylindrical layers of the same thickness d, inner radii Dy and Dy (D7 < D3) and transversal
shielding factors of St; and S72, the total shielding factor of the set-up St can be
calculated as [25]

D2
ST tot = ( — Dé) St1572 + ST1 + ST2 + 1. (2.15)
2

From this equation we can see that the combined shielding factor of two individual shields
has two contributions; on one hand we have the individual shielding factors directly adding
up together, and on the other hand we have the first term in equation (2.15) which is a
multiplicative combination of the two individual shielding factors. Therefore, in some
cases, it can be much more efficient to add a second layer to a shielding to improve it,
instead of e.g. choosing a thicker single layer shielding [26].

2.3 | Measuring Magnetic Fields with a Fluxgate Magne-
tometer

There are several ways to measure a magnetic field’s direction and strength, where the

most common ones make use of Hall effect sensors, optically-pumped atomic magnetome-

ters (OPMs) or so called fluxgate magnetometers, the latter one being the one of interest
for us as we use this kind of magnetometers in our experiment.
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2. Theory

A fluxgate magnetometer can be used to determine the direction and the strength of an
external magnetic field. Depending on the design of the fluxgate field strengths between
0.1nT and 1 mT can be measured [27]. The main component of a fluxgate magnetometer
is built of two magnetically soft cores that are wrapped by two receiver coils, as it is
schematically shown in figure 2.3. The windings of the coils are in opposite direction, so
that the induced voltages from an external magnetic field cancel out each other.

Primary Secondary
Circuit Circuit
Core 1
JANVANVAN AN

Figure 2.3.: Schematic drawing of a fluxgate magnetometer. Source: [28]

The two coils are divided into an active primary coil and a passive secondary coil. An
alternating electric current is passed through the primary coil, which pushes the magnetic
cores into alternating states of being magnetised, unmagnetised, inversely magnetised and
unmagnetised again. The alternating magnetisation of the core induces an electric current
in the secondary coil. This current can be registered and will provide information about
the presence of a magnetic field with a component that is parallel to the magnetically
soft cores. This is because in the presence of an external magnetic field that is parallelly
aligned with the field produced by the primary coil, the magnetic saturation of a core is
reached faster than in the absence of a field. In the same time, the field will be antiparallel
to the field of the other winding, which will lead to a slower magnetic saturation of the
core. The asymmetry between the saturation of the cores leads to a signal measurable by
the secondary coil, which is proportional to the external magnetic fields strength.

The fluxgates that were used for the measurements documented in this thesis (Stefan
Mayer Instruments, FLC3-70) are triaxial fluxgate magnetometers, meaning they contain
three orthogonally arranged coil-core pairs with which the magnetic field vector can be
measured relative to the fluxgates orientation. The FLC3-70 is optimised to measure
magnetic fields in the range of +200 pT and is sensitive for static as well as alternating
magnetic fields with frequencies of up to 1kHz [29)].
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3 | Description of the Experimen-
tal Set-Up as Installed in Bern

3.1 | Aluminium Scaffold

The aluminium scaffold is the skeleton of the BeamEDM experiment. Within the alu-
minium structure the experiment’s key components are installed and held in place. The
scaffold is built up in a modular way with its components being 1m x 1m x 1m cubes.
Inside the base frame of a cube several additional item profile bars are mounted. Pri-
marily the item profiles form a centred sector within the cube, which will serve as the
mounting structure for the beam pipes containing the electrode stacks for the BeamEDM
experiment and further important components, such as beam apertures, spin-flippers and
fluxgate magnetometers. Furthermore, the item profiles also serve as rails for the later on
described magnetic field mapper (see section 3.3). In figure 3.1 a render of the assembled
cube stack is shown with the design that was used for the measurements documented and
referred to in this thesis. It consists out of six regular cuboid components, with the two
end components having additionally attached half-cubes.

Figure 3.1.: A rendered image of the fully assembled aluminium scaffold, containing six of
the modular building blocks and the two custom end pieces. The so called upstream end
where the neutron beam will the experimental set-up is labelled with @, the downstream
end where the BeamEDM’s spin analyser and detector will be installed is labelled with (3).
In between, six identical aluminium cubes of length 1 m are installed ((2)).

Rendered pictures of a regular intermediate cube are shown in figure 3.2. Also the inner

structure of a cube is readily visible in the front view render. The outer side length of the
centrally formed cuboid structure is 57 cm, as indicated in figure 3.2b.
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3. Description of the Experimental Set-Up as Installed in Bern

wd /g

(a) Orthogonal view render (b) Front view render

Figure 3.2.: Rendered pictures of a single cuboid component of the modular aluminium
scaffold. The outer framework with a side length of 1m features an inner structure that
is used for the installation of vacuum pipes for the BeamEDM experiment. In (b) the U-
shaped channels used for the installation of beamline coils (see section 3.2.1) can be seen.
The two pieces mounted on the horizontal bar at the centre part are used for the installation
of fluxgate magnetometers responsible for the monitoring of the magnetic field during nEDM
data taking.

Once assembled to a single structure, the whole line of cubes is put onto pairs of legs,
that are attached at the intermediate sections between two cubes and, to some extent,
hold together the cubes. The legs are adjustable in height each on its own such that a
horizontal alignment of the whole set-up can be guaranteed.

Ending Pieces

Both cubes on the ends have a special attachment each, that serve as a framework for
instruments that need to be mounted prior and subsequent to the magnetically shielded
beamline, such as BeamEDM’s neutron detector or its neutron beam apertures. Further-
more, an additional aluminium RF shielding has been designed that can be attached at
the ending pieces. The details for the RF shielding are described in section 3.4.3. A CAD
render of both special ending parts can be found in figure 3.3.

(a) Upstream end

(b) Downstream end

Figure 3.3.: Rendered images of both special ending parts, attached to the respective
cube. In (a) the upstream ending is shown, which serves as a mounting aid for neutron
beam apertures used in the BeamEDM experiment, inter alia. In (b) the larger downstream
ending is shown. The present aluminium plate and the profile bars on top of it are used for
the installation of the spin analyser.
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3. Description of the Experimental Set-Up as Installed in Bern

3.2 | Magnetic Coils

For the BeamEDM experiment a magnetic field of constant magnitude and direction is
required within the beam line (as described in section 1.1) which is produced by Helmholtz-
like magnetic field coils that are installed inside the aluminium scaffold. Three such coil
pairs have been installed so that magnetic fields can be generated in all three directions
independently.

Furthermore, to determine the shielding efficiency of the later on installed MuMetal shielding
for externally generated magnetic fields, additional Helmholtz-like magnetic coils have
been installed in the laboratory. Again, for each direction a coil pair has been installed.
Both sets of magnetic field coils are described in the following section.

3.2.1 | Beamline Coils

For the purpose of the generation and stabilisation of a constant magnetic field for the
BeamEDM experiment, three pairs of so called beamline coils are installed within the
aluminium scaffold, a pair for each direction, i.e. longitudinal, horizontal and vertical.
The coil pairs can be controlled independently. All three coil pairs are simultaneously
used for magnetic field generation but also active field stabilisation. The coil windings
are, therefore, split up into separate pairs, that are controlled independently as well. In
this thesis, however, only the field generation part is described and discussed, whereas the
magnetic field stabilisation is not part of the discussion.

Longitudinal Field Coil

The magnetic coil that produces and controls the magnetic field along the longitudinal
direction consists out of a single cable with five cores (nominal wire size of 1 mm? per core)
in it, that is being wound around the aluminium frame as indicated in figure 3.4. For our
measurements four wires are used for the magnetic field generation and the fifth wire is
used for magnetic field stabilisation.

The entire longitudinal coil is made from a single cable. The coil winding is designed
in such a way that the magnetic field generated by the cable part leading forth and the
part leading back roughly cancel out each other. The distance between two coil loops is
approximately 20 cm.
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Figure 3.4.: Longitudinal coil winding scheme illustrated on a single cube. The distance
between the loop windings is 20 cm.
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3. Description of the Experimental Set-Up as Installed in Bern

Vertical Field Coils

The magnetic coils in vertical direction are the main coils of the BeamEDM experiment.
A field of about 220 nT is desired in the vertical direction [16], which enforces the Larmor
precession of the neutrons that are exposed to it. The vertical field coils are built up in a
different modular way than the aluminium scaffold, as the individual coil components are
of 2m length. The main components consist of an aluminium U-channel that contains a
bundle of nine cables. With each cable containing five copper wires (nominal wire size of
2.5 mm? per wire) we have a total amount of 45 windings available for both, the generation
and stabilisation of vertically directed magnetic fields. Each cable ends in a polyamide plug
and socket connector (160 BU/ 5 DSS) on each end. Due to the size of the connectors,
bulges of wire form at the interconnecting pieces, as shown in figure 3.5b. At each ending
of the aluminium scaffold custom shaped aluminium U-channels are used to close the coil
loop. On the upstream end the coils reach out 60 cm out of the main scaffold structure,
whereas on the downstream end the coils reach out 100 cm of the structure. This is also
indicated in figure 3.5a.

Out of the 45 available wire windings, 35 are used for the field generation and five are used
for the magnetic field stabilisation. The remaining five are used for the generation and the
stabilisation of a magnetic field gradient along the vertical direction. The gradient field
coils can either be used to compensate for an unwanted occurring magnetic gradient field
during EDM measurements or for controlled monitoring of systematic effects of such a
gradient field. The respective gradient field loops in the lower coil are therefore connected
in opposite winding direction to the loops in the upper coil. Four of the five wire windings
are assigned for the gradient generation while the remaining single winding is used for the
stabilisation of the gradient field.

(a) Vertical beamline coil scheme
(b) Wire connector bulge

Figure 3.5.: A schematic illustration of the design of the vertical field beamline coils high-
lighted in blue is shown in (a). On both ends the coil loops reach out of the main scaffold
structure, as they extend up to the very end of the custom end pieces. In (b) a bulge is
shown that forms after the first, third and fifth cube, due to the size of the used 160 BU
socket connectors.

Horizontal Field Coil

The coil pair for the horizontally directed magnetic field is build up in a similar way like
the vertical coil. The difference is, however, that the coil loop is built up from the same
type of cable as the longitudinal field coil (nominal wire size of 1 mm? per core) which is
arranged together in an accordingly smaller aluminium U-channel. Furthermore, the bars
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3. Description of the Experimental Set-Up as Installed in Bern

are only of a length of 1m and a different type of connectors is used, i.e. 4.2mm Pitch
Mini-Fit Jr. connectors. Unfortunately, these connectors feature a much higher electrical
resistance than those of the vertical coil, which has to be considered in the choice of
power supply. The coil loops are closed with a U-channel bar that is attached vertically
to the outer side of the ending cubes. These U-channels are flush to the item profiles
that are on the edge level of the MuMetal shielding and therefore are not enclosed by any
MuMetal shielding. This is also shown in figure 3.6.

Figure 3.6.: A schematic illustration of the design of the horizontal field beamline coils that
are highlighted in blue.

Power Supply and Resistances

The beamline coils for the longitudinal and horizontal field generation are each powered
independently by a KEYSIGHT E363/A DC Power Supply. The main beamline coil for
the vertical field generation is powered by a FUG NTN 1400. To reduce the signal that
is being picked up by the beam line coils from electromagnetic induction (documented in
detail in [30]) additional 200 2 power resistors are connected in series with the coil. This
is not further discussed, as for static field measurements, on which this thesis focuses on,
the induction of signals is negligible.

The electrical resistances of the beamline coils have been measured and are documented
in table 3.1.

Field Type Cable Wind. | Wire Wind. | Resistance
Longitudinal (B Set) 1 4 13.1 0
Longitudinal (B Stab) 1 1 3.2 Q
Horizontal (B Set) 8 40 77.1Q
Horizontal (B Stab) 1 5 10.2 Q
Vertical (B Set) 7 35 10.9 ©
1
1
1

Vertical (B Stab) 5 1.8 Q
Vertical grad. (AB Set) 4 1.6 Q
Vertical grad. (AB Stab) 1 0.7 Q

Table 3.1.: Measured resistances of each beamline coil loop pair. For each direction a coil
pair is present for field generation (B Set) and for field stabilisation (B Stab). For the
vertical direction a gradient field (AB) can be generated and stabilised additionally.
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3. Description of the Experimental Set-Up as Installed in Bern

3.2.2 | Room Coils

The room coils are installed as sketched in figure 3.7. The Helmholtz-coil pairs for the
magnetic field generation in horizontal and vertical direction are made from two rectangu-
lar coil loops wound along the floor and ceiling (11.9m x 4.2m), and along the side walls
respectively (11.9m x 3.4m). For the generation of the longitudinally directed magnetic
field four rectangular coil loops are installed parallelly to the front and back walls (4.2m
X 3.4m) in a roughly equidistant manner, where there is a 4 m spacing between each coil
loop.

Due to the presence of a pillar at a position in the laboratory where one of the longitudinal
coils should pass along, the one coil loop positioned near the upstream end of the scaffold
features a buckling, as indicated in figure 3.7.

All coil loops have the same number of windings (N = 5) as they are made from a
single wound five-core cable type (nominal wire size of 2.5mm? per wire core). They
are powered with a KEPCO BOP 20-20DL power supply. The power supply can be
remotely controlled via the same LabVIEW VI that also controls to magnetic field mapper
measurements, where an additional waveform generator is interposed between the KEPCO
and the controlling PC. In this way the mappers measurement plan can be synchronised
with e.g. the frequency of the generated room coil field.

To get an idea about the magnetic field strength that is generated by Helmholtz coils of
such geometries as we have them in the laboratory, with the theory of section 2.1 we can
calculate the expected field strength e.g. at the very centre of the unshielded aluminium
scaffold. The calculated values are listed in table 3.2.

Longitudinal | Horizontal Vertical
1.283 pT/A | 1.004 pT/A | 1.247 uT/A

Table 3.2.: Theoretical magnetic fields at the room’s centre reached by perfect Helmholtz
coils with comparable geometries.

Figure 3.7.: A rendered sketch of the simplified room coil arrangement scheme. The longi-
tudinal (green), horizontal (red) and vertical (yellow) coil pairs can be seen surrounding the
MuMetal shielding. The longitudinal coil on the further end (upstream end) has a buckling
in it, due to the window configuration in the laboratory. This buckling is shown here as well.
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3. Description of the Experimental Set-Up as Installed in Bern

3.3 | Mapper

To measure magnetic fields within the set-up the so called mapper has been used. The
mapper is a wagon-like device that essentially carries five fluxgate magnetometers (Stefan
Mayer FLC3-70) and can be remotely controlled to move along rails in the centre scaffold-
part. Besides the fluxgates, the mapper also carries an Intel NUC to which the fluxgate
data is transmitted via a National Instruments DAQ device (USB-6212, NI Multifunction
I/O DAQ) as well as two LiPo batteries to supply the devices with power. The whole
wagon is attached to two lashing straps that are wound around reels such that the mapper
can be moved through the set-up by a remotely controllable step motor ( Trinamic Motion
Control QSH6018-86-28-310).

o
» lllll!llllllll )

(a) Frontside of the mapper (b) Backside of the mapper

Figure 3.8.: On the frontside (a) of the mapper we can see the five fluxgates in their cross-
shaped arrangement. The fluxgates are connected to the NI DAQ device on the backside
(b), via the purple patch cables. On top of the DAQ lies one of the two LiPO batteries that
powers the DAQ. On the right-hand side the INTEL NUC is installed with its own LiPo
battery lying on top of it.

Fluxgate Arrangement

The five FLC3-70 fluxgate magnetometers are mounted on a plastic plate as shown in
figure 3.8a. All five of them are oriented in the same direction and labelled with Top,
Bottom, Left, Right and Centre, according to their respective position on the plate. The
centre fluxgate is positioned so that its own centre is roughly aligned on the central axis of
the aluminium scaffold and its indicated coordinate system corresponds to the beamline
coordinate system. The central fluxgate is horizontally centred, however, vertically, its
centre lies 7.5 mm below the central axis of the beamline area. Between the centre of the
central fluxgate and the centres of the surrounding fluxgates there is a 6 cm distance.

Remaining Parts; DAQ, PC, Batteries

The five fluxgates are connected to a National Instruments DAQ device (USB-6212). For
all three axis the fluxgates put out a voltage that is proportional to the applied magnetic
field component. The NI DAQ device measures the difference between the output axis-
signal and the so called reference signal OUT-, which is provided by the fluxgates and is
equal to half the operating voltage, i.e. OUT- = V*;V* , where V is the supply voltage of
15V and V_ is the supply ground. With five fluxgates we have 16 assigned channels that
are measured simultaneously with the DAQ in Referenced Single Ended (RSE) Terminal

Configuration, 5 x 3 axis signals on AI0 - AI14 and the ground reference on AI15/AI
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3. Description of the Experimental Set-Up as Installed in Bern

GND. An externally placed battery (SWAYTRONIC 5200mAh 14.8V 4S LiPo) delivers the
necessary supply voltage for the fluxgates. Via USB connection the NI DAQ is connected
to an Intel NUC (NUC5CPYH) on which the DAQ software runs. The Intel NUC is
powered by its own LiPo battery (Gens Ace 5500mAh 14.8V 50C 4S1P Lipo). All these
devices are mounted on the mapper wagon as well, as shown in figure 3.8. Furthermore,
for certain measurements, two LiPo-checkers ( Yuki Model 700227) were connected to the
batteries, which allowed for a monitoring of the battery level.

Moving the Mapper through the Set-Up

With two tensioning belts that are attached to the mapper and strained to rolling axes on
both ends of the set-up, the mapper can be moved through the whole set-up by a motor
that rotates one of the two axes. The step motor can turn the axis in steps of 1.8°. The
starting and end point of a measurement series is defined by two physical switches that
are installed at two defined positions on the mapper’s tracks. The mapper’s position is
measured with a laser distance measuring device (UNI-T UT390B) that is attached to
one of the two rails the mapper rolls on. The laser measuring device measures the relative
distance from the laser itself to a defined spot on the mapper wagon (indicated by a cross
on the bottom right in figure 3.8a). By knowing the exact position of the laser device
within the aluminium scaffold itself, the mapper’s position can be determined from the
laser distance measurements.

Physical start
switch for mapper

WLAN Router

Figure 3.9.: The unshielded experimental set-up as seen from the upstream end. Here,
the mapper is in the middle of a magnetic field map, moving to the downstream end of the
beamline. The laser distance measuring device and the physical start/stop end switch can
be seen as indicated, as well as the WLAN router in the lower middle. Furthermore, the
main beamline coils pair, generating the vertical magnetic field, is indicated in the picture.

20



3. Description of the Experimental Set-Up as Installed in Bern

Communication between the Devices

The PC running the LabVIEW software is directly connected to the roomcoil’s power
supply and its waveform generator, to the laser distance measuring device, to the mapper’s
motor and to a WLAN router which is mounted at the upstream end of the aluminium
scaffold, as shown in figure 3.9. The router allows for a wireless connection between the
LabVIEW PC and the mapper’s Intel NUC. For each measurement the LabVIEW PC
transmits the relevant measurement information to the NUC, such as the start signal for
each measurement and the smapling rate with which the measurement should be taken.
Furthermore, also the distance measured by the laser device is transmitted to the NUC,
on which it is the saved locally together with the recorded raw fluxgate data.

3.3.1 | The Controlling LabVIEW VI

The measurements are performed and controlled through a LabVIEW VI that controls
all the measuring devices and delivers all the relevant data not measured on the mapper
itself to the mapper’s NUC where it is saved it locally. For a set of measurements a
fluxgate sampling rate (i.e. the read out frequency of the NI DAQ channels) as well as
the total amount of samples per stop is determined in the VI. This then also determines
the measurement time per stop of the mapper. For each stop, a data-file is generated that
contains the sample rate and the number of the total amount of samples in its header,
while the measured voltages for the 16 DAQ readout channels (AI0 - AI15) are saved in
the data file together with the measured position of the mapper. This measured position
is the average of two measurements taken by the laser position meter during one mapper
stop. Furthermore, the VI controls the motor that steers the mapper, where the amount
of motor-steps that are taken between two mapper stops can be adjusted within the VI.
The starting point and the end point of a measurement series are given by two physical
switches that are at fixed positions on the mapper’s tracks. The starting point switch can
be seen in figure 3.9. Once the mapper triggers these switches they send a stop signal to
the mapper’s motor, which the reports this event to the controlling VI. This allows the
LabVIEW VI to determine if the mapper is ready to start a new measurement cycle or if
the mapper has reached the end of said cycle.

For the AC magnetic field measurements the VI also controls the frequency of the magnetic
field generated by the room coils, by remotely controlling a waveform generator (Keysight
335008 Series Waveform Generator) that then controls the roomcoils’ power supply. A list
of frequencies can be passed to the VI, so that a new measurement series is automatically
started once the mapper reaches its end point for a measurement series for a given field
frequency. The field’s frequency per series is saved within the data file name.

For a measurement the following parameters can be controlled and set within the VI
control software:

e Sample rate of fluxgate measurements

e Number of samples to take during one measurement step

e Distance between mapper stops during a measurement series

e Number of Laser distance meter samples to average over per mapper stop
e Current strength to power room coils with for static field measurements

e Amplitude and frequency of AC current through room coils

e Name and storage path of generated data file on the mapper’s NUC

Together, the sample rate and the number of samples to take during one mapper stop
determine the measuring duration stop. While measuring low frequency AC fields one has
to take into account to choose measuring times long enough to record at least half of the
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3. Description of the Experimental Set-Up as Installed in Bern

desired AC signal in order for it to be analysable properly without a large uncertainty.
This is discussed in more detail in [30].

3.4 | Passive Magnetic Shielding

To reduce systematic effects in the BeamEDM experiment’s measurements, we want to
have a magnetic field along the beam line which is as homogeneous as possible (see section
1.1). Therefore, we need to reduce externally generated magnetic fields, i.e. fields that
are not produced by our main beamline coils, as much as possible. This is done with a
passive magnetic shielding which is installed on the outside of the aluminium scaffold. We
install two types of passive magnetic shields, a primary two-layer MuMetal shielding and
a secondary RF shielding made from aluminium. Only the MuMetal’s shielding efficiency
is characterised within this thesis.

3.4.1 | MuMetal Shielding

To shield the interior of the aluminium scaffold from static magnetic fields and low-
frequency AC fields we make use of a passive MuMetal shielding. MuMetal is an alloy
made from nickel, iron, copper and molybdenum [31]. It has a very high relative (mag-
netic) permeability p in the range of 50'000 — 800’000 [32]. Therefore it is an excellent
material for magnetic shielding for static and low-frequency magnetic fields (see section
2.2).

The shielding, manufactured by Magnetic Shields Ltd, is made from 24 MuMetal shielding
panels. Each panel consists of two layers of MuMetal (1.5785 mm thickness), separated by
19mm of nonconducting insulator material made out of PVC foam plates. Each regular
panel is quadratic with a side length of 998 mm. Non-regular panels, i.e. the panels de-
signed for the bottom side of the shielding, feature holes in it designated for the scaffolds
feet to fit through. The shielding panels are directly mounted onto the aluminium scaf-
fold using aluminium bolts. A rendered image of the full shielding without the scaffold
can be seen in figure 3.10. The shielding covers the whole side length of the aluminium
scaffold. For each modular cube of the scaffold there are four quadratic panels that are
attached to the outer sides. To have a gap-less two layer shielding along the complete
beam line, the gaps between two panels and at the cubes’ corners are covered by addi-
tional MuMetal pieces, on the inside and on the outside.

There are five panels that feature feedthroughs for either the BeamEDM’s high voltage
(HV) connection or for the vacuum pump connection (not shown in the rendered shielding
image). With a diameter of 25 cm the single HV feedthrough is larger than the four 10 cm
diameter vacuum pump feedthroughs. For all measurements except the ones from section
4.3.3, the feedthrough holes have been covered with two MuMetal lids.
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Figure 3.10.: A rendered image of the full MuMetal shielding without the aluminium scaf-
fold. The six two-layer plates on each side are connected with additional MuMetal plates
that cover the gaps. Corner-pieces bridge the gaps at the corners between two shielding
plates, on the inside and on the outside. The bottom panels feature certain cut-outs that
allow for the aluminium feet to be installed. These holes are not covered by MuMetal .

3.4.2 | Feedthrough Tubes

For the BeamEDM experiment, several lateral accesses to the beamline are needed in
order to have access to the vacuum pipes and to deliver a the high-voltage, once the
MuMetal shielding is installed. Therefore, as previously mentioned, five MuMetal panels
have opening caps, where single layer MuMetal feedthrough tubes can be attached. A
render of the shielding where all feedthrough tubes are installed is shown in figure 3.11.
The large feedthrough tube has an outer diameter of 25 cm and a length of 75 cm, whereas
the smaller feedthrough tubes have outer diameters of 10 cm and lengths of 30 cm. Their
centres are located at exactly 25 mm distance from their respective near cube edge, hori-
zontally. Vertically, they are centred within their respective shielding panel. The impact
of the feedthrough tubes on the shielding effectiveness for static magnetic fields is docu-
mented in section 4.3.3.

Figure 3.11.: A top-view render of the shielding, where all five feedthrough tubes are
installed. The small vacuum pump feedthroughs are installed directly opposite to each
other. Every feedthrough tube is vertically centred on their respective shielding plate. The
left-hand side represents the upstream end, the right-hand side the downstream end.
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3.4.3 | Aluminium RF Shielding

As apparent in figure 3.5a, the vertical beamline coil pair protrudes out of the MuMetal
shielding. This makes it vulnerable for picking up external AC fields which then induce
unwanted signals into the coil which then also transmit into the shielded beamline area.
To reduce this effect, additional aluminium shielding was installed at both ends of the
beam line. Since the aluminium RF shielding is not of importance for the static field
measurements on which this thesis lays focus on, the RF shielding set-up is only described
for the sake of completeness and will not be discussed further in detail. The documentation
of the according measurements can be found in [30].

The aluminium plates which make up the RF shielding, coloured in yellow in figure 3.12,
are cut out from raw aluminium plates of 4 mm thickness. They are directly mounted onto
the respective ending pieces of the aluminium scaffold and electrically connected to each
other using aluminium tape.

(a) The upstream end’s RF shielding (b) The downstream end’s RF shielding

Figure 3.12.: Rendered pictures of both end pieces with their respective aluminium RF
shieldings. The RF shielding’s components are coloured in yellow.

3.5 | Room Geometry Kryolab

All the preliminary measurements of the shielding listed in this thesis have been conducted
in the same room (Kryolab, ExWi Bern). A schematic drawing of the room including the
positioning of the whole set-up within the room and the position of the room coils can be
seen in figure 3.13.

Additionally, there are potentially magnetic structures present within the laboratory that
could have an effect on the measurements. As shown in picture 3.14 there is a large
ventilation shaft, a crane rail and several gas pipelines installed in the proximity of the
aluminium scaffold. The magnetic behaviour of these parts has not been investigated.
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Figure 3.13.: A simple top view sketch of the room dimensions of the laboratory at the
University of Bern. Indicated are some relevant distances that situate the experimental set-
up within the laboratory. The room coils are indicated in green. The room height measures

3.7m.

R

Figure 3.14.: Potentially magnetic parts within the laboratory that are installed on the
ceiling, such as the ventilation shaft or the crane rail. The picture is taken from the upstream

ending’s side.
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4 | Measurements and Simulations

In this chapter, the results from the static magnetic field measurements are presented.
First, the results from the measurements with the unshielded set-up, i.e. the raw alu-
minium scaffold without MuMetal shielding installed, are shown. In a second part, the
results from the measurements conducted with the installed MuMetal shielding are pre-
sented. The results from both measurement series are then compared with each other in
order to characterise the MuMetal’s shielding capacity in terms of shielding factors.

For both, the unshielded and the shielded case, an example of raw data and its step-by-step
processing is displayed in order to get an idea of how the shown magnetic field maps along
the beamline are actually obtained. Afterwards, for each set-up, magnetic field maps are
demonstrated for all three directions of magnetic fields generated by the room coils.
Furthermore, also the field generated by the main beamline coil (vertical field direction) is
measured in both, the shielded as well as the unshielded case. The results are compared
to see how the presence of the shielding impacts the generated magnetic field within the
beamline area. For the shielded scenario we then investigate whether the magnetic field
meets the demands we have for the BeamEDM experiment to take place in regards of field
homogeneity and occurring field gradients.

For coil generated static field measurements the background field of each respective mea-
surement has been subtracted by measuring both field polarities per coil and calculating

B +B —(B_-+B B, —B_
Bmeasurement = |( i bckg) 9 ( bCkg)‘ = ’ u 9 |7 (41)

where By and B_ are the individuals fields generated by the coils for both polarities and
Bickg is the present background field. The shown measurements have been conducted
with a constant motor step size of about 5’000 which translates into an approximate 5cm
distance between the field measurements. For all of the subsequently shown plots the
measurement points are linearly interpolated. Each measurement point results from a 2
second measurement with a 10 kHz sample rate. In all plots of mapped data where the
x-axis is labelled with ’'Distance along the Beamline [m]’, the zero position of the mapper
respective to the graph’s x-axis is at the upstream end of the beamline.

4.1 | Measurements of Unshielded Magnetic DC Fields

The measurements in this section refer to measurements conducted with the unshielded
set-up, i.e. neither MuMetal nor aluminium RF shielding was installed during the mea-
surements.

4.1.1 | From Raw Data to Magnetic Field Maps

With a fluxgate sample rate of 10kHz and a measurement duration of 2 seconds per
mapper stop, the magnetic field along the complete beamline is measured in 92 discrete
steps. For the measurement taken at the centre of the beamline, the raw data recorded
by the centre fluxgate is shown in figure 4.1, where only a constant offset value has been
subtracted from that has been determined for every fluxgate in use (see Appendix A).
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Figure 4.1.: The 20’000 data points per axis recorded by the centre fluxgate during the 2
second measurement at the central position along the beamline (corresponding to z = 3m
on figures 4.4 - 4.6.) away from the beamline start. The only conversion that has been
made is to multiply the originally stored voltages with the respective conversion factor of
the FLC3-70 fluxgate in order to plot the measured magnetic field. The railway power line’s
16.7 Hz background signal is clearly visible in the signal.

It can be readily seen that the strongest AC signal contribution is coming from a ~17 Hz
signal. This is an expected noise signal at the ExWi laboratories, as the SBB’s high voltage
railway electrification system is operated at exactly 16.7Hz. Besides that, the signal is
very noisy and is smeared out by a high frequency signal component with an amplitude
of approximately 150nT. This effect originates in aliased noise of the fluxgate excitation
frequency and is not intrinsically physical. The effect is discussed in detail in [30]. To get
rid of this high frequency sinusoidal noise, a digital fifth order low pass Butterworth filter
with a cutoff frequency of f. = 1’000 Hz is applied to the data, which effectively removes
the aliased noise. The filtered signal is shown in figure 4.2.

The further contributing frequencies are then made apparent by Fourier transforming
the signal using Numpy’s one-dimensional n-point discrete Fourier transformation for real
valued arrays (numpy.fft.rfft). The obtained Fourier coefficients can be converted to the
respective magnetic field strength’s of the corresponding field frequencies and are shown
in figure 4.3. To gain a higher resolution on the Fourier frequency-spectrum, the 2 second
signal is zero-padded to a 10 second signal, so that we are able to resolve frequencies in
steps of 0.1 Hz. As a consequence, wavey structures show up around the main peaks in the
Fourier transform, which are not directly physical but only artefacts of the zero-padding
signal processing [33].
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Figure 4.2.: The recorded data from figure 4.1 with a digital fifth order low pass Butterworth

filter (cutoff frequency at 1kHz) applied to it, in order to remove aliased noise of the fluxgate
excitation frequency.
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Figure 4.3.: The Fourier transformed signal which shows the main signal contributions at
16.7Hz and 50 Hz. The rippled envelopes around the peaks are artefacts of zero-padding.
Furthermore, the dominant harmonics of the main frequency show up at odd multiplicatives
of its frequency, i.e. at 83.5 Hz the 5th order harmonic is visible. For a higher visibility of
the mentioned Fourier components the static field component (f = 0 Hz) has been excluded
from the plot and its value is indicated in the corresponding plot title.

As expected, besides the railway power grid frequency, the usual 50 Hz utility frequency is
visible as the second main contribution in figure 4.3. The contribution to the 50 Hz peak
is twofold, however, as the 3rd order harmonic from the railway frequency also contributes
to the peak (3 x 16.7Hz ~ 50 Hz). The statistical error of the measured amplitudes is
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4. Measurements and Simulations

around +5 nT, as this is the standard deviation of the Gaussian distributed data points
around the mean value of a fully shielded, noise-only signal.

The DC component of the measured field can be simply calculated as the mean value of
the 2 second measurement. It is then also represented as the 0 Hz Fourier coefficient in
the Fourier transformed signal in figure 4.3. For reasons of visibility, the DC component
is excluded from the plot, its value is mentioned above the corresponding plot, however.
The DC values of these measurements are then used to create the magnetic field plots
that are shown in the upcoming sections. A full beamline measurement consists out of
approximately 97 single 2 second measurements, which are then interpolated using a cubic
spline interpolation method, to create the field plots along the full beamline. The same can
be done for AC magnetic field maps, where the value of the converted Fourier coefficient
is plotted and interpolated along the beamline for a desired frequency (see [30] for AC
field maps). The interpolation of the data points along the beamline is necessary for the
subsequent determination of the shielding factors. This is because the mapper doesn’t
always measure at the exact same spots during separate measurement runs. As for the
determination of the shielding factor we need to compare the magnetic field measured at
the same location in the shielded and unshielded set-up, we interpolate the data points,
such that magnetic field values of the exact same locations can be compared.

4.1.2 | Background Field

A background field is measured within the set-up. The main contribution to the magnetic
background field is expected to come from earth’s magnetic field itself. According to
[34], the earth’s magnetic field at the location of the laboratory was approximately at
Bearth = 21.79uT - €north + 0.97uT - €east +42.67uT - Eyertical- Translated into the Cartesian
coordinate system used in this thesis the magnetic background from earth’s magnetic field
is expected to be

N Blongit, —19.33 ,LLT
Bearth = Broriz. = —10.09 ,U,T . (42)
Bvert. —42.67 ,uT

This field is not expected to change much, neither over the duration of a measurement nor
over the measured distance. A background measurement was conducted with a mapper
step size of 6¢cm, resulting in 94 equidistant measurements along the beamline. At each
position the measurement lasted 2 seconds with a fluxgate sample rate of 10 kHz. For each
component of the magnetic background field, i.e. the longitudinal, horizontal and vertical
component, a plot is shown where the individual fluxgate measurements are plotted along
the distance of the beamline, where the x-axis’ origin refers to the outer edge of the scaffold
item profile on the chopper end (upstream end) of the set-up and 6 m is on the opposite
outer edge of the scaffold.
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Figure 4.4.: Longitudinal component of the measured background field with the unshielded
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Figure 4.5.: Horizontal component of the measured background field with the unshielded
set-up.
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Figure 4.6.: Vertical component of the measured background field with the unshielded
set-up.

For each direction an average between the five single fluxgate measurements is calculated.
In figure 4.7 the background averages are then gathered in a single plot.
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Figure 4.7.: Background field measurements in all three directions averaged over all five
fluxgates.

The measured background field in the horizontal direction roughly corresponds to the
expected value calculated in equation (4.2), whereas the longitudinal and the vertical
component deviate from the expected earth’s magnetic field background. Furthermore,
for each field component we see the presence of a field gradient along the beamline axis,
which surely is not expected to be part of earth’s magnetic field. Additionally, in figures
4.4 - 4.6 we see that the fluxgates themselves already measure different magnetic fields
during the same sweep.

The small order gradients between the fluxgates most likely stem from the residual mag-
netisation of the mapper components themselves, such as the DAQ device, the Intel NUC
and the two batteries. The larger change in the measured fields along the beamline axis

most likely originates in the presence of magnetised surrounding objects within the lab,
such as the ventilation shaft or constructional steelwork.
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4. Measurements and Simulations

4.1.3 | Room Coil Generated Static Fields

Using the room coils described in section 3.2.2, magnetic fields have been generated in
each direction separately. For each direction a plot of the measured field in the respective
direction is shown hereafter. Each plot shows the respective magnetic field component
for the direction where the external field has been applied, measured in nT along the full
movement capacity of the mapper by each individual fluxgate on the mapper. For all three
measurements a fluxgate sample rate of 10 kHz was used and a measurement duration of
2 seconds per mapper stop was set.

Figure 4.8 shows the longitudinal magnetic field component measured for a field generated
by the longitudinal room coils powered with a current of 9 A. Two maxima can be seen,

whose positions correspond exactly to the positions of the two central longitudinal room
coil loops. An average magnetic field of 14.3 4+ 2.34 T is reached along the beamline.
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Figure 4.8.: Field generated with 9 A powered longitudinal room coils, measured in the
unshielded set-up.

For the horizontal field, shown in figure 4.9, the coils have been powered with 10 A. The
measured field is more constant compared to the longitudinal field and only varies around
0.7pT along the beamline. An average field of 10.3 + 0.3nT is measured along the
beamline.
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Figure 4.9.: Field generated with 10 A powered horizontal room coils, measured in the
unshielded set-up.

Last but not least, figure 4.10 shows the field that is generated by the vertical room coils
powered with 10 A. It is of comparable homogeneity as the horizontal field and n average
field of 13.2 + 0.2 T is measured along the beamline.
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Figure 4.10.: Field generated with 10 A powered vertical room coils, measured in the
unshielded set-up.

To compare the three measurements, we gather them in a single plot where for each direc-
tion the average of the five fluxgate’s measured fields has been calculated and the magnetic
field is normalised with respect to the applied current with which each room coil has been
powered. Additionally, with dashed lines, the theoretically expected field generated by
comparable coil arrangements is plotted, which is calculated with the procedure explained
in section 2.1.

33



4. Measurements and Simulations

longitud
horizont
vert

1.8-

<
= theoretical longit.
% theoretical horiz.
- theoretical vert.
£ 16
(o]
3
Q
214
© e ——
E ‘-'"—-—-_.__.__ . ————“’—"_--_',
.
212
[=2]
m
=
_ - - .__—-——"_-__-_-__7
1.0

Distance along the beamline [m]

Figure 4.11.: For each field direction the averaged measured field component per applied
Ampere in the respective direction is shown and compared to a theoretical value that is
calculated for Helmholtz coil pairs of comparable dimensions.

For the longitudinal field we see that the measurements and the theory match quite well.
The peak on the left side of the plot is slightly underestimated, which presumably comes
from the fact that the coil loop at that position has a slight bump in it, as shown in figure
3.7. For the horizontal field the average values of the measurement and the prediction
agree. The asymmetric field drift over the measured distance is not predicted by the
theory, though. This could possibly be caused by surrounding magnetic material, such
as (indefinite) cabinet contents which are accumulated near the downstream end of the
set-up (apparent in figure 3.14). For the vertical direction, again, the average of the
predicted and measured fields agree quite well. Compared to the other two measurements
the vertically measured field is more jittery. The reason for this is not directly known, but
it can be assumed that the background field, which is subtracted from the measurement,
did not stay constant over the full period of measurements. A reasonable assumption
is that simultaneously work was done in the laboratory featuring magnetic tools, which
could explain the very irregular deviations over the measurement. However, this cannot
be stated with certainty.

4.1.4 | Static Beamline Coil Fields Generated in the Unshielded Set-Up

The measurement for the main beamline coil generated static field (vertical direction) is
performed in a similar way as the measurements for the room coils. Both polarities of the
field, positive and negative, are measured separately. The background field can then be
deducted by subtracting the measurements from each other (see equation (4.1)).

For the measurement of the main coil generated field all three components of the magnetic
field are analysed separately and shown in the subsequent plots (figures 4.12, 4.13 and
4.14). For the measurements the coils have been powered by a steady 2 A DC current.
For the plots the measured magnetic field has been normalised again with respect to the
applied current, so that the measured magnetic field strength per applied current in pT/A
is shown. The measured values for every single one of the five fluxgates is shown.

In figure 4.12 we see that for the main vertical component of the magnetic field, we reach a
field strength of approximately 54 pT/A, averaged over all five fluxgates and over the full
range of measurement. The generated field is roughly constant for the central 2 meters
of the beamline (from 2m to 4m), whereas the field strength decreases near the ends of
the coil. The generated field is not symmetric with respect to the 6 m long beamline zone,
since the vertical beamline coil is not designed in a symmetrical way to it, as is shown in
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Figure 4.12.: The vertical component of the magnetic field per Ampere measured by the
five fluxgates for the field generated by the vertical beamline coil powered by a steady 2 A
DC current.

For the subordinate magnetic field components (longitudinal and horizontal direction) the
measured magnetic field per current is much smaller, as expected, and on the order of
approximately 1 nT/A:
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Figure 4.13.: The longitudinal component of the magnetic field per Ampere measured by

the five fluxgates for the field generated by the vertical beamline coil powered by a steady
2 A DC current.
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Figure 4.14.: The horizontal component of the magnetic field per Ampere measured by the
five fluxgates for the field generated by the vertical beamline coil powered by a steady 2 A
DC current.

4.2 | Measurements of Passively Shielded Magnetic DC Fields

The measurements from the last section have been repeated with the MuMetal shielding
being installed along the full beamline. For the shown shielded measurements the plain
MuMetal shielding was installed, i.e. there was no (aluminium) RF shield present and the
HV feedthrough tubes are not installed, but the openings are closed with the respective
MuMetal caps. The order of the shown measurements is the same as in the unshielded
section. At first, the analysis of raw data is shown, where we look at the measured
signal of the central fluxgate and its Fourier transform. This data analysis is followed by
the measurements of the room coil generated static fields and the vertical magnetic field
generated by the main beamline coil.

4.2.1 | Shielded Raw Background Data Analysis

Similar to the measurements in section 4.1.1 the (shielded) background field is determined,
again, with a 10kHz sample rate and a measurement duration of 2 seconds. The three
measurements of the central fluxgate from the same mapper position, located at the centre
of the beamline, are analysed. The raw signal is shown in figure 4.15, where, again, only
the individual fluxgate’s offset has been subtracted (see Appendix A). In comparison to the
unshielded signal from figure 4.1 the 16.7 Hz sinusoidal component is not visible anymore
and also no major regular signal component is readily discernible. Again, the raw signal
is then filtered using the same low pass filter to remove aliased noise of the fluxgate’s
excitation frequency (as described in section 4.1.1). This is shown in figure 4.16.

Both signals, the filtered as well as the unfiltered, are basically noise-only. This is due to
the fact that for frequencies around 20 Hz our MuMetal shielding reaches its maximum
shielding capacity for alternating magnetic fields, with a shielding factor of about 200
longitudinally and around 700 horizontally and vertically (see [30]). The 16.7Hz field
amplitudes are all smaller than 200nT in the unshielded case (figure 4.3), so we expect
them to be indistinguishable from noise in the signals Fourier transform.
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Figure 4.15.: The 20’000 data points per axis recorded by the centre fluxgate during the
2 second measurement at the shielded central position along the beamline. The fluxgates
voltage signal is converted with the constant V/uT-conversion factor.
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Figure 4.16.: The raw signal from figure 4.15 with a digital low pass Butterworth filter
applied to it. The cut-off frequency is set at 1kHz.

The filtered signal from figure 4.16 is zero-padded up to a 10 second signal and then
Fourier transformed subsequently. The corresponding Fourier coefficients for the relevant
frequency range are shown in figure 4.17. All signal components for the shielded signal are
below a level of 2.5nT. The standard deviations of the signals are 5.71 nT (longitudinal),
5.36 nT (horizontal), and 5.94nT (vertical), respectively. It is noteworthy, however, that
in all three axes we have peaks of comparable amplitudes at 30 Hz, 35.5 Hz, 57 Hz, and at
114.5 Hz, respectively. These peaks also show up in figure 4.18, where for all five mapper
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fluxgates the average Fourier coefficients of the five central measurements' are shown for
all three axes. The peaks’ origin is unknown, but they can be assumed to either stem
from the DAQ device or more likely from the Intel NUC. Both devices are placed within
the vicinity of the measuring fluxgates and could possibly emit magnetic fields of such
frequencies.
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Figure 4.17.: The Fourier transform of the filtered signal from figure 4.16. The static field
component for 0 Hz, i.e. the DC component, is excluded from the actual plots and its value
is written in the title of their respective graph.

Longitudinal
0.25 -
— Top
0.20 -
Left
0.15 - —— Centre
0.10 - | — Right
0.05 a ey
’ . s ...A o -
0.00 - . . I - \ ] ] ] i ] B i } ) ) '
— Horizontal
5 0.25-
L o020-
=3
Z015-
a
£ 0.10-
<
= 0.05-
c
2 0.00- l ]
o Vertical
0.25 -
— Top
0.20 -
Left
0.15- —— Centre
0.10- — Right
—— Bot
0.05 -
0.00 - | ) ) | ) ) | ) ] 0 ] | ) ) ] .
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Signal Frequency [Hz]

Figure 4.18.: The Fourier transformed signals of all five mapper fluxgates, averaged over
the five central measurements along the beamline axis. The peaks at 30 Hz, 35.5 Hz, 57 Hz
and 114.5 Hz are still visible in all five fluxgates’ data sets.

!The five central measurements are the ones where the mapper stopped at distances of approximately
2.87m, 2.94m, 3.00m, 3.06 m and 3.13 m.
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4.2.2 | Shielded Background Field

The background field is measured in the same way as it has been done in section 4.1.2,
but now with the full MuMetal shielding being installed. Figures 4.19 - 4.21 show the
measurements in longitudinal, horizontal and vertical direction for all five fluxgates.

We see that, for all three components, the field is reduced to £1 pT at the central 4 meters
of the beamline (from 1m to 5m). For the longitudinal component we see a large increase
of the magnetic field at the borders of the shielding up to values that are larger than in
the unshielded set-up (figure 4.4). This effect is presumably caused by flux-shunting, ex-
plained in theory section 2.2. This effect would also explain the gradients in the horizontal
and vertical component at the borders in figures 4.20 and 4.21. The flux-shunting effect
‘attracts’ the magnetic field lines so that they enter the shielding perpendicularly. Thus,
this effect can lead to a local increase of the longitudinal magnetic field component, as the
background field’s horizontal and vertical components get redirected and will contribute
to the longitudinal field.
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Figure 4.19.: Longitudinal component of the shielded background field.
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Figure 4.20.: Horizontal component of the shielded background field.
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Figure 4.21.: Vertical component of the shielded background field.

4.2.3 | Shielded Room Coil Generated Static Fields

With the MuMetal shielding being installed, the field shown in figure 4.22 has been mea-
sured for a longitudinally applied field with the four coils being powered by 8 A DC current.
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Figure 4.22.: Static magnetic field generated by the longitudinal room coils, powered by a
8 A DC current, and measured along the shielded beamline.

The plots in figures 4.23 and 4.24 show the shielded fields for the horizontally and the

vertically applied fields, both generated by their respective coils, powered by a 10 A DC
current.
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Figure 4.23.: Static magnetic field generated by the horizontal room coils, powered by a
10 A DC current, and measured along the shielded beamline.
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Figure 4.24.: Static magnetic field generated by the vertical room coils, powered by a 10 A
DC current, and measured along the shielded beamline.

Again, all fields can be normalised to the respective applied coil current so that we can
plot the gathered measured magnetic field in the respective direction per current. This is
shown in figure 4.25. Only the interesting part, i.e. the centre 2 meters of the beamline
where the shielding effectiveness fully applies, is shown in the plot, however.
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Figure 4.25.: The measured magnetic field for each direction is divided by the respective
current with which the corresponding room coil was powered. Only the centre two meters
on the beamline are shown here, as this represents the interesting part in this plot. Note
that the scale of this plot is in nT/A.

4.2.4 | Shielded Beamline Coil Generated DC Fields

The measurements shown in section 4.1.4 have been repeated with the passive MuMetal
shielding being installed. The vertical component of the magnetic field generated by the
main vertical beamline coil measured by the five fluxgates (10 kHz samplerate, 2s mea-
surement) is shown in the subsequent plot, where again the measurements are normalised
to the current with which the magnetic coil has been powered (+2 A). In the main verti-
cal direction approximately 89 pT A~! are reached along the measured distance. At both
ends of the beamline the vertical magnetic field strength drops by about 3 pT, while the
field between 1m and 5m is held a constant at a level of £0.2 pT/A. The locations of
bumps that can be observed at 1m, 3m and 5m coincide with the position of the

the

cable-connectors that form a bulge, as shown in figure 3.5b.
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Figure 4.26.: Generated field (vertical component) of the main beamline coil, normalised
to the applied current, calculated from the measured magnetic field from both coil polarities.
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For the remaining secondary magnetic field components of the generated magnetic field,
the longitudinal and the horizontal component respectively, the measured field is again on
the order of 1pT A~!, as seen in figures 4.27 and 4.28.
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Figure 4.27.: Average generated field (longitudinal component) of the main beamline coil,
normalised to the applied current, calculated from the measured magnetic field from both
coil polarities.
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Figure 4.28.: Average generated field (horizontal component) of the main beamline coil,

normalised to the applied current, calculated from the measured magnetic field from both
coil polarities.
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4.3 | Comparing Unshielded and Shielded Measurements

For externally generated magnetic fields, i.e. room coil generated magnetic fields, shielding
factors are calculated which characterise the quality of the MuMetal shielding. Results
from sections 4.1 and 4.2 are compared to each other. In a second part, we compare
the vertical magnetic field component generated by the main beamline coil in the un-
shielded and in the shielded set-up. Furthermore, the quality, i.e. the homogeneity of
the shielded beamline coil field is analysed, as this is a relevant characteristic for the
BeamEDM experiment in terms of possible systematic errors. In a last, part the impact
of the MuMetal feedthrough tubes (see section 3.4.2) on the shielding efficiency is studied.

4.3.1 | Shielding Factor of the Passive MuMetal Shielding for Room
Coil Generated DC Fields

By comparing the measurements of magnetic field components of the shielded and un-
shielded case, a shielding factor can be determined for the MuMetal shielding according
to equation (2.8). For each field direction, longitudinal, horizontal and vertical, the ratio
between the measured fields in both cases is calculated for each fluxgate individually.
For the longitudinally applied magnetic field the shielding factor along the axis is calculated
by comparing the fields which are shown in figures 4.8 and 4.22. A shielding factor
maximum of about 50 is reached about 1.5m away from the downstream end of the
shielding, as can be seen in figure 4.29. On the same distance from the upstream end
another local shielding maximum is found with a shielding factor of about 46. Inbetween
the two maxima the shielding efficiency decreases and at the centre the shielding factor
locally decreases down to 34. The average shielding factor for the central two meters of
the beamline is 37.8 + 2.7.
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Figure 4.29.: Calculated shielding factor along the beamline for static fields applied in the
longitudinal direction of the set-up.

For the shielding factor for horizontally applied magnetic fields we compare the mea-
surements from figure 4.9 and 4.23. For horizontally applied magnetic fields we reach a
shielding factor that is approximately four times as high as the one calculated for the
longitudinal direction, as shown in figure 4.30. For the central two meters the average
shielding factor is 196.5 + 4.2

44



4. Measurements and Simulations

200 -
v 150 -
8
?
E 100 -
B —— Top
Left
50 - Center
—— Right
—}— Bottom
- 1 ; 3 a 5

Distance along beamline [m]

Figure 4.30.: Calculated shielding factor along the beamline for static fields applied in the
horizontal direction of the set-up.

As expected from the geometry, the shielding factor in the vertical direction is comparable
to the horizontal shielding factor. With an average shielding factor of 207.5 £+ 3.5 for
the central two metres, the shielding is about 7% higher than in the horizontal direction.
The reason for this is conjectured to lie either within the different roomcoil geometry
which leads to a different field homogeneity in the two directions, or within the MuMetal’s
openings in the bottom panels. The latter one can most probably be ruled out, as, if
the openings in the bottom panels were the reason, this would lead to a visible difference
between the magnetic field measured by the top and bottom fluxgate.
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Figure 4.31.: Calculated shielding factor along the beamline for static fields applied in the
vertical direction of the set-up.

For each shielding direction the average factor between the five fluxgates is calculated and
shown in figure 4.32.
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Figure 4.32.: The average shielding factor (average between the five fluxgates individually
measured factors) along the beamline for individually applied fields in the longitudinal,
horizontal and vertical direction.

If we look at what the theory predicts for the relation between transversal and longitudinal
shielding (see theory in section 2.2.1), the measured value for the longitudinal shielding
represents approximately what we would expect: For a transversal shielding of approxi-
mately St = 200 we can calculate the expected longitudinal shielding S; with equation
(2.14). We can approximate our rectangular shielding with a cylindrical shielding which
has an equally large opening area, i.e. an opening radius of 7% meters and therefore a
length-to-openings ratio of p = 3 - \/m. For these values we would expect the longitudi-
nal shielding reach a factor of about 42, which fits the observations quite nicely, as the
averaged shielding factor for the longitudinally applied magnetic field between 1.5 m and
4.5 m within the beamline lies at 40.95 4 4.5.

The shape of the longitudinal shielding’s graph, however, is not very easy to explain. We
can see that at 1.5m and 4.5 m shielding maxima are reached with factors of 46.15 and
48.95. The position of these maxima is a consequence of the flux-shunting effect. Their
locations only coincidentally correspond to the locations of the longitudinal room coils.
This is discussed later on in section 4.4.

4.3.2 | Vertical Beamline Coil Generated Field Comparison

In figure 4.33 we compare the vertical component of the magnetic field generated by the
main beamline coil in the unshielded and in the shielded set-up. We can see that the
MuMetal shielding enhances the field quality in terms of field strength per applied current
and also in homogeneity. In the shielded set-up we have a roughly constant field between
1m and 5m, whereas in the unshielded set-up the field strength is constant only for the
central two meters, between 2m and 4m. The average field strength per applied current
for the shielded set-up is 88.8 0.5 nT/A for the central 4 meters, which is about a factor
of 1.65 higher than the generated field in the unshielded set-up. This is a consequence of
the MuMetal shielding retaining magnetic flux inside the shielded region, as explained in
section 2.2. A magnetic shielding is not only useful to shield a certain region from external
sources, but does also confine magnetic field within a shielded region (see figure 2.1).
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Figure 4.33.: Comparison of the vertical component of the magnetic field generated by
the main beamline coil in the shielded and the unshielded set-up. The presence of the
shielding increases the average field strength by a factor of 1.6. Furthermore, also the fields
homogeneity is increased.

4.3.3 | Further Shielding Measurements: Feedthrough Tube Shielding

As explained in section 3.4.2 for the BeamEDM experiment it is important to know the
shielding performance of the original experimental set-up with all parts of the shielding
assembled in the way they will be used during the experiment. To determine the impact
of the large HV feedthrough tube and the smaller vacuum-pump feedthrough tube, two
additional measurements have been conducted: In a first step, only one of the tubes
has been installed on one side of the shielding, namely the large HV feedthrough tube
and the small tube on the bottom right, shown in figure 3.11. In a second step, all
available feedthrough tubes have been installed, i.e. one HV feedthrough and four vacuum-
pump feedthroughs. From the former measurement we expect to see the impact of each
feedthrough type separately, while the latter measurement is a worst case measurement.
Again, to calculate the shielding factors shown in figures 4.34 and 4.35 the magnetic
field maps conducted with the respective shielding set-up are compared to the unshielded
measurements from section 4.1.3. The mapper step size was set so that we have 97
measurements along the beamline and the fluxgate sample rate was set to 10 kHz again.
Only the horizontal shielding performance is shown here, as this is the direction of interest
as the feedthrough openings are installed on the lateral shielding plates. For the other
field directions no difference in the shielding capability was noticed and the results are
therefore not shown.

Separate Impact of One Large and One Small Tube

The shielding factor of the set-up with one large and one small tube installed, shown in
figure 4.34, is compared to the shielding factor of the regular set-up with no tubes installed
(figure 4.30). The impact of the two tubes is readily visible, as the presence of the tubes
clearly decreases the horizontal shielding factor at their respective location on the x-axis.
The shielding factor around the large tube’s position (at 1.25m on the x-axis) decreases by
approximately 50, which is almost a 30% decrease in shielding efficiency. The impact of the
smaller vacuum-pump feedthrough tube (at 4.25 m on the x-axis) is less clear, however still
visible, as the shielding factor decreases by approximately 20, so roughly 10% of shielding
efficiency is lost. What can be seen as well is that the most significant change in shielding
efficiency is attained by the Right-labelled fluxgate (blue line), which is to be expected,
as this is the fluxgate installed on the side facing the feedthrough tubes.
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Figure 4.34.: The shielding factor for a static field applied in the horizontal direction which
corresponds to the orientation of the openings of the installed feedthrough tubes. For this
measurement two tubes were installed, both on the same side of the shielding. The large one
(25 cm opening radius) is located at 1.249m on the x-axis. The small tube (10 cm opening
radius) is located at 4.249m on the x-axis.

Impact of All Five Tubes

In

fee

5.1

the shielding factor measurement where all five feedthrough tubes were installed, again,
a change in shielding efficiency can be seen, compared to the measurement with only two
dthrough tubes installed. The most prominent decrease in shielding efficiency is, as
expected, at 2.25m on the x-axis, where two vacuum-pump feedthroughs are installed
additionally. Again, we roughly lose 10% of our shielding efficiency at the position of
the smaller feedthrough tubes. There are two spikes in the shielding factor at 3.5 m and
5m on the x-axis. These spikes are unexplained and are probably only artefacts of the
measurements, as they are located at positions where the least impact of the feedthrough

tubes is expected.
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Figure 4.35.: The same measurements as in figure 4.34 but with all available feedthrough
tubes installed. The shielding set-up in use is equivalent to the one shown in figure 3.11.
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4.3.4 | Field Homogeneity of Shielded Beamline Coil Generated Static
Fields

For the BeamEDM experiment the magnetic field provided by the beamline coils needs to
reach a certain homogeneity, as the presence of a magnetic field gradient could dephase
the neutron spins during the precession through the apparatus and hence diminish the
visibility of the measurable Ramsey fringes [16]. If we demand less than a 7 phase shift
between neutrons hitting the detector on the right and the left beamspot edge with which
the visibility of the signal is within an acceptable range, the gradients should not exceed
60,8y ~ 0,By S 7/(4vTd) ~ 700 nT/cm, where y denotes the horizontal and z the
vertical direction, 7, is the neutron’s gyromagnetic ratio, 1" the interaction time of the
neutrons with the magnetic field (which is 6 ms for a neutron velocity of 1000ms~! and a
6 m long beamline) and d = 1 cm is the distance between the electrodes of the BeamEDM
apparatus, which at the same time represents the beam spot height. The factor 6 for the
horizontal gradient has its origin in the beamspot’s geometry, whose width is estimated
to be six times its height.

From the measurement shown in figure 4.26 we can calculate the difference between the
field measured by the top and bottom fluxgate and the left and right fluxgate to get an
idea about the gradient in the vertical and horizontal gradient, respectively, by taking into
account the distance between the corresponding fluxgates. For an appropriate background
field correction, the considered gradient is the result from calculating the average between
the gradients from both magnetic field polarities, i.e. AB = (ABT™ — AB7)/2. The
following graph shows the calculated gradient of the vertical field component in vertical
and in horizontal direction. For both gradients the average value and its standard deviation
have been calculated and are shown at the centre position of the graphs in figure 4.36.
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Figure 4.36.: Upper graph: The difference of the vertical field component measured by the
top and bottom fluxgates per fluxgate-distance along the central section of the beamline,
for a magnetic field generated by the main beamline coil with a current of 2A. The average
gradient and its standard deviation have been calculated and are indicated by the labelled
black dot at the centre.

Lower graph: The same procedure as for the upper graph, however the horizontal gradient
of the vertical component is calculated, i.e. the difference of the measured field between the
right and left fluxgate.
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Both graphs are extracted from measurements where the main beamline coil has been
powered with £2 A (both polarities separately) and therefore a magnetic field strength of
around | By| &~ 180 pT was generated. As for the BeamEDM measurements at ILL we desire
a magnetic field strength of about 220 nT, we cannot directly say that we are within the
demanded gradient range by looking at the 2 A fields. Therefore, linearity measurements
have been performed and we look at the gradients that arise from the magnetic fields that
are generated with 0.2 A, 0.5 A, 1 A and 1.5 A. In figure 4.37 we see the respective average
values of the horizontal (Left/Right) and vertical (Top/Bot) gradients. A linear behaviour
of the gradient becomes apparent and therefore we can extrapolate our gradient values to
higher field strengths.
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Figure 4.37.: The averages of the calculated gradients measured for different main coil
operating currents. The calculation is performed in the same way as for the averages from
figure 4.36.

One thing to mention is that at ILL we did not power the main coil in the exact same way
as in the laboratory in Bern. At ILL the main coil was split into two separate coil loops
due to power supply problems.? Therefore we extrapolate the generated gradient fields in
terms of average field strength along the beamline and not in terms of supply current. For
an average generated field strength of 220 nT along the beamline we therefore expect a
gradient of 0, By = 69.74 £ 3.6 nT/cm and 0y By = 86.8 = 5.1 nT /cm. For both directions
we lie below our demanded gradient threshold.

One thing that we should bear in mind when analysing the gradients here is that we
cannot be entirely sure whether the gradients measured along the beamline are constant
or if they drift over time. An interesting thing to measure would be to have the mapper
at a fixed position and continuously measure the gradient over a certain time span.

4.4 | FEM Simulations of Comparable MuMetal Shielding
Set-Ups
We compare the measured shielding factors to values that are simulated for a comparable

set-up using a finite element (FEM) simulation study that is conducted with the software
COMSOL version 5.3a. COMSOL’s AC/DC module has been employed as it includes a

2 As described in section 3.2 the main beamline coil consisted out of a single loop with 7 cable windings. At
ILL the coil was split into two separate loops with 3 windings and 4 windings. To reach the demanded
field strength of 220 pT the loops were powered with 2.95 A and 1.8 A, respectively.
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reliable solver for magnetostatic problems, including magnetic shielding phenomena [35].

The simulated MuMetal shielding is a simplified form of the real shielding from figure
3.10. It is built up from two shieldings of the same dimensions as our MuMetal shielding,
however both layers are built from a single piece and, apart from the two openings at
both ends, feature no holes, connecting pieces or other additional parts. The shielding is
embedded in an ambient domain of air of size 10m x 5m x 3m. The simulated shielding,
as shown in figure 4.38, is exposed to static homogeneous magnetic fields that are applied
in transversal, horizontal and vertical direction with respect to the shielding by imposing
boundary conditions for the surrounding magnetic field on the ambient domain. The
magnetic field strength is chosen to be of the same strength as the fields that were applied
for the measurements in section 4.1.3 and 4.2.3, respectively. To determine a shielding
factor, the ratio of the magnetic field strength along a central line cut (illustrated in figure
4.38) is calculated for the two cases where the shielding is present and absent, respectively.

Figure 4.38.: The simulated shielding scenario consists of two layers of MuMetal have
a thickness of 1.57mm with a gap spacing of 2cm in between. Boundary conditions for
surrounding magnetic fields can be imposed onto the ambient domain walls, so that a ho-
mogeneous magnetic field can be applied to the shielding.

4.4.1 | Matching the Shielding’s Relative Permeability ;. from the Mea-
surements

For the simulation a choice for the relative permeability u of the MuMetal shielding has
to be made. Common table values for the relative permeability of MuMetal range from
80’000 up to 500’000, depending on the exact composition of the alloy and the quality
of the processing. In order to make a first estimation for the parameter we make use
of equations (2.11), (2.14) and (2.15) and insert the results obtained from our shielding
factor measurements. From the theory it follows that a relative permeability of u =
103’000 leads to a shielding factor of 200 transversely and 42 longitudinally which is a
good approximation of our measurements (see figure 4.32). With this value for pu set
within the simulations the longitudinally simulated shielding matches quite well with the
measured values, as can be seen in figure 4.39. Albeit the peaks’ locations on the x-
axis are not perfectly matched, a similar shape is reproduced. As for the measurement the
applied external magnetic field is not perfectly homogeneous in direction (especially for the
longitudinal field), deviations are expected to occur in comparison to the simulation, where
the applied fields are perfectly homogeneous. The inhomogeneity within the applied field
strength, however, was found to have no major influence on the shielding capability of the
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set-up. This behaviour is expected since the shielding factor is constant with the applied
field strength. With the same choice of parameters the shielding for transversely applied
fields was simulated. As can be seen in figure 4.40 the transversal shielding is largely
overestimated by the simulation with the same choice of p =103’000. The simulated
shielding factor is larger by a factor of approximately 5, compared to the measurement.
Additional attempts to match the transversal shielding with a different value of u showed,
that a relative permeability of = 41’000 yields the best match for simulated and measured
transversal shielding. This is also apparent in figure 4.40. Now, if this value of the relative
permeability is used to simulate the transversal shielding again, as expected, the simulated
value lies below the measured one, off by a factor of approximately 2.5.
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Figure 4.39.: Simulated longitudinal shielding factor for two different relative permeabili-
ties, compared with the measured longitudinal shielding factor from figure 4.29. The simu-
lation with the theory predicted relative permeability of u = 103’000 matches well with the
measurement. With a relative permeability of © = 41’000 the shielding is underestimated
by a factor of approximately 2.5.
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Figure 4.40.: Simulated transversal shielding factors compared with the measured vertical
shielding factor from figure 4.32. With the theory predicted relative permeability of pu =
103’000 the simulation overestimates the shielding by a factor of approximately 5. The best
match between simulation and measurement was found with a value of p = 41°000.

Although we cannot reproduce the measured shielding factors with a single simulation
set-up, we gain insight on the behaviour of the MuMetal shielding. In particular, the
occurrence of the shielding maxima in the longitudinal shielding is not surprising anymore
and the correlation between the location of said maxima and the position of the two central
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longitudinal room coil loops is presumably only of accidental nature, since said maxima
are reproduced with a perfectly homogeneous simulated field.
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5 | Magnetic Field Background at
ILL, Grenoble

All of the above measurements for the characterisation of the MuMetal shielding has been
conducted before the actual beam time at Grenoble, where the BeamEDM experiment took
place in August 2020. During the BeamEDM experiment, five fluxgates have been installed
around the experimental set-up to measure the magnetic background field prevailing at
the experimental zone PF1b. The same type of fluxgates (FLC3-70) that was installed on
the magnetic field mapper has been used. Four fluxgates have been installed on the legs
of the aluminium scaffold, as shown in figure 5.1, whereas one fluxgate was installed above
the whole set-up, in a roughly centred way. All fluxgates have been installed in the same
orientation. All three axes are read out with a 1Hz rate over an irregular time period
of 35 days (the irregularities originating from front-end shutdowns of the central DAQ
software). The externally recorded magnetic field can be compared to the magnetic field
that is recorded within the beamline area. To monitor the internal magnetic field (used for
the active magnetic field stabilisation, inter alia), eight fluxgates (SENSYS FGM3D/250)
are installed along the beamline, as indicated by the blue labels in figure 5.1. They
are placed approximately 32 cm away from the bottom or from the top shielding plate,
respectively. The internal fluxgates, just like the external ones, are read out with a 1 Hz
sample rate. P

= — =
S ERAER:

[T ]

Figure 5.1.: Sketch of the positioning of the external fluxgates positioning (in green) and
the internal fluxgates positioning (in blue) at ILL, PF1b. The neutron beam direction is
indicated by the arrow on the left. Four external fluxgates (B, C, D, E) are installed on the
second and fifth leg of the set-up, in 40 cm distance to the shieldings bottom plates. The
fifth fluxgate (A) is installed in a roughly centred manner above the set-up. It is placed at
a distance of 613 mm to the shieldings top plates and 220 mm off the longitudinal centre of
the set-up, nearer to he upstream end. In blue the approximate positions of the internal
fluxgates and their labelling is shown. Their mounting structure can be seen in figure 3.2.

Fully Shielded Background Field

We analyse the magnetic field data of two separate events. The first data series that
is looked at was recorded after the completed installation of all shielding components,
i.e. MuMetal and RF-shielding (16.08.2020, 21:30 CEST). After the installation was com-
pleted, the experimental site has been left at 02:00 a.m. and all relevant devices around
the set-up have been shut down. During the following ~7 hours we expect to observe an
undisturbed background field that is originating only in non BeamEDM related sources.
The next logbook entry is timestamped at 09:00 am, when the ArCOqy gas valves have
been opened and when possibly someone was working near the fluxgates. Figure 5.2 shows
the magnetic field magnitude measured by the external fluxgate FGA and the magnitude
measured by the internal fluxgate FG2. Besides the magnetic fields, also the measured
temperature of the shielding plate below FGA is plotted.

54



5. Magnetic Field Background at ILL, Grenoble

37.5 - ‘ ‘ [— FGA Magnitude (Ext.)

—— FG2 Magnitude (Int.)

—— Temp. Sens at Topside Cube #2

02:16 03:39 05:02 06:26 07:49 09:12 10:36 12:00
Time [hh:mm]

Figure 5.2.: The magnetic field magnitude recorded by the external fluxgate FGA (blue)
and the internal fluxgate FG2 (red) during the night of the 17.08.2020 where only background
field from non BeamEDM related sources is expected. In pink also the temperature of the
MuMetal shielding is plotted over time.

We can see that during the night the actual background field stays rather constant. Until
4 a.m. we have fluctuations on the order of 5nT, then some unknown source begins to
generate fluctuations of ~40nT. The spikes at around 9 a.m. which are supposedly caused
by somebody coming by the experimental set-up in PF1b, have amplitudes of ~ 1.3 pT.
These spikes are simultaneously monitored on the internal fluxgate, however, there, the
spike-amplitude is only on the order of 14nT and therefore approximately two orders of
magnitude smaller. This is more or less the shielding effectivity we would expect to occur
after having characterised the shielding in the previous sections. With the 1 Hz sample rate
data of the fluxgates only quasi-static magnetic fields are recorded, for which the shielding
factors are comparable to our static field shielding factors [30]. Here we have to pay
attention, however, as we cannot directly infer the shielding factor here from comparing
magnetic fields recorded at different locations, since we don’t know the exact source of
the noise and how its signal would translate into the unshielded set-up. Because keep in
mind, that to calculate the shielding factor we compare the magnetic field measured at
the same location, measured with and without the shielding in presence.

From the internal fluxgate data we can observe an exponential decrease of the magnetic
field over time, which isn’t observed on the series of external data. This is presumably some
remanent magnetisation that is left within the MuMetal shielding, as this was the only
ferromagnetic component in use. Another reason could be that the effect has its origin in
the temperature decrease of the MuMetal shielding. In contrast to the decreasing magnetic
field, the temperature falls linearly over time, however. Thus, a sole correlation between
temperature and remanent magnetisation of the MuMetal seems to be rather unlikely.
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5. Magnetic Field Background at ILL, Grenoble

Actively Stabilised Magnetic Field during Axion Measurements

The second data series of magnetic fields that we look at was measured during a 24 hour
axion measurement with 1’400 separate runs with continuous, non-pulsed neutron beams.
For these measurements a vertical magnetic field of 220 T was generated by the vertical
beamline coils and the field was actively stabilised using the other beamline coils. The
field stabilisation was set in a way, so that the average of the magnetic field components by
the four inner internal fluxgates was held constant on the desired value (220 uT vertically
and 0 nT horizontally and longitudinally). The stabilisation is executed with a 10 Hz rate.
For this purpose the internal fluxgates are running with a 10kHz sample rate and for
each stabilisation cycle the mean average of 1’000 samples is calculated and fed into a
PID control loop algorithm.! In figure 5.3 four plots are shown: The data of the external
fluxgate FGA and the internal fluxgate FG2 are shown. Additionally the field measured
by internal fluxgate FG7 is shown, which is a fluxgate that is on the downstream ending
of the set-up and which is not considered for the active field stabilisation. Last but not
least, the average magnitude of the stabilised field is shown. It is calculated as the norm
of the vector composed of the individual stabilised magnetic field components.?

The background noise is rather constant at a level between 36 nT and 36.7nT. Again we
have some momentary events that cause spikes of 1.7 pT amplitude. These spikes are not
visible on the data series of FG2, but only on the outer fluxgate FFG7. This is as expected,
since the combination between active and passive magnetic field stabilisation should be
able to nullify such disturbances from the central beamline area.

In the fourth data line in figure 5.3 we see that the stabilised magnetic field magnitude
scatters around the desired 220 pT. The individual measurements are Gaussian distributed
around a mean value which lies 19.86fT above the intended value, with the standard
deviation of the distribution being 414 pT. If we look at the individual stabilised field
components and their average deviations from the target values, for the full time-span of
the axion measurement series we calculate the values shown in table 5.1. With a mean
magnetic field of 18.52 fT the horizontal component is best adjusted to its target value. The
dispersion around the mean value is on the same order of magnitude, i.e. ~5 x 10~% uT,
for all three directions.

Target Value Mean Deviation
Longitudinal OpT | (—=1.324+461) x 107 pT
Horizontal OnT | (+0.02 +414) x 107 pT
Vertical 220 T | (—0.54 £615) x 10°% uT

Table 5.1.: The measured mean deviation from their target value during the 24 hour axion
measurement cycle for the respective magnetic field direction.

!The PID’s I and D parameters were effectively set to 0, whereas the P parameter was set to 1.
2The longitudinal component is the average of the longitudinal components of FG2, FG3, FG4 and FG5,
and analogously for the horizontal and vertical axis.
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Figure 5.3.: The magnetic field magnitude recorded by the same fluxgates as shown for
the previous measurement (FGA (blue) and FG2 (red)) during a 24 hour axion data taking
measurement with the active magnetic field stabilisation up and running. Additionally, the
field measured by FG7 is shown, which is one of the internal fluxgates near the downstream
end of the shielding and which is not directly considered for the active magnetic field sta-
bilisation. As a fourth quantity the magnetic field part which is actively stabilised is shown
in olive. It is the component-wise average measured by the four central fluxgates, i.e. FG2,
FG3,FGY, and FG5.
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6 | Discussion

In chapter 3 the utilised set-up for the shielding characterisation has been described. The
process of how raw fluxgate data is processed in order to calculate shielding factors has been
exemplified on two example data sets of both, data obtained in shielded and unshielded
measurements. Along the set-up’s beamline five fluxgates measure the magnetic field in all
three axes in discrete measurements of 2 seconds with a 10 kHz sample rate. To get rid of
fluxgate generated aliased noise a low-pass filter is applied to the recorded data, whereof
the DC component is analysed for the static field shieldings, or the individual alternating
field components are analysed by means of its Fourier transform to deduce the shielding
effectivity for alternating fields. With this procedure, the MuMetal shieldings individual
shielding factors for static fields applied in different directions have been determined in
this thesis. The shielding of static magnetic fields generated by the three sets of room
coils happens in an expected manner and reaches shielding factors that are comparable to
theoretically predicted values. Longitudinally, the two-layer MuMetal shielding is found
to decrease static magnetic background fields with a factor of approximately 41 (see figure
4.29). For laterally applied static fields, shielding factors of 197 horizontally and 208 verti-
cally are reached. Further measurements have been conducted with MuMetal feedthrough
tubes installed, as they are needed for the BeamEDM’s final set-up design. The impact
on the static shielding factors reach from a local 10% decrease in shielding factor, caused
by separately installed small tubes, up to a local 30% decrease in the shielding factor
at the position where the large feedthrough is installed. Furthermore, the magnetic field
generated by the vertical beamline coil has been investigated. The installation of the
MuMetal shielding resulted in an increase of the generated magnetic field by a factor of
1.6. The respective field homogeneity after the installation of the shielding was examined
and found to meet the minimum requirements for a sufficient visibility of the Ramsey
fringes. The practicability of the shielding in use has then been investigated by looking
at two data sets of magnetic fields recorded by fluxgates installed at the experimental
site at PF1b at ILL, Grenoble, during the beamtime in August 2020. The evaluation of
the data coarsely showed an expected shielding of external magnetic noise by the passive
MuMetal shielding, according to the preceding shielding characterisation. Likewise, the
interplay between active and passive shielding has been looked at by means of magnetic
field data taken during a 24 hour experimental run with neutron data taking. During this
run no correlation between the magnetic background field and the field measured at the
centre domain of the beamline, where the field is actively stabilised, was found. Moreover,
magnetic background incidents are shielded with an (estimated) factor 50 at the shieldings
openings.

The conducted COMSOL simulations shown in section 4.4 delivered a cautious insight
into the magnetic fields behaviour for the longitudinal shielding of static fields. It would
be worth further pursuing the simulations in order to be able to predict the shieldings
behaviour under certain changes. Once both, the longitudinal and the lateral shielding
factors of the simulation and the measurements agree, one could investigate into geometri-
cal optimisations of the shielding by means of the simulation. This could include possible
optimisations of the shieldings thickness or e.g. the spacing between the two shielding
layers.
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6. Discussion

Potential Improvements to the Measuring Method and the Set-Up

There are several factors that could improve the quality of the shielding characterisation.
A first obvious potential improvement could come from reworking the mapper’s design
in such a way, that the amount of magnetic instruments on it is reduced. The current
design leads to unforeseeable residual magnetic field, especially for alternating magnetic
fields, since unknown and irregular magnetic fields could be generated by e.g. the mapper’s
INTEL NUC or the batteries in use. Since the batteries, for instance, are not even at a very
fixed position on the mapper, as they need to be detachable for the sake of recharging,
their influence on the measurement is different from sequence to sequence. Therefore,
a mapper equipped with fluxgates only would be more optimal for these measurements.
Another source of disregarded magnetic background stems from the possible magnetisation
of the MuMetal itself. This problem could be approach by two possible solutions. On one
hand, background measurements could have been conducted more frequently, i.e. before
every single measurement sequence, and not only at the beginning of the day how it has
been conducted most of the times. On the other hand, one could get rid of the shielding’s
remanent magnetisation by degaussing it. This could be realised by applying an alternating
magnetic field of decreasing strength using the room coils. However, this should then be
done between every measurement sequence, such that no additional background field is
inflicted on the measurements. The analysed ILL magnetic field data from figure 5.2
showcases the importance of the degaussing procedure for the shielding characterisation.
Another investigation that would be interesting to make is to repeat room coil measure-
ments with the vertical beam line coil field turned on at 220 nT. Due to the increased
governing field strength the shielding is urged towards its saturation point, which could
strongly influence the shielding capability of the MuMetal. However, according to the
MuMetal manufacturer’s specifications we are far off from reaching the materials satu-
ration point, which is stated to be at around 0.757T [36]. Nevertheless, an investigation
in this direction would remain interesting, as it is unknown if our MuMetal in use meets
those indicated specifications.
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A | Appendix

Fluxgate Offset Measurements

Each individual fluxgate that has been installed on the mapper has been put into a
Helmholtz coil of the type found in [37]. Each fluxgate’s characterstic offsets have been
evaluated and are listed in the following table.

Table A.1.: Measured fluxgate offsets in puT for all five fluxgates and their three respective

axes.

Fluxgate | Label Offset [pT]
Top X 0.33911
19 Top Y 0.23858
Top Z -1.92251
Left X 1.36046
20 Left Y 0.66886
Left Z 0.63859
Centre X | -0.77279
UB20 Centre Y | -0.16056
Centre Z 0.17728
Right X -0.19206
UB17 Right Y -0.61549
Right Z -0.92718
Bottom X | -0.02581
UB19 Bottom Y | -0.11857
Bottom Z | -0.12929
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